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Abstract: Humans rely on their fingers to sense and interact with external environment. Understanding the
tribological behavior between finger skin and object surface is crucial for various fields, including tactile
perception, product appearance design, and electronic skin research. Quantitatively describing finger frictional
behavior is always challenging, given the complex structure of the finger. In this study, the texture and sliding
direction dependence of finger skin friction was quantified based on explicit mathematic models. The proposed
double-layer model of finger skin effectively described the nonlinear elastic response of skin and predicted the
scaling-law of effective elastic modulus with contact radius. Additionally, the skin friction model on textured
surface considering adhesion and deformation factors was established. It revealed that adhesive term
dominated finger friction behavior in daily life, and suggested that object texture size mainly influenced
friction-induced vibrations rather than the average friction force. Combined with digital image correlation (DIC)
technique, the effect of sliding direction on finger friction was analyzed. It was found that the anisotropy in finger
friction was governed by the finger’s ratchet pawl structure, which also contributes to enhanced stick-slip
vibrations in the distal sliding direction. The proposed friction models can offer valuable insights into the
underlying mechanism of skin friction under various operating conditions, and can provide quantitative
guidance for effectively encoding friction into haptics.
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1 Introduction

Tactile perception arises in the process of mechanical
contact with the body surface. When human fingers
touch and sweep an object surface, contact stress and
vibrations are produced, which stimulate cutaneous
mechanoreceptors to create tactile images in
consciousness. By encoding these tactile signals,
information about the object’s size, shape, weight,
temperature, and material can be perceived by
humans. When grasping an object by their fingers,
humans can perceive the friction in contact interface
and adjust the required force to achieve rapid, accurate,

and stable manipulation of various objects, facilitating

T Yuanzhe LI and Xue ZHOU contributed equally to this work.

dexterous interaction between human and the external
environment. Accordingly, the mechanical information
at the skin-object interface is the essential source of
obtaining tactile information, and quantifying the
friction interaction at the interface plays a key role in
understanding and encoding the tactile information.
In order to clarify the correlation between interface
friction and tactile perception, research on tactile
friction has been increasingly important [1-3], as it
can build a bridge between human sensation and
tactile surface properties based on the mechanical
information of interface friction. Such knowledge is
critical in the development of haptic technology [4, 5],
functional prostheses [6], and intelligent robotics [7, 8].
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Skin elasticity is one of the dominant parameters
affecting friction behavior, and it depends on various
factors such as human age [9], gender [10], and skin
hydration [11]. In many studies, the mechanical
behavior of the skin can be described using Hertz’s
theory based on the assumption that the material is
homogeneous and isotropic with small deformations
[12, 13]. The effective elastic modulus E was introduced
as an essential parameter to understand the contact and
friction behavior of human skin [14, 15]. However, a
limitation of this description is that the measured
effective elastic modulus exhibits a strong scale
dependence, showing a negative correlation with the
indenter radius [14]. That is because that skin mainly
consists of epidermis, dermis, and subcutaneous tissue,
which form a typical multi-layer composite material.
The homogeneity assumption is not suitable for such
structures, leading to the need for more complex
models to accurately describe the mechanical behavior
of skin.

Coulomb’s law of friction, which assumes a linear
relationship between the friction force and the normal
force, has been widely used in various contact systems
including skin tribology system [16]. However, in the
case of skin friction, the relationship between the
friction force and the normal force may not be linear
due to the complexities in soft contact and surface
adhesion. The frictional interaction between skin and
an object surface is determined by two main physical
factors: An interfacial adhesion term and a deformation
resistance term [17, 18]. The adhesion term arises
from the adhesion—separation behavior of the actual
contact area between the skin and object, while the
deformation resistance term arises from the mechanical
interaction between the surface asperities [19]. Skin
friction is not only determined by the surface properties,
but also closely depends on the entire contact system.
Factors such as contacting geometry [20], lubricating
medium, loading conditions, sliding velocities [21],
and supporting stiffness [22] can all have a significant
impact on skin friction. One typical example is that in
the daily life, human often feel a stronger sensation
when sliding their fingers in the distal direction on
a textured surface than in the proximal direction,
demonstrating an obvious anisotropy of tactile
friction. Quantifying the friction behavior for specific
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contact system was required to fully understand the
mechanism of tactile sensation from a tribological
perspective.

