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When touched, a glass plate excited with ultrasonic transverse
waves feels notably more slippery than it does at rest. To study
this phenomenon, we use frustrated total internal reflection to
image the asperities of the skin that are in intimate contact with a
glass plate. We observed that the load at the interface is shared
between the elastic compression of the asperities of the skin and a
squeeze film of air. Stroboscopic investigation reveals that the
time evolution of the interfacial gap is partially out of phase with
the plate vibration. Taken together, these results suggest that the
skin bounces against the vibrating plate but that the bounces are
cushioned by a squeeze film of air that does not have time to escape
the interfacial separation. This behavior results in dynamic levitation,
in which the average number of asperities in intimate contact is re-
duced, thereby reducing friction. This improved understanding of the
physics of friction reduction provides key guidelines for designing
interfaces that can dynamically modulate friction with soft materials
and biological tissues, such as human fingertips.
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Holding a glass of wine, searching for keys in one’s pockets,
and assessing the quality of fabric are everyday tasks that

involve precise and unambiguous perception of the friction be-
tween the skin and the environment. The somatosensory and
motor control systems integrate multiple neural signals to de-
termine the state of adhesion of the surface in contact with the
skin, thus enabling perception (1–3) and in the context of grasp,
ensuring that slippage is under control (4–6). Considering the
central role of fingertip–surface friction in both manipulation
and tactile perception, it is not surprising that many technologies
attempt to control this effect to produce artificial and pro-
grammable tactile sensations (7–9). The use of transverse ultra-
sonic vibrations to reduce tactile friction (10) has proven to be a
strong candidate for surface haptic displays that might be in-
tegrated with the ubiquitous touchscreen interface (11–13). A
typical architecture consists of a glass plate—which may be placed
in front of a graphical display—with piezoelectric actuators glued
along one edge and used to excite a 0× n flexural resonance. The
resonant frequency may be ∼30 kHz and the peak to peak vibra-
tion amplitude may be up to 5 μm at the antinodes. A finger
placed on the plate experiences markedly reduced friction as the
vibration amplitude is increased as shown in Movie S1.
A full understanding of the physical principle behind friction

reduction has proven elusive. Two leading hypotheses have been
put forward. The first hypothesis stems from an application of
Reynolds’ lubrication theory to the thin film of air between the
fingertip and vibrating plate. The vibrations lead to time-averaged
compression of the air, thereby creating an overpressure that levi-
tates the skin. The second hypothesis postulates that the skin does
not stay in close contact with the surface but instead, bounces off
of it, leading to shorter time in contact and therefore, a time-
averaged reduction in friction.
We present evidence that the friction reduction effect cannot

be fully explained by either of these theories. We argue that
friction reduction is the result of a load sharing between com-
pressed air and those asperities on the skin that are in intimate

surface contact. Other recent evidence shows that the dynamics
of the skin (in particular, its viscoelastic properties) is key to
friction reduction (14). Combined with our evidence, the picture
that emerges is of friction reduction by bouncing but bouncing
off of compressed air as well as the surface.

Background
The roughness of the skin is often modeled as a random height
profile following a normal distribution (15). When in contact
with a plate, at rest or in motion, the contact area with the skin is
formed by deformation of the highest peaks (asperities) when
they come into intimate contact with the counterbody. This area,
called the true area of contact, is often several orders of magnitude
smaller than the apparent contact area seen at a macroscopic
scale. Various models have been used to estimate the value of the
true area as a function of the applied force. Greenwood and
Williamson (16) treated asperities as spheres of constant radius
and random heights. Bush et al. (17) went further to treat both the
surface profile and the gradients as correlated random processes.
In both papers, Hertzian contact mechanics were used to derive a
relation between force and contact area (16, 17). More recently,
Persson (18) has used a self-similar fractal model of the surface
profile to derive the relation between the interfacial separation—
the average gap between both surfaces—and the external load.
Interestingly, all of these theories converge to the same relation-
ship for small loads, wherein the true area of contact is pro-
portional to the negative exponential of interfacial separation.
The true area of contact has a central role in friction. Each

