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a b s t r a c t
To control tactile friction, that is the friction between ﬁngertip and counter-body, the role of surface texture is required to be unveiled and deﬁned. In this research, an experimental approach is used based on
measuring tactile friction for directional texture (grooved channel) with varying depths. For a reference
surface, in this current case a polished surface from the same tool steel is compared. The experimental
results are analyzed to explain the observed skin friction behavior as a function of surface texture parameters, sliding direction and applied normal load. Sliding parallel to the groove length shows greater values
in COF than sliding perpendicular to the groove direction. Furthermore, parallel sliding reveals a higher
dependency of COF on the depth of the grooved channel texture than perpendicular sliding. Application
of the two term friction model suggests that the adhesion component of friction has greater impact on
parallel than perpendicular sliding direction. According to the observations, grooved channels are well
suited to control skin friction in direction dependent sliding, for moderately loaded contact situations.
This experimental research contributes to the haptic perception related research, and to the development
of other direction-dependent surface structures for touch.
Ó 2014 Elsevier Ltd. All rights reserved.

1. Introduction
The study of friction and the role of surface textures in relation
to touch perception is the subject of researches in both science and
industry for a wide variety of applications (van Kuilenburg et al.,
2013; Derler et al., 2009; van der Heide et al., 2013). Tactility is
directly related to the functional behavior and perception of products like haptic devices, smartphone cases, tool handles, personal
care products and for example kitchenware. In most cases, the
exploratory procedure to detect the surface features of various
objects consists of a sliding movement of our ﬁnger(s) at a moderate load and relatively low sliding velocity (Klatzky and Pawluk,
2013; Barnes et al., 2004). Surface recognition is deciphered by
the cutaneous sensory neurons from the speciﬁc movement made
by our ﬁnger during active touch (Fagiani et al., 2012). The touch
perception is greatly inﬂuenced by the friction generated between
the ﬁngertip and counter-surfaces (Darden and Schwartz, 2013;
Klatzky and Pawluk, 2013; Liu et al., 2008; Skedung et al., 2011).
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Perception can be linked to psychophysical factors such as
smooth-rough, slippery-grippy, warm-cold and soft-hard (Liu
et al., 2008). The frictional behavior of skin-surface sliding is
important in all of these factors (Kuramitsu et al., 2013). Tactile
friction requires an in-depth understanding of the contact mechanics and the behavior of human skin. Surface textures can be categorized as deterministic nature or as stochastic nature (Steinhoff
et al., 1996). Deterministic textures have a repetition of ﬁxed geometric structure, and stochastic textures are non-deterministic
with random surface pattern. Stochastic surfaces typically use
roughness parameters based on distribution characteristics and
could result in surfaces that are distinctively different in pattern,
yet which have the same distribution parameters. In the work of
Skedung (Skedung et al., 2011), ﬁnger friction measurements are
evaluated to determine the relationship between the coefﬁcient
of friction (COF) and surface roughness of a series of printing
papers. The research found that both roughness and ﬁnger friction
can be related to perceived coarseness. The topography of paper
samples is stochastic and directional-independent. As the relation
between distribution related parameters and touch functionality is
not known, it seems likely that progress can only be made in this
ﬁeld by using surfaces with pre-deﬁned features. These
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pre-deﬁned features with deterministic nature are better controlled for touch functionality related experiments.
In this research, the directional texture like grooved channel is
designed as deterministic surface structures for the purpose of
studying the role of sliding direction for tactile friction. The ﬁnger
friction tests are performed on the steel samples with directional
textures. The structures are fabricated as grooved channels by
using laser surface texturing technology. The objective is to ﬁnd
the relation between surface topography parameters and COF with
the inﬂuence of sliding directions (perpendicular and parallel) on
directional textures.
2. Skin tribology
Human skin has a layered and complex structure. Each skin
layer has a different composition, thickness and hydration degree
which results in different mechanical properties (Morales
Hurtado et al., 2014). Consequently, the full skin structure shows
a viscoelastic, non-homogeneous, nonlinear, anisotropic behavior
when skin is under load.
Basically, skin is composed of 3 layers: epidermis, dermis and
hypodermis. The stratum corneum is the outermost layer of epidermis which is directly in contact with the surrounding environment. It has an important role in hydration control and tactile
friction (Tagami and Yoshikuni, 1985). The next layer in the skin
structure is dermis. Sensory receptors have their origin in this layer
which have a role in the tribological response (Silver et al., 1992;
Edwards and Marks, 1995). Hypodermis is the deepest layer of
the human skin. Its role in skin mechanical properties could be
neglected for tactile application (Ramsay, 1996). Skin’s response
to stress depends on the combined behavior of these layers. In
addition, the state and properties are a function of the body site,
age, degree of hydration or nutritional conditions (Lapière, 1990;
Hendriks and Franklin, 2010; Derler et al., 2009; Diridollou et al.,
2001; Cua et al., 1990; Veijgen et al., 2013). As a result, a speciﬁc
value for tribo mechanical properties of skin, cannot be given.
The relationship between skin structure, hydration and skin
friction response is the subject of several experimental studies,
see e.g. the work of Derler (Derler and Gerhardt, 2012). From the
review, it is concluded that for both dry and humid conditions,
the adhesion component is dominant in sliding contacts between
skin and other surfaces. In this research, the experiments are conducted based on the skin in dry conditions, because most sliding
touches for consumers’ products occur in dry conditions.
The friction force (Ff) between human skin and a counter-surface can be composed of an adhesive term (Ff,adh) and a term resulting from deformation (Ff,def) as in Eq. (1) (Greenwood and Tabor,
1958).

