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Initial contact shapes the perception of friction
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Humans efficiently estimate the grip force necessary to lift a
variety of objects, including slippery ones. The regulation of grip
force starts with the initial contact and takes into account the
surface properties, such as friction. This estimation of the frictional
strength has been shown to depend critically on cutaneous in-
formation. However, the physical and perceptual mechanism that
provides such early tactile information remains elusive. In this
study, we developed a friction-modulation apparatus to elucidate
the effects of the frictional properties of objects during initial
contact. We found a correlation between participants’ conscious
perception of friction and radial strain patterns of skin defor-
mation. The results provide insights into the tactile cues made
available by contact mechanics to the sensorimotor regulation
of grip, as well as to the conscious perception of the frictional
properties of an object.
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W e lift glasses of water, regardless of whether they are empty
or full and whether they are dry or wet. The sensorimotor
mechanisms responsible for this astonishing performance are far
from being understood. The grip forces required to lift an object
are known to be unconsciously regulated to a value typically 20%
above what would cause slippage (1). Remarkably, this regulation
starts from the moment our fingers touch the surface. It has been
shown that just a hundred milliseconds of contact with a surface
are enough to start adjusting fingertip forces to friction. Humans
provide larger grasping forces if the surface is made of slippery
silk, but smaller if it is made of sandpaper since it provides better
grasp (2, 3). It has been further demonstrated that it is friction,
and not texture, that determines these adjustments (3). Since 1
mm of indentation of the fingertip is sufficient to reach 80% of
the final gross contact area, and fingers often move faster than 10
mm/s toward an object, within this time frame, the sensorimotor
system already should be able to extract some estimates of the
frictional properties from the initial deformation of the finger
pad, before any net load forces start developing.

On a physical level, the overall so-called “frictional strength”
of the contact is given by the number of asperities in intimate
contact and their individual shear strength (4-6). It is the mea-
sure of the maximum lateral force on the contact that will lead
to slippage. This frictional strength is the main determinant in
regulating grip force applied to lift an object of a given weight (3).
Failure to properly assess the frictional strength of the surface
at initial contact—due to the presence of gloves or anesthesia,
for instance—is followed by larger-than-usual grip forces, conse-
quently increasing the real area of contact (7-9).

Despite its crucial importance, the mechanical deformation
that underpins the encoding of the frictional strength on initial
contact remains unclear. It is well known that the timing of the
impulses of tactile afferents encodes the information related to
force direction (10), local curvature (11), edges (12), and shapes
(13) and also contains information about the frictional strength
(14, 15). One hypothesis suggests that, at the mechanical level,
microslip events at the finger—object interface induce vibrations
of the skin (16, 17). Another hypothesis postulates that the
sensation of friction is mediated by a radial pattern of skin strain
within the contact area. The magnitude of the strain induces
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internal stresses, which are 21% smaller on a slippery surface
than on a high-friction surface (18).

Interestingly, roboticists have leveraged these findings to esti-
mate friction on initial contact from the gradient of the lateral
traction field. This metric is used to control the force applied
by robotic grippers to soft and fragile objects (19-21). In haptic
rendering, it is possible to produce tactile sensations by releasing
the accumulated stress using ultrasonic friction modulation (22).
However, the perception of the frictional strength with a single
normal motion is not as salient. Khamis et al. (23) recently
showed that participants were unable to differentiate a 73%
reduction in friction of a glass plate when it was pressed against
their fingertips by a robotic manipulator.

Friction is consciously perceived in a passive condition only
when the plate starts sliding (24-26). The change in the frictional
state from stuck to sliding is perceived after a global lateral
displacement of 2.3 mm (27). This transition induces large de-
formations of the skin, along with a particular strain pattern (25,
28-30). These results suggest that large or rapid deformations
can elicit a tactile sensation, but the quasistatic radial strain
pattern is too subtle to induce a reliable percept.