In this study, texture and sliding direction
dependence on finger friction were investigated
by utilizing multiple information experiments and
quantitative friction models. Specifically, a double-layer
elastic model was developed based on the skin structure
to investigated skin elasticity and load dependent
friction behavior. Interfacial friction between finger
skin and textured surface was quantitively investigated
from the perspectives of adhesion traction and
deformation resistance. In addition, digital image
correlation (DIC) technique was utilized to provide
in-situ skin surface strain information to analyze the
effect of sliding direction on finger friction behavior.
The results can enhance the understanding of the
underlying mechanism of skin friction under different
operating conditions, and are expected to provide
valuable insights for haptic signals encoding and haptic
sensing design.

2 Materials and methods

21 Indentation test and measurement of finger
contact area

Human finger skin mainly consists of epidermis,
dermis, and subcutaneous tissue, which is a typical
multi-layer composite material [23], as shown in
Fig. 1(a). The average thickness of the epidermis is
about 0.2 mm. The stratum corneum, located in the
outer layer epidermis, consists of tightly packed
keratinocytes, which serves as a crucial barrier for
the skin and enhances the hardness of epidermis.
It typically has a thickness ranging from 20 to 40 um.
The dermis layer under the epidermis contains
various tissues such as touch receptors, nerve fibers,
blood vessels, and sweat glands, which are directly
related to many functions of human skin. The fat-rich
subcutaneous tissue has a thickness of 1-50 mm
and functions as mechanical buffering and thermal
insulation [14]. Four types of mechanoreceptors in
the finger are used to sense the characteristics of
touched objects [24], including Merkel’s disk (SAI),
Meissner’s corpuscle (RA1), Pacinian corpuscle (RAII),
and Ruffini ending (SAII).
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Fig. 1 Schematic illustration of skin structure and elasticity measurement setup. (a) Structure of skin including four mechanoreceptors;
(b) schematic of indentation test; and (c) measurement of contact area between finger skin and clear glass plate.

The elasticity is the basic mechanical property of
materials, which can remarkably affect the friction of
contact systems. The skin elasticity could be measured
in-situ by performing the indention test, as shown in
Fig. 1(b). To control for limited variables in establishing
models, only one 26-year-old male participated in
all finger friction test voluntarily. He was required
to clean the fingers with hand sanitizer and dry it
before commencing the test. The comparison of
results of more participants of different ages and
genders will be considered in our future researches.
The universal friction test machine (UMT-5, Bruker)
was employed, using a two-dimensional (2D) force
sensor (KT500010-1-S) with a measurement range
from 0 to1l0 N and a resolution of 0.5 mN. A steel ball
of a diameter 12.6 mm was selected as an indenter to
press the index finger of the participant. The normal
loads were set between a range from 0 to 0.7 N with
an indentation speed of 0.1 mm/s. The indentation
depth of skin was calculated from the displacement
of indenter subtracting the deformation of cantilever
of the force sensor.

To further quantify the skin friction behavior, the
contact areas between finger skin and a clear glass
plate under different normal loads were recorded by
using a high-speed camera (CL600x2/M, Optronis),
with a frame rate of 500 fps and a resolution of 1,280 x
1,024 pixels, as shown in Fig. 1(c). The normal
loads were recorded by using a 3-axis-force sensor
(K3D40, ME-Mefssysteme GmbH) with a measurement
range of 10 N. The apparent contact area between
the finger and the plate was determined using optical
images and analyzed with edge detection and
morphological algorithms (more details are shown
in Fig. S1 in the Electronic Supplementary Material
(ESM)).