F f ;tot ¼ F f ;adh þ F f ;def

is a function of surface texture, material properties and interfacial
loading conditions (Bowden and Tabor, 1950; Zahouani et al.,
2011).
3. Experimental method
3.1. Materials
The experimental work was conducted by using samples from
tool steel WN 1.2510. The grooved channels with varying depths
D (see Fig. 1) were produced as the deterministic pattern by using
laser surface texturing technology. The surface topography of each
sample was examined by using a confocal laser scanning microscope (VK 9700 KEYENCE, Japan) (refer to Table 1). For the sample
with stochastic surface roughness, arithmetic mean (Ra), the rootmean-square roughness (Rq) and maximum peak to valley height
(Rz) were obtained from the surface area. Deterministic surface
patterns were described by the top to valley distance (D), spacing
(k) and width (w), and the surface roughness and horizontal distance for the high portions on the top of the grooves are shown
as well.
3.2. Experimental set-up and preparation
Friction measurements on skin in vivo were carried out by using
a load cell (ATI Gamma three-axis force/torque transducer, ATI
Industrial Automation, Apex, NC, USA). The ATI force transducer
uses six degrees of freedom to measure the forces (normal force
in z-direction, tangential forces in xy-plane and torques around x,
y and z axes). The force measurements have a resolution of
25 mN in normal direction and 12.5 mN in tangential direction,
with a sampling rate of 100 Hz. The sliding velocity was calculated
from the displacement of initial contact position and ﬁnal position
over time.
Each sample was ﬁxed to the top of the friction transducer using
double sided tape. For the group of samples with deterministic surfaces, each counter-body was aligned with a parallel or perpendicular orientation to that of the moving axis of the ﬁnger. The middle
ﬁnger of the non-dominant (left) hand of a healthy female adult
(25 years old) was used for all the experiments reported here.
One experiment consisted of three repetitive single strokes of the
ﬁnger, sliding towards the body. The stroke length on each sample
depended on the size of the surface and shape. For the samples
with deterministic surface pattern, the stroke length was 25 mm.
For the samples with stochastic surface pattern, the stroke length
was 45 mm.
The normal load was controlled by placing a mass on the top of
the sliding ﬁnger as shown in Fig. 2(a). Once the normal load was

ð1Þ

The adhesion force from Eq. (1) can be predicted by the following equations (Greenwood and Tabor, 1958; Johnson et al., 1993;
Adams et al., 2007).

F f ;adh ¼ s  Areal

ð2Þ

Where Areal is the real contact area; s is the shear strength of the
interface.
The deformation term depends on the actual contact situation.
The real contact area is more important compared to apparent contact area in order to predict the friction due to adhesion component
of friction and it is difﬁcult to be measured experimentally (Derler
et al., 2014). The apparent contact area is deﬁned as the area of the
ﬁngertip in contact with the counter-surface (Bowden and Tabor,
1950; van Kuilenburg et al., 2012). The real contact area is constituted by the sum of all contacted spots between two surfaces and it

Fig. 1. Grooved channel texture on tool steel samples (a) SEM image: upper view;
(b) 3D proﬁle using confocal microscope; (c) texture parameters.
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Table 1
The surface parameters of the samples. For the group of samples with stochastic surface roughness, arithmetic mean (Ra), the root-mean-square roughness (Rq) and maximum
peak to valley height (Rz) were obtained from the surface area. Deterministic surface patterns were described by the top to valley distance (D), spacing (k), width (w) and for the
high portions on the top of the grooves the Ra, Rq, Rz and horizontal distances, were obtained from the surface area.
Deterministic structures
Sample No.