We hypothesize that the frictional strength can be perceived
when actively touching the surface. Active exploration is known
to promote acute sensitivity (31-33). We present evidence that
during the first instant of contact between the finger and an
object, a radial strain pattern exists. Its magnitude is affected by
the interfacial friction and correlates with the perception of fric-
tion. Combined with the results of the motor-control literature,
a picture emerges explaining the mechanical basis upon which
friction is encoded.

Significance

Humans have the remarkable ability to manipulate a large
variety of objects, regardless of how fragile, heavy, or slippery
they are. To correctly scale the grip forces, the nervous system
gauges the slipperiness of the surface. This information is
present at the instant we first touch an object, even before
any lateral force develops. However, how friction could be
estimated without slippage only from the fingertip skin defor-
mation is not understood, either in neuroscience or engineer-
ing disciplines. This study demonstrates that a radial tensile
strain of the skin is involved in the perception of slipperiness
during this initial contact. These findings can inform the design
of advanced tactile sensors for robotics or prosthetics and for
improving haptic human-machine interactions.
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Results

Fourteen participants were asked to actively press down on a
glass plate and gauge its frictional resistance. The frictional
resistance of the plate against the skin was controlled by ultra-
sonic lubrication (34), allowing for repeatable stimuli where the
surface topography and physicochemistry remained unchanged.

The apparatus combining a friction plate and an optical sys-
tem is shown in Fig. 14, and construction details are presented
in Materials and Methods. The movement of the participants
was constrained by a linear guide attached to their finger, pre-
venting any lateral movement (S Appendix, Fig. S2). To validate
the reduction in friction, we first asked participants to slide
across the plate while the ultrasonic lubrication was modulated
(SI Appendix, Fig. S14). When the finger was steadily sliding
and the amplitude of the ultrasonic wave was changed from
a=10"2 pm to o = 3 um, the coefficient of friction varied from
#=0.81 down to p = 0.18, leading to a 78% relative reduction
in friction (Fig. 1B).

Empirical Skin Deformation. In order to accurately measure the
plate—fingertip interaction, we used a bespoke illumination ap-
paratus that highlighted the topography of the skin, while syn-
chronously showing the microjunctions that comprise the real
area of contact. While participants were pressing down, the
motion of individual points on the surface of the skin was tracked
by using the images from the blue grazing illumination. The high-
contrast images created with the coaxial red illumination show
the microjunctions formed by the contact at the interface, pro-
viding a temporal reference of the instant when a particular point
was in intimate contact. The interaction of the light sources at
the skin—plate interface is illustrated in Fig. 1C, and the resulting
images are shown in Fig. 1D.

We can estimate the expected strain with a simple geometri-
cal model, described in SI Appendix, Fig. S4. Upon compression
against a flat surface, the skin of the fingertip changes from a
quasihemisphere to a flat disk. It ensues a volume reduction,
which can build up stress at the interface if friction is high.
Conversely, if the surface is slippery, a noticeable deformation
is observed (Fig. 1E). This model estimates a 10% compressive
strain when the fingertip is indented by 3 mm.

The mechanical behavior of the finger observed during the
experiment was qualitatively consistent with the prediction of the
geometrical model. Fig. 1F shows the evolution of the real area
of contact constituted by the microjunctions and the movement
of the skin in a high-friction and a low-friction condition for a
typical trial. Notably, the real area of contact, shown against a
white background, grows with increasing normal force, and its
brightness depends significantly on the level of friction reduction.
This observation is consistent with previous works and with the
adhesive theory of friction, in which the sliding friction force is
a function of the real area of contact made by all the individual
asperities in intimate contact (34, 35). The displacement vector
fields % (z,y) were computed from the difference in position
between the final image and the moment when a particular
point is detected to make contact. For typical trials a noticeable
difference in skin movement between the high- and the low-
friction conditions was found (Fig. 1F and Movie S1).