asperity making intimate contact can support an adhesive shear
load proportional to its contact area. The friction force experi-
enced by the finger is the sum of the shear loads on the con-
tacting asperities (19). Because friction force is proportional to
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true area of contact, whic itself is proportional to load, according
to multiscale theory of contact (15), we can appreciate the basis
for Amonton’s first and second laws that state that friction is
proportional to normal load and independent of the macroscopic
apparent area. The value of the interfacial shear stress for the
skin of fingertips on glass usually is found to be ∼4.8 kPa (20, 21).
Measurement of the true area of contact by acoustical and op-
tical methods supports this adhesive view of friction (22–24).
Moisture significantly affects tactile friction by softening the
stratum corneum, enabling it to conform better to the surface,
which greatly increases the true area of contact (15, 25–27). In
this study, moisture is likely responsible for much of the vari-
ability in friction force measurements. When a fingertip is
pressed against a very flat surface, such as glass, the sweat glands
are occluded, and moisture builds up rapidly. We also developed
an artificial finger, enabling us to explore the mechanics of
friction reduction without suffering from the measurement var-
iability introduced by moisture.
Because all models of fingertip friction lead to the conclusion

that friction is proportional to the true area of contact, we ask if
this is also true in the case of ultrasonic friction reduction? Also,
if this statement is true, by what mechanism does vibration re-
duce the time-averaged area of contact? In seeking answers, one
consideration must be the role of air. It is well-known that
acoustic waves in air create a radiation pressure when reflecting
off an object (28). For smooth planar objects, stable levitation
can occur when the acoustic radiation pressure balances the
weight (29, 30). For levitation distances significantly smaller than
the wavelength of sound (i.e., by at least three orders of mag-
nitude), the behavior becomes dominated by the elasticity and
viscosity of the fluid trapped between the actuator and the re-
flector surface (31, 32). This trapped fluid is known as a squeeze
film. In this scenario, which is typical of tactile friction reduction
devices, a squeeze film levitation model may be derived from the
Reynolds’ lubrication equation to compute the levitation force
(33–35). This model depends on a nondimensional “squeeze
number” that is, essentially, a ratio of the time required to
squeeze air out of the gap to the period of oscillation. For large-
enough squeeze numbers, the air may be considered to be
completely trapped, and the pressure may be shown to be
5=2  p0   α2=u2, where p0 is atmospheric pressure, α is the ampli-
tude of motion, and u is the squeeze film thickness. Acoustic
levitation does not on its own, however, explain the progressive
reduction of friction with increasing vibration amplitude that is
observed in tactile interfaces. Watanabe and Fukui (10) pro-
posed that the load is shared between points in intimate con-
tact and the overpressured film of air and presented a simple
model. Their predictions, however, do not match the amplitude

dependence that we present here, and they do not provide ex-
perimental validation (10).
In this study, the contact area between a human fingertip and a

vibrating glass plate was imaged by frustrated total internal re-
flection. This technique provides a detailed picture of the spa-
tiotemporal behavior of the contact area, which is shown to be
consistent with predictions stemming from a combination of
squeeze film theory and an exponential contact model. Fig. 1
illustrates the balance of forces proposed in this research.

Results and Discussion
Each participant placed his or her finger on a glass plate that was
driven side to side by a servomechanism for the purpose of
measuring friction, and it experienced various amplitudes of ul-
trasonic vibration. The tribometric measurements confirmed that
the friction force resisting the lateral motion consistently de-
creased as the amplitude of the out of plane oscillation in-
creased. The reduction of friction reached 70% to 98%, with an
average across participants of 90% at an amplitude of 3 μm and a
frequency of 29 kHz. A schematic of the apparatus is shown in
Fig. 2A and construction details are presented in SI Materials and
Methods. No correlation with age or moisture of the skin could
be established. The relation between amplitude and friction
force is monotonic, and in some cases, a plateau is observed at
low amplitude. For large-enough amplitudes, the curve flattens
as it approaches near-frictionless contact, as seen in Fig. 2B. The
relationship between friction force and amplitude of vibration
for each participant is compared with the model in Fig. S1.
The contact imaging scheme used here leverages frustrated

total internal reflection, which illuminates only those asperities
that are within a few hundred nanometers of the glass plate, thus
producing highly contrasted images of the area of contact. Each
pixel of the image receives an amount of light that is pro-
portional to the sum of the area made by every single asperity in
intimate contact and thus, offers an estimation of the local true
area of contact. A typical recording is shown in Movie S2. Si-
multaneous measurement of kinetic friction force and imaging of
the scattered light from the skin reveals a remarkable correlation
between the overall brightness of contact and the instantaneous
friction force while sliding. A linear relationship was found be-
tween total brightness and friction force, with coefficients of de-
termination r2 = 0.83–0.96 for the human subjects and r2 = 0.88
for the artificial finger. The error can be explained by the dif-
fusivity of the skin and surroundings as well as force sensor noise.
Data and regressions are given in Fig. 2C. This correlation is well
in line with the adhesive theory of friction discussed above. The
ratio between brightness and force remains within a 30% margin
across participants. The variation is likely caused by differences
in reflectance of the skin as well as the presence of moisture and

