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Role of fingerprint-inspired relief structures in
elastomeric slabs for detecting frictional
differences arising from surface monolayers†

Charles Dhong, * Laure V. Kayser, Ryan Arroyo, Andrew Shin, Mickey Finn III,
Andrew T. Kleinschmidt and Darren J. Lipomi *

The perception of fine texture of an object is influenced by its microscopic topography and surface

chemistry—i.e., the topmost layer of atoms and molecules responsible for its surface energy, adhesion,

and friction generated when probed by a fingertip. Recently, it has been shown that human subjects can

discriminate high-energy (i.e., hydrophilic), oxidized silicon from low-energy (i.e., hydrophobic), fluorinated

alkylsilane-coated silicon. The basis of discrimination was consistent with differences between stick-slip friction

frequencies generated when sliding the fingertip across the two surfaces. One aspect that was not examined

was the presence of surface relief structures on the fingertip. Indeed, papillary ridges—fingerprints—may be

involved in enhanced discrimination of fine textures arising from surface roughness, but how (or whether)

fingerprints may also be involved in the discrimination of surface chemistry—through its effect on friction—is

unknown. Here, using a mock finger made from a slab of silicone rubber shows that relief structures amplify

differences in stick-slip friction when slid across either a hydrophilic oxide or a hydrophobic monolayer on

silicon. We quantify the similarity between the friction traces of the mock fingers sliding across hydrophilic and

hydrophobic surfaces under varying velocities and applied masses using a cross-correlation analysis. We then

convert the cross-correlational data into convenient ‘‘discriminability matrices.’’ These matrices identify

combinations of downward forces and sliding velocities that enhance differences in friction between hydrophilic

and hydrophobic monolayers. In addition, a computational model of macroscopic, ‘‘rate-and-state’’ friction

confirms that frictional differences in chemistry are amplified when elastic slabs bear a patterned interface. This

biomimetic approach to engineering sliding interfaces may inform the development of improved electronic

skin and haptic devices and may contribute to understanding the role of relief structure in tactile perception.

Introduction

The animal kingdom is replete with examples of relief structures
on the skin that confer adaptive advantages: the structures on the
toes of geckos3 and tree frogs4,5 enhance grip, while the hairs on
the feet of water striders allow the animals to sit atop a pond.6,7

Koalas and the great apes—including humans—have papillary
ridges (fingerprints) on their fingers and toes. Experiments in
which rubber ‘‘mock fingers’’ with and without relief structures
were slid across rough surfaces produced complex tangential
forces. These time-dependent, oscillatory forces were markedly
different from those generated in the absence of relief structures
(‘‘fingerprints’’).8,9 The implication was that fingerprints may
play a role in tactile discrimination of fine texture (whether or
not this discrimination was ever the basis for natural selection in

evolution). The ‘‘feel’’ of an object, however, is influenced not only
by its surface roughness, but also by its surface chemistry—i.e.,
differences in atomic and molecular structure that influence surface
energy, which in turn influences friction and adhesion. Here, we
show that relief structures on a silicone rubber slab amplify the
differences in tangential forces when slid across surfaces terminated
by different molecular species, specifically, an oxidized silicon wafer
and a silane-passivated one. Our findings are supported with a
model based on a ‘‘rate-and-state’’10,11 description of friction. These
results provide clues for understanding the role of surface structure
in the tactile sense and may lead to new design principles for
prostheses and haptic interfaces.12

Background

Humans have a remarkable ability to discriminate fine texture.
Skedung et al.13 showed that human subjects can differentiate
flat polymeric surfaces from those bearing periodic wrinkles
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with amplitudes as small as 10 nm. Human subjects are not
thought to be sensitive to the heights of these wrinkles, however,
but rather to the vibrational frequencies generated by sliding the
finger over the wrinkles.13 Later, Skedung et al. and Gueorguiev
et al.14 found that human subjects can discriminate surfaces based
on differences in friction arising from roughness,13 while our
laboratory has shown that subjects can also differentiate surfaces
by surface chemistry alone.2 The tactile cue in both cases was
believed to be vibrations generated by friction.