2.2 Finger skin friction on textured surface

To investigate the friction behavior of fingers on
textured surfaces, we used grid-like textured surfaces
with varying interval sizes. It is known that the length
scale of a textured surface influences the ability of
human to perceive surface roughness [25]. Only for
coarse textures with length scales larger than 200 pum,
humans can use static force distribution instead of
vibration signals to perceive roughness. This force
distribution is essentially the elastic contact force.
Therefore, we selected relatively coarse textured
surfaces with intervals ranging from 0.4 to 1.3 mm.
This range was to emphasize the contribution of
elastic resistance and to establish a complete friction
model while also considering the safety and comfort
of the participants. These grid-like surfaces were
fabricated on a plate using 3D printing with
photosensitive resin. The length and width of the plate
were evenly divided into 10 regions for different
intervals. A flat surface sample made from the same
photosensitive resin was also used as a reference. The
surface plate was mounted on a 2D force sensor with
a measurement range from 0 to 10 N to measure the
sliding friction of the finger under different loads, as
shown in Fig. 2. The participant was asked to press
the index finger on the sample. The normal load was
actively controlled by the participant, varying in

Fig.2 Schematic of the experimental setup of skin friction on

textured surface.
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different friction strikes ranging from 1 to 8 N. Unless
otherwise specified, the sliding speed of the moving
stage (OSMS20-85, SSIGMAKOKI) was fixed at 10 mm/s.
For velocity varying experiment, it was controlled
within the range from 2 to 50 mm/s.

2.3 Bidirectional finger skin friction

To analyze the effect of sliding direction on finger
friction behavior, a custom friction setup was used to
simultaneously record the friction force and images
of contact area, as shown in Fig. 3. The glass plate
was fixed on the sample stage, which was installed
on a 2D force sensor (K3D40, with a measurement
range of 10 N) and a linear moving stage, successively.
A binocular camera (LenaCV CAMARO0135-3T16,
Wuhan Laina Machine Vision Technology Co., Ltd.)
providing stereo vision information was fixed above
the sample stage to record the contact area of finger
skin, with a frame rate of 90 fps and a resolution of
640 x 480 pixels. The light source was fixed on the
same side of cameras. The finger contact area did not
change in the image view, which was beneficial for
in-situ measurement of finger deformation. DIC
technology was used to process the image of the finger
to obtain the finger surface strain information during
the friction process [26, 27] (more details shown in
Fig. S2 in the ESM). In this work, the DIC algorithm
was achieved based on an open-source software tools
in MATLAB platform (The MathWorks Inc., USA)
named MultiDIC [28]. The basic procedure of DIC
measurement was based on the global matching
the features of the speckle pattern through sequence

images to reconstruct the surface deformation and
strain compared to the initial surface state. The
algorithm details can be found in Refs. [28] and [29].
In this test, the participant was asked to keep the
index finger contact with glass sample substrate. By
fixing the positions of the wrist and hand, the contact
angle between the finger and the substrate was
controlled to about 25°. Once the position and posture
of hand are fixed, the contact angle will have little
variation during experiment. The sample stage
performed the reciprocated motion at a sliding speed
of 10 mm/s. In addition, the water medium was
introduced to compare finger friction behavior in the
skin dry and wet conditions.

3 Modelling

3.1 Double-layer elastic model of skin

Human skin shows nonlinear and viscoelastic
properties. The viscoelasticity was not considered in
this study due to the relatively lower contact velocity.
Combining the complex properties of finger skin, the
mechanical structure of the skin was considered as
a double-layer elastic model, including a thin layer
with a large elastic modulus (corresponding to the
epidermis) and a semi-infinite substrate with a small
elastic modulus (corresponding to the subcutaneous
tissue). Based on the small deformation assumption,
skin mechanical model can be analytically represented
by reference to the nanoscale adhesion model proposed
by Yang et al. [30], as shown in Fig. 4(a).

2D force sensor(1 kg)

Moving stage

Fig. 3 Bidirectional finger friction setup with stereo camera.
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Fig. 4 Schematic of elastic and friction model. (a) Double-layer elastic model of skin and (b) friction model considering the adhesion

traction and deformation resistance contribution on textured surface.