A B

Fig. 1. (A) Balance of time-averaged pressure when the plate undergoes ultrasonic vibrations. (B) View of the asperities. At low amplitude, the reaction from
the support balances the pressing force completely. At high amplitude, both the reaction from the support and the squeeze film pressure contribute to
balancing the pressing force. In addition, the average interfacial separation is increased.
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the dynamics of friction. Movie S3 illustrates that the contact
area fluctuates during steady-state sliding and exhibits dynamics
after a rapid change in vibration amplitude. These effects explain
some of the variation in friction force measurement. Because of
a different reflectance, the artificial finger has a ratio of bright-
ness to force eight times larger than the average human finger, but
it shows the same linear correlation. The strong linear relationship
seen in Fig. 2C and Fig. S2 is the basis for treating the frustrated
total internal reflection measurement of contact area as a proxy for
friction force. Notably, frustrated total internal reflection imaging
provides data at temporal and spatial scales out of reach for stan-
dard force sensors.

The reduction of contact area with increasing vibration am-
plitude is an indicator that the process involves squeeze film
levitation and does not solely rely on intermittent contact of the
finger. In fact, if a squeeze film did not support some of the
normal load, the brightness of the contact, averaged over thousands
of cycles, would remain constant, because the average contact force
would necessarily balance the applied force. Clearly, this constant
brightness is not the case. Thus, air plays a critical role in reducing
the true area of contact by increasing the interfacial separation.
At the scale of the entire finger pad, the measurement fits well

with the theory of squeeze film levitation. As the plate oscillates,
the air trapped between it and the skin cannot escape and gets
compressed. This compression follows a nonlinear process that
creates a net force pushing the skin away from the plate and
increasing the interfacial separation between the skin and the
glass. However, because the roughness of skin is almost one
order of magnitude larger than the increased separation, some
contacting asperities never do break contact, leading to only
partial reduction of friction. The pressing force that pushes the
skin toward the glass is balanced by the force from squeeze film
pressure as well as the resultant force from the asperities that
remain in intimate contact. Both reaction forces depend on the
interfacial separation u but with different relations. The contact
forces typically fall off as expð−ðu− u0Þ=urmsÞ, whereas the
squeeze film force Fa is proportional to α2=u2 +Oðα4Þ. Because
the pressing force Fp is perfectly counterbalanced by the
contact force when α= 0, the equilibrium may be written as
Fp   ð1− expð−ðu− u0Þ=urmsÞÞ=Fa. The full derivation is presented
in SI Results and Discussion and results illustrated in Fig. S3. The
comparison with measurement shows good agreement, especially in
the low-amplitude regime where the acoustic force is small.
It is also instructive to look at the spatial distribution of

brightness across the finger pad. The contact between the finger
and the plate is roughly an ellipse shape as expected from the
contact of an ellipsoid and a plane. The luminance field across
this ellipse provides information about the local contact pres-
sure, which may be calculated by multiplying the local brightness
by the overall ratio of normal force to total brightness. The re-
sults show that normal pressure is maximum at the center of the
ellipse and decreases toward the edges in a parabolic fashion,
which is consistent with the Hertzian contact previously reported
in the literature (21, 36, 37). The distribution of pressure fits

pr = ph
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1− ðr− r0Þ2=a2

q
, where r is the radial coordinate, r0 is the

lateral shift, and a is the radius of the apparent contact area. The
goodness of fit for each participant varies between r2 = 0.92
and r2 = 0.98, and Hertzian pressure ph is on the order of
2.8± 1.4 kPa.
The addition of plate vibrations has a distinctive effect on the

contact pressure. By subtracting the brightness of the resting
finger from the brightness of the contact during vibration, the
overpressure caused by the squeeze film can be estimated as il-
lustrated in Fig. 3A. For each participant, the squeeze film
pressure is highest in the center of the contact area and falls off
to zero toward the edges. At first glance, it could be postulated
that this distribution of squeeze film pressure is caused by an
edge effect: the squeeze film pressure is constrained to be at-
mospheric at the edge and therefore, expected to increase to-
ward a maximum value in the center. Such a broad edge effect,
however, would be associated with an unrealistically small
squeeze number. Fitting the distribution of pressure derived
from the lubrication theory in the works in refs. 35, 38, and 39 to
the data leads to squeeze number between 1 and 30, whereas the
value derived from estimates of contact area, frequency, and
interfacial displacement is between 150 and 1,000. At these
higher values, the edge effect should be quite minimal. Instead, a
more plausible explanation arises from the observation that the
nominal gap between the skin and plate is not uniform across the