The vast majority of studies connecting the chemistry of
molecular monolayers to friction have done so with remarkable
sensitivity but on the microscopic scale. These studies generally
use atomic force microscopy (AFM) or sophisticated surface
force apparatuses.15–19 Microscale friction, however, is only
qualitatively related to the friction acting over the cm2-areas
characteristic of human touch.20 There are relatively few studies
that have isolated the effect of self-assembled monolayers on
friction at this larger scale.15,16 These approaches, moreover,
were not focused on the friction generated by deformable,
patterned objects reminiscent of fingertips.

The mechanics describing the ways that fingertips slide
across surfaces (in which the surface chemistries were unmodified)
have been the subject of a large body of work.9,21–23 During a
typical measurement, the friction force exhibits oscillations
characteristic of stick-slip behaviour. This complex behaviour
cannot be encapsulated by coefficients of static friction found in a
table. These values have, however, been used in a two-term
model,9 which can account for some key features of the observed
behaviour. (For example, how the contact area between a finger
and substrate is modified by friction which varies with time.)
Nevertheless, a constant static coefficient of friction still cannot be
used to predict the vibrations caused by stick-slip events.24,25

One approach that relates surface chemistry to the vibrations
generated by friction is a ‘‘rate-and-state’’ model.11,26,27 This
model is applicable to macroscopic systems and recognizes that
the friction coefficient is dependent on both velocity (‘‘rate’’)
and path (history or ‘‘state’’). This model is not typically used in
viscoelastic interfaces such as the motion of an untreated, tacky
silicone rubber sliding across a rigid substrate. The skin’s outer
layer (stratum corneum), however, is glassy, even when moist
(dry, 0.1 GPa and wet, 0.06 GPa28) and moderately hydrophobic
(B601, water contact angle).29 As the finger is not tacky, rate-
and-state models can be used to describe stick-slip friction. In
the ‘‘stick’’ portion, the tangential force between two surfaces
builds up until motion begins. One surface then undergoes a
rapid motion (‘‘slip’’) until the surface ‘‘sticks’’ again, and the
cycle repeats. Repeating cycles of stick-slip produce vibrations.
The frequency and amplitude of these vibrations depend on the
roughness and surface chemistry of the two sliding surfaces;
they also depend on the sliding velocity and the normal force.
Critically, if one surface, such as a finger, is deformable
(B100 kPa), stick-slip can occur simultaneously at different locations
on the finger.21 These ‘‘slip’’ events can occur in unison (‘‘global
slip’’30) or discordantly (‘‘partial’’ or ‘‘local’’ slip).

Stick-slip vibrations are transduced into neuronal events by
tactile corpuscles. In glabrous skin, there are four types of these

corpuscles which differ in structure, by the frequencies that
they detect, and by their depth in the dermis.31 They are the
slow-adapting Merkel and Ruffini corpuscles, found at the
surface and the deep dermis, respectively, along with the fast-
adapting Meissner and Pacinian corpuscles, also found at the
surface and the deep dermis, respectively. Scheibert et al. has
investigated how fingerprint-like ridges can alter the friction
generated on rough surfaces; these ridges modify the vibrational
signals believed to be detected by the Meissner and Pacinian
corpuscles.32 Specifically, the authors performed experiments in
which a hemispherical surface bearing fingerprint-like ridges
enhanced vibrations arising from rough surfaces more so than
did hemispheres without ‘‘fingerprints’’. A curious finding of
this work was that the largest enhancements in vibrations in
smooth vs. ridged fingers occurred in the range of frequencies
detected by the Pacinian corpuscles. At the same time, vibrational
frequencies detected by the Meissner corpuscles were damped by
the finger bearing ridges. This result suggested that the Pacinian
corpuscles were most responsible for discriminating rough sur-
faces. The Pacinian corpuscles, however, are found in the deep
dermis, whereas the Meissner corpuscles are found near the
surface of the skin.31,33,34 One of the goals of this project was thus
to connect the fingerprint-induced modification to the changes to
the frequencies of stick-slip friction detected by the different tactile
corpuscles, or at least to suggest a framework with which these
connections may be investigated by others.