The mechanical response function of the indentation
depth d applied by a rigid indenter with radius R
was set as F(d). It was suggested that the thickness of
the thin film layer (marked as f) was much smaller
than that of the substrate layer (marked as s), and the
elastic modulus was much larger than that of the
base, indicating E/>>E.". In the indentation test, the
mechanical deformation behavior of the relatively
hard thin layer was similar to a thin plate. The thin
film was mainly affected by tensile and bending
deformation, while the substrate was mainly deformed
by compression. Considering that a thin hard layer
covered on a soft substrate, it was assumed that the
stress and deformation state of the substrate was
similar to the Hertz contact, and the deformation
of the thin layer was consistent with the substrate
without thin layer. However, due to the existence of
the hard thin film, the force that the double-layer
structure required to reach the same indentation depth
was greater than the pure soft substrate, indicating
that F = F, + F;, where F; was the force required for the
soft substrate to reach a depth of d. According to the
Hertz contact model, it could be expressed as

4 13
F =—E.R2d? 1)
S 3 S

where E, was the equivalent elastic modulus, defined
as E. =E_/(1-v,) with the elastic modulus E, and
the Poisson’s ratio v_ of the substrate.

The additional force F; caused by the existence of
the thin film could be obtained by the mechanical
model of the thin plate. Considering that the normal
deformation was greater than 1/5 of the thickness of

the thin layer, the mechanical equilibrium equation
of the thin plate could be calculated by reference of
the large deflection equation of the circular thin plate
[30]. Assuming that the normal deformation was
dominated in the Hertz contact region and the
deformation of the contact area was close to the
geometric property of the rigid indenter, the term F;
can be expressed as Eq. (2) (more details in the ESM):

6R*d* (R* - Rd)—h*Rd(4R* - Rd)

F,=nEh @)

6(R’ —Rd)g

Combining Egs. (1) and (2), the mechanical response
model of the double-layer structure could be deduced.
Approximately, it was hypothesized that the thickness
h of the layer was very thin compared with R, the
higher-order small quantities was neglected in Eq. (2),
and the total form of the force was shown as

13 _3
F=F +F ~ 2 ER > + nE hR*d (R -Rd)Z  (3)
3
3.2 Skin friction model based on adhesion and
deformation term

In order to explain the skin friction behavior against
textured surface, the friction process could be modeled
from adhesion and elastic resistance term. The finger
skin was simplified as a block elastic body, and its
elastic description followed the double-layer structure
mechanics model introduced in the previous section.
The finger moved at a speed v under the normal
load F,. As a simplification, the apparent contact area

www.Springer.com/journal/40544 | Friction
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between the finger skin and the plane was considered
as a rectangular area with a length of L and a width of
D. Then the apparent contact area was S = LD. This
simplification can be approximated by observing the
shape of the contact area between the finger and the
glass plate, as shown in Fig. 4(b).

The surface texture width was set as w and the
relevant surface ratio defined as w=¢T. Within the
range of length L, the number of grids contacted by
finger skin was N=¢L/w. For the two basic sources of
skin friction [19], the adhesion term (F_ .,
adhesion between the contact surfaces, which can be

) was the

calculated from the interfacial shear strength 7 and
the actual contact area, denoted as F, ,, = m(Dw)N p
where a was the ratio of the actual contact area to
the apparent contact area. Replacing N with ¢ L/w
and combining with the relation between load and

contact area S=s F*, the adhesion term could be

0°L 7’
simplified as

E, . = ¢7as,F, 2 gk, F* 4)
Only when the normal force is sufficiently high that
the apparent contact area remains almost unchanged
with loading force, k, may become load dependent.
This situation is outside the scope of our experiments.
In this study, k, was believed to be an undetermined
constant related to the material surface properties.
The deformation term (F ) was the horizontal
component of the elastic resistance from the skin—texture
contact, which could be expressed as the product
4 and the
viscoelastic-related dissipation coefficient . The

of the static elastic deformation energy U

calculation of elastic deformation was based on the
assumption that the contact between a single texture
and the skin surface was similar to the contact between
a cylinder surface and a plane, and thus the contact
force could be expressed as F, =F,/N ~(n/4)E,DS,
where 6 was the indentation depth [31]. The
corresponding static elastic energy was expressed as

- ®)