Friction-Discrimination Performance. Participants were asked to
compare the slipperiness of the same surface presented with
different levels of friction. The friction of the plate was set by the
amplitude of ultrasonic vibrations. The reference stimulus was
the highest friction when the plate vibrated with an amplitude of
1073 pm. The comparison stimuli covered the range of ampli-
tudes from 0.5 to 3 um at intervals of 0.5 um, with each stimulus
appearing 10 times. The reference and the comparison were
presented in random order. After pressing twice on the surface,
participants had to indicate which stimulus they felt was the
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Fig. 1. (A) Experimental setup. The friction between the fingertip and
glass plate is reduced in the presence of flexural ultrasonic waves. A dual-
illumination setup where blue light illuminates the skin at a 20° angle and
red light is normally incident to the glass surface. (B) When a fingertip slides
across the glass plate, the friction coefficient is reduced with increasing ul-
trasonic amplitude. The black line represents the median friction coefficient.
(C) Close-up view of the illumination combining a dark-field blue light to
highlight the fingerprint ridges and a red light, coaxially oriented with the
camera, to illuminate only the asperities of the skin in intimate contact with
the glass plate. (D) Typical images of the fingertip profile (Left) and the
asperities in intimate contact (Right). (E) Presumed deformation of the skin
when pressed against the surface in high- and low-friction conditions. Point
trajectories are shown in red. The black arrows represent the pressure and
traction exerted by each point on the surface. (F) Images of the intimate
contact and skin deformation for increasing normal forces (top to bottom)
and the highest (Left) and lowest (Right) friction. The white arrows show
the displacement of reference points, scaled up 10-fold.

most slippery, following a typical two-alternative forced-choice
protocol. The procedure is depicted in Fig. 24, and Movie S2
shows a typical trial.

We computed the probabilities of responding that the com-
parison stimulus was the most slippery, and the mean friction-
discrimination performance for all subjects is reported in Fig. 2B.
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Fig. 2. (A) Experimental protocol. Participants were asked to compare the slipperiness of two surfaces. The reference and comparison were presented in
random order. (B) Probability of a participant perceiving the difference in friction as a function of the amplitude of vibration of the ultrasonic lubrication. The
higher the amplitude of ultrasonic vibration is, the lower the friction coefficient. The dashed line represents the fit with a psychometric function. Individual
performances are represented as gray dots. The chance level is represented by the dashed line. (C) Displacement and resulting strain of the skin for the cases

of high friction (Left) and low friction (Right).

Despite the considerable intersubject variability, there was a sig-
nificant effect of plate-vibration amplitude on the mean success
rate [repeated-measures ANOVA, F(5,55) = 4.77, P = 0.0011].
The results were fitted with a psychometric function, from which
we extracted the 75% detection threshold. Participants were able
to discriminate the difference of friction, with differences in
vibration amplitude as low as 1.13 + 0.69 um, which corresponds
to a reduction of the real contact area of only 8%.

Contact and Friction Modulation. The contact between the finger
and the glass plate initially started toward the center and ex-
panded radially for all trials. In the low-friction condition, the
center of the contact experienced ultrasonic levitation, creating
areas where skin asperities were not in intimate contact with
the plate. The real area of contact, which measures the amount
of contact that contributes to frictional strength (34), was re-
duced by 38% for the maximal vibration amplitude of 3 pum
(SI Appendix, Fig. SIE). As the number of asperities in contact
decreased, the skin could freely expand in the lateral direction
(Fig. 2C).

Friction Influences Skin Deformation. The contact area and dis-
placement field in both high- and low-friction conditions are
shown in Fig. 34. In the low-friction case, the regions where
the contact was virtually nonexistent matched the locations of
the regions of maximal displacement of the tracked points. The
amount of contact area was measured via the local brightness
of a 10-pixel radius circle around each of the tracked points.
The displacement of each point positively correlates with the
local brightness and hence with the local density of asperities in
intimate contact (Fig. 3B) (Spearman’s coefficient of 0.58). This
relation provides evidence that at the scale of fingertip features,
friction does influence the lateral mobility.