Experimental design and methods
Testing apparatus and force sensors

A schematic diagram of the experimental setup is shown in
Fig. 1a. We sought to simulate the differences in friction that a
human subject would experience by engaging with surfaces
with contact areas on the order of B1 cm2. Measurements obtained
on this macroscopic scale are less sensitive to contamination from
dust and variations in device alignment than are obtained by
measurements using microscopic techniques, e.g., AFM. We
modeled the finger as a rectangular prism (1 cm � 1 cm �
5 cm) with an area of contact with the substrate of 1 cm2. We
chose a rectangular geometry because the contact area between
a rectangular slab and a surface is independent of load.35,36 This
level of control is not possible for hemispherical or cylindrical
geometries.36 We brought the poly(dimethylsiloxane) (PDMS)
slab, loaded with the desired additional mass (M), into contact
until 1 cm of the finger was touching the wafer from the side view.
The finger was then slid a distance of 4 mm using a motorized
linear actuator (Newmark Systems) at a constant velocity (v) four
times across a stationary substrate. We chose the length of the
sliding distance based on the fact that human subjects are unlikely
to explore at a constant velocity during a longer slide. In addition,
studies by Carpenter et al.2 observed that some human subjects
rapidly slid their finger in short distances across silicon wafers
during free exploration.

The force trace from the first of four sliding events was
discarded because it may have been subjected to extraneous
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adhesive pressure or aging while bringing the mock finger into
contact with the substrate (see Fig. 1c). Thus, the finger was slid
a total distance of 16 mm, but the friction traces were acquired
from the last 12 mm. Residue consisting of silicone was
deposited after each sliding event (Fig. S1, ESI†) and thus we
repeated the procedure on three fresh spots for every type of
mock finger, silicon wafer, sliding velocity, and loading force. A
new mock finger was slid several times prior to collection of
data to reduce the amount of residue generated during tests
and each mock finger was used within 72 h of fabrication. In
addition, testing conditions, including the type of mock finger,
were varied randomly to ensure repeatability between different
masses and velocities.

Tangential forces were measured using a Futek 250 g LSB,
connected to a Keithley 2611b sampling at 55 s�1 with a peak-
to-peak noise of 0.1 mN. The spring constant of the sensor was
13.9 kN m�1 and the finger was approximated with a spring
constant of 0.3 kN m�1, based on the force–displacement
relationship of a rectangular slab in simple shear.

Fabrication of PDMS slabs and fingerprint-inspired relief structures

There are several approaches in the literature to model the
fingertip as it engages with a surface.37 The most appropriate of
these models depends on the mode of engagement (e.g. tapping38

vs. sliding). A complicating factor is that the mechanical properties
of skin are nonuniform as a function of depth. The effective
modulus of a fingertip (E = 70–200 kPa39) is similar to that of a
very soft elastomer, but, because of the keratinous surface layer, it
is not adhesive (as is the native surface of silicone rubber). The
interface between the finger and a surface is thus characterized by
contact points that are rigid and glassy. These can be modelled as
a network of microscopic contacts that form and break at multiple
locations11 (rate-and-state models).

We followed standard procedures of soft lithography to
produce relief structures in PDMS. To fabricate the slabs, we
poured PDMS into 3D-printed molds. The rectangular molds also
contained a 3D-printed cylindrical ‘‘bone’’ (diameter = 2.5 mm)
suspended midway with a screw to provide structural support to
the PDMS slab. We mixed the PDMS (Sylgard 184, Dow Corning)

at a ratio of 30 : 1 (base to crosslinker by mass) to mimic the
effective Young’s modulus of real fingers (including layering
effects of underlying bone, different skin layers, etc.) of
B100 kPa.39 The acrylic mold, with an acrylic ‘‘bone’’ inside, was
placed on top of a wafer coated with poly(methylmethacrylate)
(PMMA) (5% w/w PMMA/anisole) and then PDMS was poured into
the mold. The PMMA/anisole facilitated release of the PDMS finger
by rinsing with acetone. Depending on the type of PDMS slab, these
wafers were either planar or patterned with ridges photolitho-
graphically (SU-8 2050, Microchem) oriented to be parallel or
perpendicular to the sliding direction. PDMS was cured in an
oven at 60 1C for 2 h. The PDMS slabs had ridges that had a
width, W, of 150 mm, with a pitch, D, of 350 mm, and a height, H,
of 20 mm (see Fig. 1b). We elected not to replicate a real
fingerprint because of the high variability between individuals,
and limited our experiments to one width, pitch and height of
fingerprints.40 The previous literature has addressed the effect
of spacing and aspect ratios on friction.41,42 Our experiments, in
contrast, focused on the effects of velocity, mass, orientation of
the ridges, and—critically—surface chemistry (surface energy)
of the surface being probed. By using relief structures that were
both parallel and perpendicular to the direction of travel, it was
possible to understand the behavior of more complex shapes
(such as spirals or whorls) present in actual fingerprints.