Uy et :J05F0d5 :%E*Dé‘z ==

The elastic energy of N texture contacts in all contact
aer = NUp g -
=U,,x/w was produced when the finger

areas was U
u

The total elastic energy

x,def
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moving a distance of x relative to the textured surface.
For an ideal elastic contact system, the elastic contact
was symmetric in the horizontal direction and the
energy was conserved. However, due to the natural
viscoelasticity of soft materials such as skin, this part
of the stored elastic energy cannot be fully recovered
when it was relaxed, and the loss ratio set as 8, which
made the elastic resistance at the front of the contact
to be greater than the elastic recovery force at the
back of the contact. The elastic force in the horizontal
direction was not zero, providing the deformation
resistance term of skin friction:

Frug=plst e 2B _poskpa

’ ox ngs,E, ¢

where k, was an undetermined constant related to the
bulk properties of the material. Combining Eqgs. (5)
and (6), the total friction coefficient of the textured
surface could be obtained:

COF = Dt *uas _ gy par Ko i @)
FL 1" n ¢ n

It could be noted that when the surface ratio of the
textured surface was determined, neither k, nor k,
contained the texture dimension term w, meaning
that the adhesion term F
deformation resistance term F,

of skin friction and the
4 Were independent
of texture size.

Theoretically, both the molecular adhesion term
and the deformation resistance term of skin friction
can be affected by velocity. For the deformation
resistance term, an increase in sliding velocity can lead
to a higher energy loss ratio § during a deformation
and recovery cycle. For the molecular adhesion term,
increasing velocity can have two opposing effects.
Higher velocities increase the strength of molecular
bonds due to viscoelasticity or more basically thermal
activation effect, while higher velocities can also
reduce creep effects and reduce the opportunity for
molecular adhesion. The interplay between these two
opposing effects on friction can both influence the
shear stress interfacial shear strength 7, which can
be described according to the rate-and-state friction
empirical law [32]. Here, we provided a modified form
of our friction model considering sliding velocities
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dependence as Eq. (8) (more details shown in the
ESM):

COF(v) = q{kl +qln [1H ok g
v, ¢

0

Thus, two more parameters p and q (v, is a reference
velocity) need to be introduced to describe the velocity
dependence.

4 Results and discussion

4.1 Finger elastic behavior based on double-layer
model

The relation between indentation depth d and normal
load F, was shown in Fig. 5(a). The normal force
increased with increasing indentation depth, showing
an exponential growth. The experimental results were
fitted using both Hertz contact model and double-layer
model for comparison. The Hertz contact model was
only able to fit the upper or lower parts of the data
within the range of 2.5 mm indentation depth when
using the equivalent elastic modulus E'= 0.05 MPa,
E’= 0.04 MPa, and E’= 0.03 MPa. This indicated that
the mechanical response of the skin could not be
described using a single homogeneous model. However,
the experimental data can be well described by the
double-layer structure model (Eq. (3)) with a thickness
h of 0.2 mm (equivalent to the typical thickness of the
skin layer), an elastic modulus E, of 0.2 MPa for the
hard thin layer, and a E; of 0.03 MPa for the soft
substrate. These fitting parameters of elastic modulus
were found to be comparable to the results obtained
by other models [33].

~
o
N
S
o]

o Experimental data

Hertzmodel  (E< E{ h) —0
[------ Hertz model
Hertz model

Double-layer model

e
=)

”"(E* = 0.04 MPa)

Normal force F, (N)
o o
S

=
(=)
Q
| @
%

00 05 10 15 20 25
Indentation depth ¢ (mm)

To further verify the model, a high-speed camera
was used to simultaneously record the optical image
of the finger pressing on the glass surface. The relation
between the load force F,and the apparent contact
area S were shown in Fig. 5(b). Theoretically, the
area—force relation could be also predicted by the
double-layer model. Based on the geometric relation
of r=+/Rd and S=mr*> =nRd and the assumption of
R>>d, the indentation depth d could be replaced by
the contact area S in Eq. (3), inducing that

3
F-ip (ET R+ LR )
"3 N n T

Since the relevant parameters in the skin structure
model (i.e, h, E;, E ) have been independently
determined from the previous experiment, the only
parameter to be fitted was the equivalent radius of
the fingertip R, which was fitted to 15 mm. The fitting
results based on the double-layer model was in good
agreement with the experimental data, which proved
the rationality of the model. In addition, the relation
between the contact area S and the external force