A
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Fig. 2. (A) Experimental setup. The vibrating plate is mounted on a servo-
controlled stage equipped with a six-axis force sensor. Illumination from the
side of the plate provides a uniform illumination of the true contact area
through frustrated total internal reflection (A, Inset). (B) The sliding friction
force gradually decreases with increasing vibration amplitude. The line
represents the (C) brightness and friction force correlation. The illumination
technique reveals those asperities that are within a few hundred nanome-
ters of the plate; therefore, the spatial average of the brightness received by
the camera is linearly correlated with the friction force and under the ad-
hesive theory of friction, linearly correlated with the true area of contact.
(D) Images of the contact area under ultrasonic vibration amplitudes of
0–2.5 μm. (E) Spatial distribution of the variation of brightness over a cycle
where the amplitude of stimulation is slowly varying. The center of the
contact experiences the most variation, whereas the edge remains un-
affected. (F) The difference between the brightness at selected amplitudes
and the brightness at rest highlight those areas that are more or less af-
fected by vibration.
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contact because of the Hertzian pressure distribution. The applied
pressure psðrÞ is maximum in the center, which in turn, means
that the nominal interfacial separation u0ðrÞ= urmslogðpc=psðrÞÞ is
smaller at the center, producing a stronger squeeze film effect
according to 1=uðrÞ2.
For convenience, the estimated acoustic pressure distribution

was also fitted with a Hertzian profile, for which the goodness of
fit reached r2 = 0.86± 0.04. Although the nominal pressure ph
increased with increasing amplitude (Fig. 3C), the lateral shift r0
(Fig. 3D) and the estimated radius of action a remained within
10% of the average value across amplitudes. The estimated ra-
dius a of the acoustic pressure distribution was systematically
smaller than the radius of the nominal contact area by an average
of 0.85± 0.6mm, which is likely to be because of the departure of
acoustic pressure distribution from a Hertzian model. The po-
sition shift of the center of the squeeze film pressure distribution
was also quite different from the normal pressure distribution.
Although the normal pressure is shifted toward the proximal
section of the fingertip, the squeeze pressure is, for the most
part, shifted distally. This asymmetry is likely to be the result of
the complex structure of the s.c. tissues and bone that have
spatially dependent mechanical properties.
High-speed stroboscopy was used to image the intracycle

contact area with a time resolution of 1 μs, revealing that dy-
namic effects are at play. Fig. 4 A and B illustrates the typical
dependence of brightness on phase and plate displacement.
Brightness of the contact is nearly sinusoidal at the plate vibration
frequency, with total harmonic distortion between −10 and −8 dB
for amplitudes higher than 0.5 μm. Consistent with long-exposure
results, the average brightness decreases as the vibration amplitude
increases. However, the peak to peak variation of brightness in-
creases significantly with increasing amplitude, from 0% to 22% of
the nominal brightness. Movie S4 depicts a representative sample of
the brightness variations on a microsecond timescale.
Remarkably, at a fixed amplitude of vibration, the temporal

variation and nominal value of brightness are in proportion for
the majority of pixels in the contact image as shown in Fig. 4D.
This correlation can be explained if we consider that the true
area of contact is A=A0expð−ðu− u0Þ=urmsÞ, with u being the
gap during levitation and u0 being the gap at rest. The variation

of levitation height caused by the combined motion of the
plate and the skin induces a change in brightness so that
δu= urms   δA=A. The ratio between fluctuation and average value
of the brightness is fully derived in SI Results and Discussion, and
experimental values of this ratio are graphed in Fig. 4E as a
function of amplitude for each participant.
It is worth noting that the data lean toward refuting the hy-

pothesis of intermittent contact and instead, favoring the hy-
pothesis of load sharing between a squeeze film and asperities.
Indeed, the maximum brightness observed with the stroboscopic
illumination consistently decreased with increasing amplitude.
This observation means that the smallest interfacial separation
between the vibrating glass plate and the skin increases with
increasing amplitude of the plate vibrations. If intermittent
contact was the main mechanism, the impact caused by the col-
lision would create a spike of brightness greater than that seen

A

B

C

D

Fig. 3. (A) Local brightness corresponds to the number of asperities in con-
tact, which depends on pressure. Brightness scaled by the normal force reveals
the pressure profile along the central axis of the contact. The squeeze film
pressure is highest in the center of the contact. (B) Calculated interfacial sep-
aration. Larger applied pressure in the center results in a lower gap, which in
turn, influences the acoustic radiation pressure created by the squeeze film of
air. (C and D) Results from the fitting procedure with a Hertz contact model.
The nominal pressure and the squeeze film pressure are asymmetric.