Depth D [lm]

Spacing k [lm]

Width w [lm]

Ra [lm]

Rq [lm]

Rz [lm]

Horz. Dist. [lm]

S001
S002
S003

30
15
5

100
100
100

45
45
45

0.06
0.09
0.04

0.07
0.10
0.05

0.90
2.00
1.03

48.4
46.7
46.4

Fig. 2. Description of the experimental procedure:(a) test set-up; (b) measurements of friction.

comfortably placed over the skin area tested, each stroke started
with imminent movement of the ﬁngertip against the surface
tested. During each stroke, the sliding velocity was kept as constant as possible. The end of each stroke was determined when
there was no contact anymore, or when the normal load was equal
to zero. Coefﬁcients of friction (COF) were calculated within a
selected range with respect to the targeted normal load
(0.5 N, 1 N and 2 N). In this way, the data at the beginning and
the end of each stroke was excluded as shown in Fig 2 (b) below.
An average velocity of 37 ± 8 mm/s was employed in all the experiments reported in this work. This window of operational condi-

tions was taken as representative of those used when exploring a
surface with a ﬁnger (Liu et al., 2008). All measurements were carried out in an environmentally controlled laboratory at 20 ± 1 °C
and 40 ± 5% relative humidity. Before each experiment, the subject
cleaned her ﬁnger with a tissue in combination with an amount of
isopropanol to remove any sweat from most of the upper surfaces
of the ridges of the skin. The hydration level of the skin surface was
monitored before the measurements using a Corneometer CM 825
(Courage + Khazaka GmbH, Germany). The average hydration level
of the skin was 40 ± 3 AU. This level is typical for ‘dry’ conditions
(Heinrich et al., 2003) (See Table 2).

Table 2
Experimental data for deterministic and stochastic surfaces in both perpendicular and parallel sliding direction.
Sliding motion

Sample

Normal load [N] Mean ± STD

COF Mean ± STD

Depth D [lm]

Perpendicular motion (\)

S000
S001
S002
S003
S000
S001
S002
S003
S000
S001
S002
S003
S000
S001
S002
S003
S000
S001
S002
S003
S000
S001
S002
S003

0.38 ± 0.10
0.44 ± 0.05
0.50 ± 0.12
0.57 ± 0.10
0.97 ± 0.23
0.89 ± 0.56
0.93 ± 0.08
0.83 ± 0.05
2.23 ± 0.43
2.42 ± 0.22
2.39 ± 0.26
2.31 ± 0.23
0.38 ± 0.04
0.34 ± 0.06
0.48 ± 0.05
0.62 ± 0.11
0.97 ± 0.08
0.93 ± 0.08
0.93 ± 0.05
0.81 ± 0.05
2.23 ± 0.15
2.19 ± 0.14
2.07 ± 0.15
2.00 ± 0.08

0.68 ± 0.05
0.56 ± 0.04
0.54 ± 0.07
0.52 ± 0.06
0.66 ± 0.03
0.62 ± 0.06
0.62 ± 0.07
0.59 ± 0.04
0.75 ± 0.05
0.37 ± 0.02
0.36 ± 0.02
0.41 ± 0.03
0.65 ± 0.03
1.03 ± 0.12
1.33 ± 0.08
1.34 ± 0.23
0.56 ± 0.05
0.93 ± 0.10
1.10 ± 0.10
1.23 ± 0.11
0.85 ± 0.06
0.93 ± 0.08
1.04 ± 0.15
1.17 ± 0.16

–
30
15
5
–
30
15
5
–
30
15
5
–
30
15
5
–
30
15
5
–
30
15
5

Parallel motion (//)
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Fig. 3. Overview of COF: (a) motion parallel to groove length and (b) motion perpendicular to groove length, compared to stochastic surface.

Fig. 4. COF vs. depth for steel samples at different normal loads.