F, could be expressed as an empirical equation,
1

S=s,E/ or F, = f,S*. According to the double-layer

elastic model, the contact area in Eq. (4) can be
1
approximated described as F _~S*. It was readily

to see that the value % should range from 1.5 to 2,

indicating that the value of A ranged from 0.5 to 0.67.
The fitted values in Fig. 5(b) shows that L 7x107%,

SO
A =0.52, which was consistent with the analysis.
The double-layer model can be also used to explain

(b)
L5F o Experimental data K-
12} Double-layer model
Power-law fitting
A=0.52 °
©

&

1
I F, = 0.00007S7

Normal force F (N)
o o o
w N O

R =15mm

o
=
T

0 40 80 120 160
Contact area S (mm?)

Fig. 5 Elastic behaviors of finger skin during indentation. (a) Relationship between normal force and indentation depth obtained by
the indentation test and (b) relationship between normal force and contact area obtained by image processing.
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the scale dependence of elastic modulus reported
in the literature. Considering the approximation of
R>>d (with R—d ~ R) and the contact radius r = JRd ,
Eq. (3) could be simplified as

4 130 0 3n . oo \a4 232 .
F ~—-R2d? (ES +=—Ehrd j:—R2d2Eef(r) (10)
3 4 3

Compared to the Hertz model, the effective elastic
modulus E_(r) included the contributions of soft
substrate and the hard-thin layer. The latter one was
a function of the contact radius. The elastic term of
the hard-thin layer would be significant for small
contact radius, while the effective elastic modulus
would converge to the soft substrate elastic term
when the contact radius was large. After omitting the
constant term, the relationship between elastic modulus
and contact scale could be approximately expressed
as E, ~r~d*. In most cross-scale measurements of
the skin elastic modulus, ranging from micrometers to
millimeters, the indentation depth used was generally
similar to the contact radius [14]. Therefore, the above
scaling law relation can be simplified as E, ~ 7. The
experimental results of the skin elastic modulus at
different contact scales, as summarized in Ref. [14],
were found to be consistent with the scaling law
relation mentioned above.

4.2 Texture dependence of finger friction behavior

Figure 6(a) showed the friction force measured on
different textured surfaces as a function of normal
load. The smooth surface had a friction force
approximately twice that of the textured surfaces
when normal force is small, indicating a dependence

on contact area. However, although friction force
increased with the increase of the load force, a linear
fit was not suitable for the entire loading range. It
was probably due to the complexities in soft contact
and surface adhesion. Despite its nonlinear nature,
the friction coefficient could still be used to assess
frictional behavior under different normal forces and
provide insight into underlying mechanisms, as shown
in Fig. 6(b). It was observed that although the friction
coefficient decreased with increasing load, there was
a significant overlap in the relation between the friction
coefficient and load for different textured surfaces,
which was consistent with our friction model described
by Eq. (7).

The skin friction model on textured surface proposed
in this study contained two undetermined parameters:
the adhesion parameter k, and the deformation
resistance parameter k,. To physically determine the
parameters, the adhesion parameter k, was obtained
from the experimental results measured on a flat
surface. In this case, the surface ratio term ¢ equaled 1,
and the deformation resistance was assumed to make
little contribution. Thus, the friction coefficient can
be expressed as COF=kF/", where A has been
independently obtained as 0.52 according to elasticity.
Therefore, k, could be calculated as 3.6. Subsequently,
k, was obtained as 0.04 by fitting the friction data on
the textured surface with ¢=0.5 based on Eq. (7).
Theoretical results with independently calibrated
parameters showed good agreement with experimental
results, as shown in Fig. 6(b), confirming the validity
of the proposed model.