The lateral displacements of the skin along the x and y axes are
shown in Fig. 3C for the low- and high-friction cases. The projec-
tion along the central axis reveals that the center of the contact
experienced a deformation gradient, whose value depends on the
frictional state. To explore the effect of friction on the displace-
ment field, we decomposed it into a constant field, a divergent
field, and a rotational field (ST Appendix, Figs. S6 and S13). The
mean divergence of these microdisplacements was computed
such that:

" _ Ouy . Ouy
./Sv-ﬁ(z,y)dS—/S 5.+ oy ds, 1

where u, and u, are the x and y components of the displacement
vector u(z, y), respectively, and S is the apparent area of contact.
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Intuitively, the averaged divergence of a vector field captures its
outward or inward flux. A positive divergence implies that the
finger expands radially.

Fig. 3D plots the median across trials of the average divergence
for increasing plate-vibration amplitude. The divergence grows

BIOPHYSICS AND
COMPUTATIONAL BIOLOGY

— low friction
— high friction 0.4

high friction €

low friction

tb\o 05

o -0.1
local brightness
yt T - 0 4
" max contact no contact y (mm)
E 1 —— pe—— n=23
gum 3 09—t =22
25im 28 ggl e =14
Veu ~=2im T g
25 s ium 8% 0.7F = on=9
7 10°um 9% 0.6 -~
pm/mm ,/ S e 050 swm }ﬂ:7
/ ¢ 0.
ol . . 0 0 20
051 152 25 3 . V.
comp ref
normal force (N) um/mm
F 4 G 1o Hos
! 2
£.3 dewe | b S04
(%)2 it 5 g
C
1 (%/s) - 002
., 8
0 ‘ ‘ ‘ 0 ‘ T TH% 0
0 1 2 3 0 1 2 3 0 1 2 3
normal force (N) normal force (N) normal force (N)
Fig. 3. (A) Typical images of the high- and low-friction trials. (B) Displace-

ments of a grid of points plotted against the local brightness. Displacements
and local brightness are positively correlated (Spearman’s coefficient =
0.5761, P < 0.0001). (C) Displacements of this typical grid of points along the
x and y axes. (D) Median divergence for each vibration amplitude. (E) The
probability to answer comparison is the most slippery is plotted against the
median divergence difference. Darker colors represent the smaller vibration
amplitudes. (F) Median longitudinal strain for each vibration amplitude. (G)
The strain-rate peaks after 0.4 N for each vibration amplitude. (H) Evolution
of the strain energy for various coefficients of friction.
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with the normal force. The rate of growth is positively correlated
with the vibration amplitude (Spearman’s coefficient = 0.115,
P < 0.0001). The growth of the average divergence is notable
at the early stage of fingertip compression and hits an inflection
point after 1 N. After this inflection point, the dependence on
friction is more pronounced. Above 2 N, the curves flatten, likely
due to saturation of the compression of the fingertip pulp (36,
37). Despite the saturation above 2 N, the differences in aver-
age divergence are significant [ANOVA, F(6,1569) = 4.85, P =
10~°], with values twice as large for the low-friction case (3 pm)
than for the high-friction case (107® um). Large divergence
reflects that the skin moves significantly without friction. In the
high-friction case, the low divergence values signal the presence
of residual radially distributed stress of the skin.

Skin Deformation and Friction Perception. The global lateral
displacement of the skin, computed from the median of the
vector field at each time instant, and the peak force vector angle
did not significantly influence the response of the participant
(Spearman’s correlation, P =0.2 and P = 0.03, respectively)
(SI Appendix, Fig. S7 C and D). Because every participant was
free to actively press against the surface, the recorded normal
forces (average [avg] = 5.5 &+ 3.5 N) and the duration (avg =
1.47 £ 0.39 s) showed significant variations. We found no
significant relationship between the friction discrimination and
normal force or the duration of contact (SI Appendix, Fig. S5).
However, we found a significant influence of the force rate on
the participants’ answers for the vibration amplitude oo <=2 pm
(Linear Mixed Model, P = 0.018) (SI Appendix, Fig. S5I). The
kinematics of the exploratory procedure play a significant role
for the low-vibration amplitudes.