A B C

D E
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G

Fig. 4. (A) Time domain variation of brightness. Changes in brightness
closely follow a sinusoidal pattern. (B) Phase portrait of brightness and plate
position. Increased amplitude decreases the average brightness but increases
the variation. (C) Selected images of the spatial distribution of brightness
variation. (D) Variation and average brightness are correlated in each image.
The lines are linear regressions. (E) The ratio is a function of the amplitude of
stimulation. The prediction from a model with large skin roughness urms =5  μm
is in black. (F) Phase between motion of the plate and the interfacial separation
as a function of amplitude and participant. (G) Selected spatially distributed
phase plots. Large variations of phase occur across trials. (H) Simplified linear
model of the skin bouncing off the film of air leads to behaviors similar to
the experimental observations.
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when the vibration is turned off. However, no spike in brightness
was ever observed, ruling out the pure intermittent contact
hypothesis.
Nonetheless, the dynamics of skin seems to play a role as seen

in the phase difference of the brightness fluctuations relative to
the instantaneous displacement of the plate. A phase lead of the
brightness fluctuation of ϕ= 40°± 12° is observed for each par-
ticipant at amplitudes ranging from 0.5 to 2.5 μm without sig-
nificant influence of amplitude as shown in Fig. 4F. The spatial
distribution of the phase difference varies widely between sub-
jects and trials. Representative distributions are shown in Fig.
4G. The phase lead is evidence that the dynamics of the finger
tissue plays a significant role. If the tissues were to have a much
lower impedance than the squeeze film and asperities, then very
little brightness variation should occur. If, alternatively, the tissues
were to have a much higher impedance, then the brightness varia-
tion would be in phase with the plate motion. However, the phase
lead in brightness—which itself is out of phase with the in-
stantaneous value of the gap—suggests that the skin motion actually
lags the plate motion by a considerable amount. The lag can be
attributed to the inertia of the skin and various energy dissipation
mechanisms, including viscoelasticity, acoustic radiation, and scat-
tering. To gain additional insight, the skin was modeled as a simple
mass–spring–damper excited by an elastic squeeze film. Simula-
tions confirmed that certain parameter values will, indeed, lead to
a brightness phase lead of 40° (Fig. 4H and Fig. S4). Finger dy-
namics are discussed in greater detail in SI Results and Discussion.
The oscillation of the interfacial separation is an indicator that

the skin is partially bouncing but without completely detaching,
because brightness never reaches zero. Moreover, the absence of a
brightness spike suggests that collisions are cushioned by the
squeeze film of air, preventing the creation of new contact points.
The relation between average levitation gap u− u0 and vi-

bration amplitude does not seem to follow a linear relationship
as predicted when squeeze film theory is applied to a flat, rigid
plate (30, 32). One possible explanation is that the interfacial
separation is strongly affected by the dynamics of the fingertip.
For instance, if the fingertip were purely elastic, the skin and the
plate would be in phase, and the time-averaged gap as well as the
friction would be unaffected by vibration amplitude. However,
the inertia and damping of the fingertip could make the skin
oscillate out of phase with the plate, effectively doubling the
time-averaged interfacial separation and thus, reducing the
friction. Previous measurements with artificial fingers show that
the dynamic properties of the material do have a large impact on
friction reduction (14). Moisture also plays a role by increasing
the adhesion between the surface and the skin as can be seen in
Movie S5, which shows the formation of an air bubble un-
derneath the contact with moist skin.