Surface treatment of PDMS slabs

We approximated the stiff, partially hydrophobic,43 stratum corneum
of the skin by oxidizing the surface of the PDMS slabs. We mini-
mized the viscoelastic tack of the native surface of PDMS44 with
UV/ozone (Novascan) for 4 h to crosslink the surface. We then waited
at least 1 d before testing. We delayed testing because the UV/ozone
initially renders the PDMS hydrophilic. Hydrophobic recovery
eventually reverts the PDMS45 to a similar water contact angle of
measurements on human skin (very roughly 501), which corresponds
to a range of surface energies from 12 mJ m�2 to 40 mJ m�1.29

Treatment of the wafer surfaces

The SiOH layer was created by exposing bare silicon to an air
plasma in a plasma chamber (PDC-001-HP, Harrick) for 5 min

Fig. 1 Schematic diagram of the apparatus. (a) Force sensor (spring constant, k) of velocity, v, measures tangential forces on PDMS ‘‘mock finger’’ with
applied mass M. (b) PDMS finger has ridges of width (W = 150 mm), pitch (D = 350 mm), and height (H = 20 mm). Ridges oriented parallel or perpendicular,
relative to sliding direction. (c) Typical testing cycle, approach phase (right-to-left) in red, and four discrete pulling events (left-to-right).
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at 300 mTorr. Plasma-treated wafers (referred to as ‘‘SiOH’’)
were prepared freshly before testing and used within 2 h.
Passivation using (1H,1H,2H,2H-tridecafluorotetrahydrooctyl)
trichlorosilane (FOTS) was achieved by taking the plasma-treated
wafer and placing it into a vacuum desiccator with B20 mL of
FOTS. The wafers were exposed to FOTS under static vacuum for
2 h. Plasma-treating wafers before FOTS deposition produced
substrates with roughness similar to the oxidized wafers.2

Results and discussion
Friction measurements of mock fingers on hydrophilic and
hydrophobic wafers

An example of force trace we obtained is shown in Fig. 2a. The
parameters were M = 75 g and a drive velocity of the finger,
v = 7.5 mm s�1. We show the traces for PDMS slabs without
ridges (top panel), with slabs bearing ridges perpendicular to
the sliding motion (middle panel) and with ridges parallel
to sliding motion (bottom panel) on both FOTS (red) and
SiOH (blue). In all traces, we observed oscillations, which are
evidence of stick-slip friction. Without stick-slip friction, each
trace would reach a plateau and then remain flat. The force
traces obtained using slabs without ridges (top panel) are
similar between SiOH and FOTS. The perpendicular ridges on
the SiOH surface (middle panel, Fig. 2a, blue line) show a small
peak, after which the force drops to a steady value. This peak
signifies a barrier to the initiation of sliding. Interestingly, it is
absent in the force traces obtained on FOTS. In contrast, the
parallel ridges show a larger peak for both the FOTS and SiOH
(bottom panel). For these parallel ridges, the FOTS peak is even

larger than SiOH. This is surprising because FOTS has a lower
surface energy than SiOH, so a view that a lower surface energy
should lead to lower friction appears to be overly simplistic.
Under these conditions, the SiOH surface (higher friction)
might actually be perceived by human subjects as ‘‘smoother’’
than fingers slid on FOTS because the FOTS has a larger peak
than SiOH, and that peak disrupts a periodic, even vibration. Of
all the experimental results shown in Fig. 2a, we see the greatest
variation in amplitude for the PDMS slab with parallel ridges.
We note that these observations pertain only to a single set of
conditions of loading force and velocity (1 of 16 conditions
tested).