Nonetheless, an ideal observer analysis shows that the average
divergence of the skin deformation was the most salient predictor
of participants’ responses (SI Appendix, Fig. S11). Fig. 3E shows
the difference in divergence between the reference stimulus and
the comparison stimulus as a function of participants’ discrim-
ination performance. The probability of correctly identifying
the most slippery stimulus was positively correlated with the
amount of diverging skin deformation observed (Spearman’s
coefficient = 0.28, P =0.009). While the correlation is weak,
friction was unambiguously discriminated when the skin experi-
enced the largest interstimulus difference in divergence.

Strain Energy and Mechanoreceptor Thresholds. It is worth con-
sidering whether the amount of skin deformation is enough to
induce a supraliminal response. The finger asperity that experi-
enced the maximal displacement moved with a speed of 1.93 +
2.8 mm/s (mean =+ SD) (SI Appendix, Fig. S5K).

We estimate the stimulation of the mechanoreceptors by com-
puting the strain components, according to the method described
in SI Appendix, Materials and Methods. The data show that the
participants’ skin was subjected to a longitudinal strain, whose
magnitude depended on the vibration amplitude (Spearman’s
coefficient p = 0.17, P <0.0001) (Fig. 3F) The strain mag-
nitude estimates fall between 2% and 4%, which is sufficient
to change firing rate in fast-adapting (FA) and slow-adapting
afferents (38). Similarly, the dynamics of the stimulation shows
significant differences between friction condition (Fig. 3G). The
strain rate peaks at 8.5 &+ 1.7%/s when the normal force reaches
0.37 £ 0.7 N for all friction conditions. This is compatible with
the evidence in the literature that a stimulation with a strain rate
higher than 8%/s elicits a response in all afferent types (39).

Predictions from a Mechanical Model. We developed an axisym-
metric spring-damper model, illustrated in Fig. 44, to estimate
the stress experienced by the skin. The model captures the
large deformation of the skin, its viscoelastic behavior using
Kelvin—Voigt material, "and the local elastoplastic frictional
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interaction at the interface. This model is detailed in ST Appendix,
Materials and Methods.

We simulated the interaction with a flat surface under four
different coefficients of friction from 0.1 to 0.6, with a normal
force of 3 N applied to the bone element. The simulation was
initiated before contact and ran until it reached static equilib-
rium. Movie S3 shows the results of the simulation for the high-
and low-friction conditions. The simulated displacements and
interfacial pressure in response to an external normal force of
1,2, and 3 N for = 0.1 and p = 0.6 are shown in Fig. 4 B and
C, respectively. Fig. 4D shows the simulated divergence of skin
displacement for all friction coefficients. The divergence varies
from Vu = 0.02 for a coefficient of friction y = 0.6 to Vu = 0.04
for 1 = 0.1. The model predicts a trend quantitatively similar to
the experimental data.

These observed lateral displacements can be explained by the
stress acting on each element, caused by friction. The normal
component of the interfacial pressure remains identical across
frictional conditions. However, the lateral component directly
depends on the friction, with the high-friction case seeing 40%
larger tangential stress (Fig. 4F). The maximum of the stress is
located on the center of the contact area and is consistent with
the traction observed in refs. 18 and 21. In the low-friction case,
the low tangential traction results in a free lateral displacement
of the skin as the fingertip flattens in contact with the plate. In
this case, every point moves outward, such that the contact length
approaches the initial curved length of the fingertip (dashed line).
Conversely, in the high-friction case, the tangential traction con-
strains the motion of skin in contact. The elements are secured
in place once they touch the plate, resulting in little displacement
and a 40% increase in stored elastic stress compared with the low-
friction case.