The value of A being smaller than 1 meant that the
friction coefficient due to adhesion was negatively

W
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[«]
B
p

(@) 12 (b)4

o o N 1.2 mm 1.1 mm
E\ oo COF = 3.65 | oa 1.0mm ¥ 0.9 mm
~ 9 9 = ° 3t ¢ 08mm 4 0.7mm
[ o B 06mm © 0.5 mm
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g o @)
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=
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Normal force F, (N)

Normal force F, (N)

Fig. 6 Finger friction behaviors on textured and flat surfaces. (a) Relationship between friction force and normal load and linear fitting
and (b) normal force and friction coefficient and fitting curve based on the friction model.
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correlated to the load, while the friction caused by
deformation resistance was positively correlated to
the load. The negative correlation between friction
coefficient and load force suggested that the adhesion
played a dominant role in finger rubbing, which was
consistent with previous research [18, 34]. Moreover,
these two contributions can be quantified. For example,
at a load of 5 N, the contribution of adhesion to
the total skin fricion was about 83%, while the
contribution of deformation resistance of the textured
surface was about 17%. To find the critical load F, at
which the deformation resistance would contribute
half of the friction, we set F ,,=F , and obtained
EF =25 N. This force was relatively large for daily
finger pressing behavior, and the mechanical response
of the skin inner tissue would be exaggerated under
this large force, leading to a significantly increased
equivalent elastic modulus E_, of the human body.
Thus, the contribution of deformation resistance
predicted by Eq. (7) could be further reduced.
Consequently, it could be predicted that the friction
behavior of fingers during daily life was predominantly
dominated by adhesion, given the lower elastic
modulus and larger actual contact area of fingers.
According to the friction model, the friction force
was not dependent on the texture size parameter w
but only on the surface ratio ¢. For general random
rough surface, the surface ratio can be considered as
0.5, and in this case, friction force may only have a
weak relationship with the surface roughness. This
was consistent with the conclusion that humans do
not perceive surface roughness through averaged
friction force but through other attributes such as
frictional vibration [14]. Overall, the friction model

(@19

(b) 4

proposed in this study not only provided a good
description of friction experiments on textured surfaces
but also effectively quantified the contributions of the
two major sources of adhesion and deformation
resistance in skin friction.

Our study primarily focused on the scenario
of constant sliding velocity. When the sliding velocity
changed from 2 to 50 mmy/s, there was a slight
decrease in friction behavior, as depicted in Fig. S3
in the ESM. The modified model, described by Eq. (8),
effectively captured this trend by considering the
dominant influence of the adhesion friction term.
However, this modified model can only provide a
rough estimation of the friction coefficient under
steady sliding velocities. Skin friction at high velocities
becomes more complex, and unsteady phenomena
such as stick—slip may occur. In future studies, more
complex dynamic skin friction models will be considered
to further understand the velocity dependence.

4.3 Direction dependence of finger friction behavior

The friction between the finger and the glass plate
was measured in the direction of sliding back and
forth. It was found that the friction force in the distal
direction was generally greater than that in the proximal
direction both in finger passive sliding conditions
(shown in Fig. 7(a)). Upon adding water as a lubricant,
the friction between the finger and the glass surface
decreased significantly. However, the persistence of
friction anisotropy between the distal and proximal
directions suggests that the difference in friction is
not caused by surface properties. To further clarify it,
the relationship between friction coefficient and loading
force was summarized in Fig. 7(b). Regardless of
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O Dry/proximal

O Dry/distal

A Lubricated/proximal
¥ Lubricated/distal
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0
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Time 7 (s)
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Fig. 7 Direction dependence of finger-skin friction. (a) Friction coefficients during a reciprocating process on flat surface with and
without water lubrication and (b) fitting curves based on the friction model.
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whether dry contact or water lubrication was used,
the relationship between the friction coefficient and
load could be described as the form of Eq. (7) with
neglecting the deformation resistance term. Furthermore,
despite the typically larger normal force in the distal
direction than that in the proximal direction, the
friction coefficient followed the same curve in both
cases. This indicated that the difference in friction
between the two sliding directions cannot be attributed
to surface anisotropy such as skin ridges, but rather
to the difference in normal loading force.