We used cross-correlation analysis to quantify the similarity
(or difference) between force traces obtained on SiOH versus
those obtained on FOTS. There are competing views of whether
the entire force trace is involved in the tactile discrimination of
fine texture, or whether only a segment of the force trace is
sufficient. For example, Gueorguiev et al.14 have segmented
the force traces into separate regimes of partial slip and
full slip, (steady sliding). The authors correlated the friction
traces during steady sliding to the ability of human subjects
to discriminate surfaces apart based on frictional cues. On
experiments with mice, however, Jadhav et al.46 found that
incipient motion at a whisker formed some of the basis for
neuronal stimulation. This observation suggests that incipient
motion, or partial slip, may be a relevant tactile cue. The analysis
here uses the entire friction trace, but we have also analysed our
results using only the steady sliding regime in the ESI† (see
Fig. S3).

The cross-correlational analysis (see Fig. S6–S21 in the ESI†
for results obtained for all 16 conditions) is shown to the right

Fig. 2 Friction forces generated by PDMS slabs on silicon and quantification of their similarities. (a) Force traces generated by PDMS slabs with no ridges
(top), and slabs with ridges either perpendicular (middle) or parallel (bottom) to direction of motion. (For this set of data, the conditions were as follows:
applied mass, M = 75 g, drive velocity, v = 7.5 mm s�1.) Slabs were tested on silanized (FOTS, red) or oxidized (SiOH, blue) silicon wafers. Insets show
additional trials. (b) Cross-correlation of friction traces between trials on the same substrate, as a measure of consistency. (c) Cross-correlation between
friction traces on SiOH and FOTS. (d) Force traces of a PDMS slab with applied mass M = 25 g, drive velocity, v = 2.5 mm s�1, (e) the cross-correlation on
the same substrate (f) and cross-correlation between SiOH and FOTS.
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(Fig. 2b) of the corresponding force traces. The cross-correlation
is calculated by:

Cross-correlation ¼
X
t

ðaðtÞ � �aÞ � ðbðt� lagÞ � �bÞ
� �

(1)

where a and b are two force traces as a function of time, t, that
were being compared and were calculated about their average
values. We normalized the cross-correlation of friction traces by
the larger auto-correlation (thus the correlation values plotted in
Fig. 2b, c, e and f do not necessarily normalize to 1). When a and
b were from the different trials under the same conditions, we
calculated a reference point for the cross-correlation on the
same substrate, seen in Fig. 2b. We also compared the cross-
correlation from traces on different substrates (Fig. 2c) to
quantify the effect of changing the surface chemistry. A high
and symmetric plot of the cross-correlation indicates that the
two force traces are similar, while a low and asymmetric plot
indicates that the force traces are different. (Our central hypothesis
was that the greater the difference between force traces, the
greater the probability that the surfaces could be discriminated
by touch.)

We observed a high cross-correlation on the same substrate
for all mock fingers, which indicates consistency between trials
(Fig. 2b).

When considering the cross-correlation between FOTS and
SiOH obtained using PDMS slabs with different structures, as
in Fig. 2c, the cross-correlation obtained using the slabs with
ridges is lower than when using slabs with no ridges. This
indicates a higher degree of difference in frictional vibrations
for mock fingers with ridges. These results support the hypothesis
that relief structures enhance discrimination of FOTS and SiOH by
increasing differences in friction forces.

Relief structures do not, however, increase differences under
every combination of mass and velocity. In Fig. 2d (M = 25 g,
v = 2.5 mm s�1), ridges oriented parallel or perpendicular no
longer increased differences between SiOH and FOTS, as seen
by the overlapping force traces and the large, symmetric cross-
correlation. Interestingly, the force traces of the PDMS slabs
with parallel ridges (Fig. 2d, bottom), fluctuate with a medium
frequency oscillation unseen in the other traces. The force trace
has become apparently more complex, with several new peaks.
This complexity, however, cannot be regarded as the basis
for increased discriminability, because the same features are
seen in traces obtained on both FOTS and SiOH (red and
blue traces). Therefore, while the PDMS slabs with parallel
ridges have generated a more complex force trace, the cross-
correlation in Fig. 2f (bottom panel) shows that the traces have
become less distinct between FOTS and SiOH, as compared
to the conditions in Fig. 2c (bottom panel). The two testing
conditions (Fig. 2a–c vs. Fig. 2d–f) gave contrary conclusions
about whether ridges enhance differences in friction. Due
to the complex dependence of friction on testing conditions,
it was necessary to examine a range of conditions (M = 0 to
100 g, v = 1 to 10 mm s�1, 16 combinations of conditions,
total).41,47