Discussion and Conclusion

A short, 1-s haptic normal force contact was sufficient to allow
participants to discriminate the frictional strength of a surface.
The results demonstrate that no gross lateral motion of the whole
contact area was necessary to elicit the perception of friction. The
observers fundamentally relied on cutaneous cues, involving a
particular spatiotemporal pattern following an outward expan-
sion quantified by the divergence of the skin deformation.
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Fig. 4. (A) The finite-difference model of the fingertip. (B and C) Surface-
deformation profiles when in contact with a low-friction (B) and a high-
friction (C) surface for 1, 2, and 3 N. Point trajectories are shown in red. The
black arrows represent the pressure and traction exerted by each point when
brought in contact with the surface. (D) Total divergence of the contacted
skin as a function of the normal force for friction coefficients varying from
0.1 to 0.6. (E) Stress profiles at 3 N of normal force for a high- and a low-
friction condition.
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The results indicate that a causal relationship exists between
the lateral deformation during compression and the observed
real area of contact. Under low-friction conditions, fewer asper-
ities are in intimate contact, and, therefore, they cannot hold
the lateral force, inducing local slippage. Conversely, in high-
friction conditions, the asperities make sufficiently large contact
and thus restrain lateral relaxation of the skin, which causes an
accumulation of the elastic stress. These friction-dependent skin-
deformation changes can be described by a biomechanical model.
Psychophysics experiments demonstrated that the magnitude of
friction-reduction effect correlates with the likelihood of subjects
identifying the most slippery surface. As there were no net lateral
forces present, the pattern of outward skin expansion character-
ized by divergence was the decisive factor to assess friction when
other cues were not available.

We estimate that the action of pressing down against a high-
friction surface stores ~0.3 mJ of potential elastic energy in the
skin (Fig. 3H). This amount is 10 times lower than what was found
when detecting slippage during relative motion, where the strain
can reach 25%. This result suggests that information about the
frictional strength is available well before slippage is detected
(27, 28).

The amount of lateral skin deformation during pressing is
sufficient to trigger a significant difference in the activation of
all types of tactile afferent (15, 40, 41). In this study, the relative
speed between the skin and the glass plate at the periphery of
the contact was larger than 10 mm/s. This speed, combined with
the spatial nature of the deformation pattern, suggests that FA
afferents predominantly contribute to the encoding of friction
upon initial contact.

An early estimation of the frictional strength has been asso-
ciated with an early adjustment of the grip force during pre-
cision grasping tasks. Evidence obtained in the current study
extends these findings, showing that in a well-controlled percep-
tual task, by abolishing all additional contributing factors like
lateral force and texture cues, friction discrimination was possible
perceptually. This indicates that information about the initial
skin-deformation pattern can be sufficient to obtain frictional
information. However, during object manipulation beyond initial
touch, when load forces develop, more sensory signals become
available, improving force coordination and making overall ad-
justments to friction more accurate (15, 18). Gloves and other
mechanical filters are well known to affect the regulation of grip
forces, resulting in an overcompensation of the safety margin
increases, regardless of the friction of the surface (8, 14, 18). The
presence of these mechanical filters might remove the ability to
gauge the divergence of the field during the first instant of contact,
hence defaulting motor control to a more robust grasping state.

The skin deformation increases with the applied normal force,
and its rate of increase is a function of the friction of the sur-
face. Despite growing at different rates, the divergence of the
displacement field reaches a plateau at 2 N of normal force for all
friction conditions, which is similar to the level of grasping force
at which friction starts to influence the rate of grip-force increase
(2). This result suggests that during the first instant of contact,
grasp control may rely on the measured divergence of the skin
deformation.

Interestingly, the perception of the softness of an object during
active touch is correlated with the rate of growth of the contact
surface (42). Since friction influences the rate of change in the
elastic energy, we can conjecture that cross-coupling might exist
between softness and friction, with slippery surfaces appearing
more compliant to the touch.