The contact state of the finger and the glass during
the proximal and distal sliding could be characterized
by the 3D DIC method, which can provide the
surface topography and surface stain information in
situ. For non-contact state, the finger skin showed a
slightly curved surface. While for contact state, the
surface become relatively flat at the finger—glass
interface. Therefore, contact area between finger
and the glass plate could be also identified based
on the determined position of the glass surface. The
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experimental results show that the normal force in
the distal sliding direction increased and the contact
area also increased compared to the static state,
showing a large area of compressive strain appearing
behind the contact zone (shown in Fig. 8(a)). In the
proximal direction, the normal force and contact area
were both decreased, showing a relatively small area
of compressive strain in front of the contact area.
Based on the observed phenomena and the state
of finger contact, the anisotropic friction behavior
of fingers can be explained by the physiological
structure of fingers, as shown in Fig. 8(b). The state of
the tilted finger behaved like a ratchet pawl. For the
initial static contact state, the contact angle between
finger and surface was set as 0, and the preload
normal force F,; was balanced by F  at finger joint.
The structure of the spring (corresponding to the
tendon and ligament at the joint, etc.) exerted a constant
inner moment M, at joint to balance the moment
arising from the loading force M = F, Lcosé@ , where
L was the knuckle length. In the proximal moving
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Fig. 8 Finger contact state during the proximal and distal motion. (a) Measurement of contact area and surface train during friction and

(b) schematic of pawl-like finger motion model.
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direction, the moment of normal force can be
cancelled by the friction torque, which decreased the
downside normal force. The torque balance takes the
form of

Fnch059+FH1Lsin9 =M, (11)

The relationship between friction force and normal
force was F = 1.5F/, and A = 0.52. Thus, the normal
force can be expressed as

F, +15F\tanf=F, (12)

While in the distal moving direction, the friction torque
and the inner momentum M, were coupled to increase
the normal force. It can be expressed as

F,-15F tand=F (13)

Knowing the staticnormal F, ; =1.7 N and the contact
angle 8~ 25°, the normal and tangential forces in the
two sliding directions can be calculated as F, =1.1 N,
F,=16N, F,=28N, F, =26 N. These calculated
results were marked with dashed lines in Fig. 8(a),
which agreed well with measured value. Accordingly,
the bidirectional friction difference will decrease
within a certain range as the contact angle decreases.
However, this anisotropic friction of the finger seems
cannot be eliminated due to the fact that the contact
angle cannot reach zero, as the supporting joint cannot
be positioned on the friction interface.

The phenomenon of anisotropic finger friction was
consistent with previous study. Delhaye et al. [35, 36]
investigated the surface strain and contact area of the
finger and found a difference in skin stiffness for
different sliding directions. Camillieri and Bueno [37]
observed different finger vibration behavior during
sliding and suggested that it could be due to finger
biomechanics related to joints, tendons, and muscles.
Furthermore, the results of this study suggested that
the anisotropic mechanical behavior of the fingertip
may influence the perception of roughness [22].
When sliding in the distal or proximal direction, the
friction moment can cause an offset in the pressure
distribution such that the pressure is greater in the
distal direction than in the proximal direction during
distal movement. A previous study has shown that
the stick—slip phenomenon is more likely to occur in

this kind of pressure distribution of the distal sliding
direction [38]. The stick—slip induced vibration can
match the dynamic response of the Pacinian corpuscle
(RAII) [14], leading to a stronger perception of
roughness in the distal direction than in the proximal
direction.

5 Conclusions

In this study, surface texture and sliding direction
dependence of finger skin friction was investigated by
both experiments and tribological models. Specifically,
a double-layer model, considering a hard-thin layer
and a soft substrate, was developed to describe the
nonlinear elastic behaviors of the skin, which effectively
predicted the force—indentation behavior of skin and
the scaling law of skin’s effective elastic modulus.
Additionally, a friction model for skin on both flat
and textured surfaces was developed considering the
contributions of adhesion and deformation terms.
Based on the independently calibrated parameters,
the model exhibited a good fit to the experimental
data. It revealed that texture size had little effect on
the averaged friction force, and adhesion interaction
primarily governed the frictional behavior of the
finger in everyday activities. Moreover, combining
friction measurement and digital image correlation
(DIC) optical measurement technology, the influence
of sliding direction on finger friction was analyzed.
The provided finger ratchet pawl structure model
provided a quantitative explanation for the anisotropic
friction behavior, and revealed the presence of
enhanced stick-slip vibrations in the distal sliding
direction. Overall, this study provides important
insights into understanding the complex tribological
behaviors in tactile friction processes, and the
findings have the potential to guide the development
of haptic technologies and inspire advancements in
bionic engineering.
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