Conclusion
A finger placed against a plate vibrating out of plane at ultra-
sonic frequencies experiences reduced friction dependent on the
amplitude of vibration. The precise mechanism underlying fric-
tion reduction has, however, never been clearly elucidated. In
this study, a tribometer equipped with a unique optical setup
enabled observation of the true area of contact with high spa-
tiotemporal resolution. The measurements reveal that increases
in amplitude lead to a clear reduction of the true area of contact
and the interfacial friction. In addition, temporal variation of
interfacial separation increases at higher amplitude. Phase data
strongly suggest that the skin moves out of phase with the plate
surface in a bouncing motion, but contrary to a previous hy-
pothesis, it bounces against the squeeze film of air and not
against the plate (40). Ongoing studies using laser Doppler in-
terferometry measurement will shed additional light on the dy-
namics of the skin.

Overall, these results lead to a richer picture of the friction
reduction mechanism, in which both the bouncing motion of the
skin and the existence of a squeeze film are necessary to create
an overpressure of air that partially supports the normal load and
releases some asperities of the skin from contact, reducing fric-
tion. One application of these results is to the design of improved
tactile interfaces for rendering virtual textures and shapes on flat
plate surfaces. For instance, the results help elucidate sources of
variability in the friction force and provide a basis for optimizing
power consumption.

Materials and Methods
Friction Reduction Device. The friction reduction apparatus was built around a
67 × 50 × 5-mm3 borosilicate glass plate actuated by two piezoelectric
transducers vibrating at f0 = 29,080 Hz in a 3 × 0 normal mode. This mode
had a 19-mm nodal spacing and an unloaded Q factor of 150, which fell to
110 when a finger pushed with 0.5 N force. Only the center crest was used to
provide the out of plane motion necessary to reduce friction. The plate
deflects with a maximum unloaded displacement of ±3.0 μm, constant over
the entire width of the plate (Fig. S5A). A piezoelectric sensor, bonded to the
plate, measured the deformation of the plate in real time. The sensor was
fed to an envelope detector and a sample and hold circuit to recover the
envelope and the instantaneous vibration. Before each trial, the glass plate
was cleaned with degreaser to remove any buildup of moisture or sebum.
The ultrasonic plate and the illumination system were mounted on a servo-
controlled stage driving the plate at a constant velocity of 10 mm/s. In-
teraction forces were measured with a six-axis force sensor providing a
10-mN noise floor.

Artificial Fingertip Manufacturing. The artificial finger used in these experi-
ments was constructed of an aluminum cylinder to represent bone, a sponge
layer to represent soft tissue, and a 0.5-mm-thick half-spherical rubber-like
covering of durometer Shore A 27 (which translates to a Young’s modulus of
∼1 MPa) to represent skin. This outer layer was chosen to be of a similar
thickness and stiffness as human skin as well as for having damping prop-
erties more in line with human skin, and it was made of 3D printed rubber
(14). A thin layer of acrylic paint was applied to the skin to both reduce the
sliding friction coefficient of the finger into the range experienced by a real
finger and aid in illumination. This final layer is also analogous to the stiff
stratum corneum on the outermost layer of human skin. Interferometry
measurement of the surface shows that urms = 1.4  μm at the 10−4-m scale.
Fig. S6 shows a picture and results of the topography measurements.

Imaging System and Image Processing. The experiment used frustrated total
internal reflection to provide a high contrast between the regions that are in
intimate contact with the glass and the background. Light from green LED is
focused and fed into the thickness of the plate with a shallow angle. Based
on a model of the total internal reflection, brightness is reduced by 95%
when the distance between skin and glass plate is above ∼300 nm.

High-speed imaging is achieve by strobing the LED. The measured light
pulse is shorter than 1.2 μs, which translates to a time resolution of 30 points
per cycle of the ultrasonic vibration (Fig. S5B). The optical setup has 18-μm
per pixel resolution. Histogram bracketing was used to increase contrast
in Fig. 2 and Movies S1–S5. Stroboscopic videos were filtered using a Dirac
comb in the temporal Fourier domain, which removed artifacts caused
by tremors.

Participants. The experiments were conducted under the approval of the
Northwestern University Institutional Review Board. Participants gave their
informed consent in writing before the experiment. In total, seven partici-
pants, including the lead authors, participated: two females and five males,
with an average age of 26 y old. They did not report any skin condition, and
their fingers did not present any scars. Two datasets were excluded because
of a failure of the apparatus. After washing and drying their hands, par-
ticipants sat comfortably on a chair in front of the apparatus. A cuff restricted
the motion of their fingernails, leaving the skin of the fingertips free from
mechanical contact. Subjects were instructed to relax their muscles and re-
main still. The experiment lasted less than 30 min, with a 10-min break be-
tween the friction measurements and stroboscopic analysis.
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