Despite having similar levels of friction variations and ob-
served skin displacement up to 0.2 mm in magnitude, previ-
ous studies in which participants passively perceived the stimuli
showed that the discrimination of friction is a challenging task
(23). In contrast, the active exploration procedure of this study,
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even if constrained, resulted in a fundamentally more successful
discrimination of the frictional conditions. The stark difference
could be explained by using predictive coding theory (43). To
determine friction, the observer has to assess the total defor-
mation separating at least these two components, one encoding
the indentation magnitude and another related to the lateral
deformation encoding the frictional strength. In the active case,
observers possess an efferent copy, based on which they could
predict the dynamics of gross deformation of the fingertip. The
ability to predict sensory consequences of own actions (reaffer-
ence) would enable the nervous system to better extract and
isolate sensory signal features related specifically to the diverging
deformation pattern and thus focus attention to frictional cues.

Alternatively, it is possible that a difference in indentation
speed may have played the major role determining detectability
of the frictional differences. Khamis et al. (23) report a force
rate of 1.7+ 0.3 N/s, whereas in this study, the force rate is
3.6 £+ 3 N/s, which would provide a more potent activation of FA
afferents (SI Appendix, Fig. S5I).

This study establishes the link between skin deformation and
performance in a friction-discrimination task. Similar to the
suggestion in ref. 28, an artificial tactile stimulation stretching
the skin radially while the user is pressing down could indicate the
amount of friction. These cues could facilitate the manual control
of teleoperated devices or render a virtual sensation of slipper-
iness. The biomechanics can also inspire the control of robotic
grippers and prostheses based on radial lateral skin stretch (19).

Materials and Methods

Ultrasonic Lubrication. The friction-reduction device used a flexural standing
wave to induce micrometric levitation of the skin of the fingertip. The
device was composed of a rectangular glass plate vibrating at a frequency of
29.194 kHz in the 1 x 0 mode, with dimensions of 67 x 50 x 5 mm>. The
plate was mounted onto an aluminum frame attached to a six-axis force
sensor (ATl Nano 43) to measure forces exerted by the finger with 10-mN
accuracy.

Participants and Protocol. Fourteen right-handed volunteers (3 females and
11 males), ranging from 19 to 55y old, participated in the study. They were
naive to the purpose of the experiments and had no previous experience
with haptic devices. None of them reported having any skin conditions
or perceptual deficits. The study was conducted with the approval of Aix-
Marseille Université’s Ethics Committee (2019-14-11-003), and the partici-
pants gave their informed consent prior to the procedure. Participants sat
in a chair in darkness and wore noise-canceling headphones projecting pink
noise, blocking any visual or auditory cues. The last phalanx of their left
index finger was connected to a vertical linear guide, preventing any lateral
movement (S/ Appendix, Fig. S2A). The approach angle of the finger was
maintained at 30°. The entire session was composed of two blocks of 20
min, separated by a 10-min break. Participants stated which stimulus was
the most slippery, a correlate of the friction coefficient.

Data Analysis. Force data were synchronized to the images, interpolated
to match the time vector of the images, and denoised with a zero-lag, 50-
Hz, second-order, low-pass filter. The global displacement was computed for
each trial by summing all the displacements in the apparent contact area.
Trials in which the global displacement exceeded 0.3 mm were removed from
the divergence analysis to prevent participants from using this cue. A total
of 79 trials out of 840 were removed.

The denoised and illumination-corrected images were thresholded by
using Otsu’s method to measure the number of asperities in intimate con-
tact. The contact surface in square millimeters was computed by summing
the number of white pixels scaled by pixel resolution in millimeters/pixel
(SI Appendiix, Fig. S3A).

The 700 most salient features of the fingerprint were tracked from
the start until the normal force reached 3 N. The displacements of these
features were interpolated on a uniformly sampled rectangular grid
(S/ Appendix, Fig. S3B) to compute the divergence. The evolution of the
median of the divergence field quantified the observed expansion.

Data Availability. Source code of the finger-skin model data has been
deposited in GitHub (https://github.com/Iwillemet/Finger-skin-model). Data
from this study are available at the 4TU.ResearchData Repository (https:/
doi.org/10.4121/17001130.v1).
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