Visualizing the discriminability in friction traces due to
topographic ridges

We sought to visualize the cross correlation between all friction
traces generated between FOTS and SiOH. Under a given
condition, the mock finger generates nine friction traces on
each surface. By comparing every friction trace, we generated 81
cross-correlations for each type of PDMS slab (perpendicular
ridge, parallel ridges, or no ridges), applied mass and velocity.
The average cross-correlation of these 81 comparisons can be
quantified using two parameters: ‘‘correlation’’ and ‘‘skew’’,
shown in Fig. 3a–c. Correlation is the total area under the curve,
and skew is a measure of the symmetry. In the extremes, the
maximum value for the area under the curve is 0.5, given by a
perfectly triangular correlation curve, and the minimum value
for a perfectly symmetric correlation curve has a skew of zero.
We combined these two parameters to construct a ‘‘discriminability
matrix’’, which can be used to visualize the conditions under which
the friction traces between FOTS and SiOH are more or less similar.2

These matrices are shown for PDMS slabs with ridges of all types in
Fig. 3d. For mock fingers with ‘‘no ridges,’’ (Fig. 3d, left) the
relatively high correlation and low skew means that the force traces
obtained on FOTS and SiOH surfaces are similar. This similarity
suggests that two surfaces are not discriminable on the basis of
friction for that particular set of conditions. For example, for the
PDMS slab with ridges perpendicular (Fig. 3d, middle) or parallel
(Fig. 3d, right), many regions have turned from red to yellow, or
from red to green (compared to Fig. 3d, left, in which the interface
had no ridges). This result indicates that the force traces on FOTS
and SiOH are more distinct when ridges are present in the PDMS
slabs. We thus refine our conclusions to say that for most
conditions tested, the ridges on the PDMS slabs lead to an
increase in the differences in friction traces between FOTS and
SiOH surfaces. In fact, if we superimpose the discriminability of
parallel and perpendicular ridges, all conditions show improved
discriminability vs. the data obtained with planar slabs. Although
superimposing parallel and perpendicular ridges is a simplification
for the whorls and spirals in a real fingerprint, this experiment
suggests how engaging with a surface along multiple axes can
combine to improve discriminability under a wide range of loading
forces and velocities. The general conclusion that relief structures in
these PDMS ‘‘mock fingers’’ increase differences in friction is true
even if we divide the force traces into segments and examine only
the middle portion consisting of steady sliding (see ESI,† Fig. S3).

Origins of increased frictional differences arising from surface
relief structures

It is notoriously difficult to replicate the stick-slip friction traces
in mock finger experiments using a model35 without resorting
to fitting parameters. The real value of modelling in our case is,
instead, to show how the presence of a patterned moving slab
might accentuate differences in friction between surfaces.
We modeled the sliding of PDMS slabs on the FOTS and
SiOH-treated wafers using an elastic (Burridge–Knopoff),48,49

‘‘rate-and-state’’ friction model.1,50 We used the most basic
description of a patterned interface by designating every third
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block as a frictionless interconnect to represent the space
between ridges in the experimental system, schematically
shown in Fig. 4a–c. (When describing the model, we call the
blocks which remain in contact with the surfaces ‘‘ridges’’—in
quotation marks—as there is not actually any topography in the
model.) The model parameters can be found in Table S2 (ESI†).
The ‘‘stick-slip’’ friction is given on each block as:

Fk
FN
¼ m ¼ m0 þ yþ A ln

v

vc

� �� �
(2)

dy
dt
¼ � v

dc

� �
yþ B ln

v

vc

� �� �
(3)

dx

dt
¼ v (4)

where x is the position of each block, t is time, m is the time-
varying friction coefficient, vc is the drive velocity, y is a
component of the time-varying friction that accounts for
‘‘state’’.1,11 ‘‘State’’ approximates whether the system is in a
‘‘stick’’ phase (with high friction) or a ‘‘slip phase’’ (with low
friction). A, B and dc are friction parameters, which are not
fitting parameters: A and B are tabulated from the literature16,51

and are related to surface chemistry. Higher-energy surfaces,
like SiOH, will yield higher values of A and B, whereas lower-
energy surfaces, like FOTS, have lower values. The parameter dc

Fig. 4 ‘‘Rate-and-State’’ friction model of the finger. A finger, which experiences sliding friction, is pulled to positive x direction at velocity v attached to a
force sensor kdrive. (a) The finger is broken into discrete elements, or blocks, connected by a spring, kE, to approximate an elastic body. Every block (red)
experiences ‘‘rate-and-state’’ friction.1 (b) A finger with ‘‘ridges’’ contains segments do not experience friction (without the red bar) and serve only to
connect other blocks. (c) A simplified, equivalent version of the finger with ‘‘ridges’’ for 2D sliding. The applied mass is divided into each block equally.

Fig. 3 Visualizing differences in friction traces with discriminability matrices. Discriminability matrices quantify the similarity between friction traces on
SiOH and FOTS. (a) Quantifying the cross-correlations between FOTS and SiOH friction traces. Two metrics used are the normalized area under the curve
(‘correlation’) and the normalized symmetry (‘skew’) ‘‘No Ridges’’ taken from ref. 2. Matrices (b) for perpendicular ridges and (c) parallel ridges. (d)
Discriminability matrix, which combines parametric values of ‘correlation’ and ‘skew’ into one matrix. In matrices, red indicates high similarity between
force traces on FOTS and SiOH while green indicates low similarity (i.e., high discriminability).
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represents a characteristic slip length, which qualitatively
depends on the roughness of the sample and substrate; as we
only change surface chemistry, we did not vary dc within these
calculations.2 Although A and B were measured for a silicon
MEMS device in contact with substrates that were nearly identical
to those used here, this is, in fact, similar to our mock finger and
a real finger. The local glassy exterior of the finger approaches
hardness on the order of GPa28 and the UV/ozone-treated mock
finger,45 a real finger29 and the MEMS device (SiO2)52 all had
approximately similar values of the water contact angle (B501).

These blocks are connected to each other by a spring with
spring constant kshear to account for elasticity of the finger.
Stick-slip events appear as changes in position that deviate
from bulk motion (vc � t). This model can be used to predict
the spatiotemporally varying vibrations (i.e. tactile stimuli) that
a surface generates in a sliding finger.24 Fig. 5a shows the finger
subdivided into blocks and color scheme representing the
position on the finger sliding on SiOH (blue) or FOTS (red).
The relative position—motion of the block at a velocity other
than the imposed drive velocity (v)—is shown schematically in
Fig. 5b. Outputs of the model under one condition, v = 10 mm

s�1 and M = 25 g, are shown in Fig. 5c for a PDMS slab with no
‘‘ridges’’ on SiOH (blue, top panel) and FOTS (red, bottom
panel). The relative position show periodic (Schallamach)53,54

waves that move through the finger. These stick-slip oscillations
develop sooner for the SiOH than the FOTS and vary more in
amplitude and frequency than does the trace obtained on FOTS.
The fact that oscillations are most different at the beginning of
the test suggests that the easiest discrimination between FOTS
and SiOH surfaces occurs within a short sliding distances of
0.7 mm (0.07 s � 10 mm s�1). In the case of the blocks with
‘‘ridges’’ in Fig. 5d, we see that oscillations on SiOH and FOTS
are delayed, compared to the case where the PDMS slab is
modeled without ‘‘ridges.’’ Notably, the plots obtained for FOTS
take considerably longer times to develop, reaching the steady-
state amplitude at nearly 0.14 s, as compared to 0.08 s for SiOH.
This creates a longer time in which FOTS and SiOH have a
large difference in friction, which improves the likelihood of
discrimination.

Relevance of friction model to mechanoreceptors

We converted the friction predicted by the model to strain by
numerically differentiating the relative position of the blocks.
We then applied filters31 to these strains to determine the
strength and frequency of vibrations generated at four different
ranges of frequencies on FOTS or SiOH (Fig. 6). As mentioned
above, there are four types of tactile corpuscles in the fingertip
which each have receptivity centered within a specific range of
vibrational frequencies. The Merkel and Ruffini corpuscles
respond to static deformations and coarse details of surfaces
(B1 mm), with frequencies of o3 Hz and o5 Hz, respectively.
The Meissner and Pacinian corpuscles, however, can respond
to vibrations (fine details and differences), with frequency
ranges of 5–50 Hz and 40–400 Hz, respectively. It is possible
to quantify the similarity of these filtered, oscillatory signals
generated between FOTS and SiOH in each range of frequencies
by calculating their cross-correlation. For fingers with no
‘‘ridges’’ (Fig. 6a), the vibrations generated on SiOH and FOTS
had a net correlation of 8.29 � 10�11 in the range of 5–50 Hz
(Meissner corpuscle). In contrast, the frequencies in the range
of 40–400 Hz (Pacinian corpuscle) were much more strongly
correlated, 8.00 � 10�8. The autocorrelation, or a measure of
what constitutes a ‘‘similar’’ signal, of the unfiltered strain
traces is B1 � 10�4 (Table S4 and Fig. S5, S6, ESI†). Recalling
that larger correlation means greater similarity in the frictional
forces when sliding a PDMS slab (or finger) across of a surface,
our result suggests that discriminability is greatest in the range
of 5–50 Hz. While this analysis is speculative, it is at least
consistent with the physiology of the fingertip, in which the
Meissner corpuscles are near the surface of the skin and
localized around the papillary ridges. The model further shows
that the PDMS slab bearing ridges generated larger differences
between SiOH and FOTS as compared to the case of no ‘‘ridges’’
(1.24 � 10�11 versus 8.29 � 10�11). These computational results
are thus consistent with our experimental finding that soft
structures bearing topographic structures increases differences
in friction arising from surface energy of a substrate.

Fig. 5 Stick-slip friction generated by ‘‘rate-and-state’’ friction model.
(a) A finger discretized into blocks and the relative spatial location on the
finger indicated by the shade of the color. The color represents the substrate
the finger is sliding against (red for FOTS, blue for SiOH). (b) Friction causes
blocks to move at different velocities than the motor. At a given time, this
discrepancy is known as the relative position or slip. (c) Relative position of a
sliding PDMS slab, with no ‘‘ridges,’’ on SiOH (blue) and FOTS (red) and
(d) relative position of a PDMS slab bearing ‘‘ridges’’ for v = 10 mm s�1 and
M = 25 g. Zero represents finger traveling at the drive velocity, v.
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Conclusions

This study investigated how the presence of fingerprint-
inspired relief structures may improve tactile discrimination
of objects differing only by the chemistry of the surfaces. We
demonstrated that PDMS slabs bearing such ridges enhanced
differences in the friction generated between hydrophilic
(SiOH) and hydrophobic (FOTS) surfaces. We found that ridges
oriented parallel and perpendicular each enhanced friction
under different conditions of loading force and velocity, and
that by combining cues from both orientations increased
frictional differences in all conditions tested. It is logical that
enhanced differences between frictional forces would be tanta-
mount to increased tactile discrimination in mammals.

We supported these findings with a rate-and-state model,
which also showed that an interface between two materials in
which the soft material bears periodic surface relief structures
amplified differences in friction between hydrophobic and
hydrophilic surfaces. Further, we suggested a way in which
the friction forces could be filtered into ranges of frequencies. This
approach may enable—with the appropriate model—researchers
to attribute discrimination carried out with specified loading
forces and velocities to specific tactile corpuscles. This methodology
could help improve designs for prostheses, electronic skin, haptic
devices, soft robots, and other human-machine interfaces by
specifying the relevant forces and surface energies needed to
elicit a desired mechanical response in a complex, patterned,
soft structure—i.e., the skin.
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