4. Results
For each sample, three friction cycles with one sliding movement in direction ‘towards the human body’ were analyzed to calculate each COF. The average of COF and its corresponding
standard deviation (STD) were calculated from the data obtained
from three strokes (Fig. 2 b). Fig. 3 shows an overview of COF measured against dry skin with deterministic and stochastic surfaces in
both perpendicular and parallel sliding direction with respect to
the groove length. The mean value of dynamic COF is calculated
under different normal loads. The standard deviations ranged from
0.01 to 0.2, indicating variations between sliding cycles. COF ranged from 0.9 to 1.3 in the sliding direction parallel to the groove
length. Meanwhile COF ranged from 0.3 to 0.7 in the perpendicular
sliding direction. The stochastic surface is relatively smooth, and
was measured for the purpose of comparison (S000). COF ranged
from 0.56 to 0.85 for the stochastic surface in the parallel sliding
direction and from 0.62 to 0.75 in the perpendicular sliding direction. The sliding direction used with respect to the surface pattern
is deﬁned as ‘‘\’’ in perpendicular and ‘‘//’’ in parallel.
5. Discussion
For ﬁngertip sliding on counter-body, Tomlinson (Tomlinson
et al., 2009) reported COF of 0.23 for stainless steel. Gee (Gee
et al., 2005) investigated the friction of the ﬁnger in the left to right
direction on different materials, and found COF of 1.75 for steel.
COF within this range were also found in the touch experiments
presented here: i.e. 0.3–1.3 for steel including both parallel and
perpendicular sliding direction.

to Fig. 4). According to the experiments of Skedung et al. (Skedung
et al., 2011), a similar phenomenon is observed with various paper
samples, as there is an inverse relation found between skin friction
and surface roughness. A possible explanation for this phenomenon is that due to the reduced contact area between skin and the
counter-surface, the adhesion component of the friction force
decreases (refer to Eq. (2)).
A contact model is able to estimate the contact ratio between an
elastic half-space and rigid wavy surface with wavelength (k) and
amplitude (the depth of groove, D) (Westergaard 1939; Johnson
et al., 1985).

 1=2

ðk  wÞ 2
p
1
¼ sin
k
p
p

Where k is the lambda spacing between grooves; w is the width
 is the actual surface pressure; p⁄ is the presof the groove valley; p
sure needed for ﬁnger under the full contact condition (refer to Eqs.
(4) and (5)). The Westergaard model also can be applied for the
sliding contact of a rigid wavy surface with a viscoelastic halfspace (Menga et al., 2014). A modiﬁed model is used in this paper
to predict the actual surface pressure and the pressure needed for
the ﬁngertip under the full contact condition.

¼
p

FN

ð4Þ

pa2

p ¼ pE

D
2k
2

ð5Þ
2

1 1  mfinger 1  msurface
¼
þ
E
Efinger
Esurface

5.1. The effect of the grooved surface texture

a¼
It is expected that COF can vary at the higher normal load level
by changing lambda spacing (k) or the width of grooves, because
the contact area of skin varies accordingly (Smith et al., 2002;
Taylor and Lederman, 1975; Wang et al., 2008).
Based on the experimental results of this paper, as the depth of
grooves increased, the COF for the parallel sliding decreased (refer

ð3Þ

rﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
3 3RF N
E

ð6Þ

ð7Þ

Where FN is the applied load; a is the contact radius of the ﬁngertip in contact with counter-surface predicted by Hertz equation; D is the depth of groove(amplitude); E⁄ is the effective
Young’s modulus; vﬁnger and vsurface are the Poisson ratio of ﬁnger
and counter-surface accordingly; R is the radius of ﬁngertip.
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The apparent contact area (Aapp) is inﬂuenced by the contact
 

condition which is determined by the pressure ratio pp . When
 

the pressure ratio pp is smaller than 1, the contact area of
grooved channels is under the partial contact condition. When
 

the pressure ratio pp is larger than or equal to 1, the contact area
of grooved channels is under the full contact condition.
The apparent contact area of grooved channels under the minimum partial contact (Aapp,PC) and the full contact (Aapp,FC) conditions are predicted as:

Aapp;PC ¼ pa2  Nwl ¼ Nðk  wÞl;
"
Aapp;FC ¼ Nðk  wÞl þ N 2

 < p
for p

rﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ!#
w2
þ D2 l;
2

ð8Þ

 P p
for p

ð9Þ

Where a is the contact radius of ﬁngertip in contact with counter-surface predicted by Hertz equation (Eq. (7)); N is the number
of grooves in contact; k is the lambda spacing between grooves; w
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ﬃ
w2
is the width of the groove valley;
þ D2 is an approximation
2
to the slope of groove sides; l is the average length of the grooves in
contact (refer to Fig. 5 a). As illustrated in Fig 5, under the same
load, the contact condition between the ﬁngertip and counter body
depends on the depth of grooved textures. With deeper depth, the
valley of the texture is not contacted. There is less contact area of
skin under the partial contact condition compared to the full contact condition with shallow depth.
Parameters from literature (refer to Table 3) are used in the analytical model to estimate pressure ratio and contact area ratio
(refer to Fig. 6). To better understand the contact condition such
as partial or full contact, the ﬁngertip is assumed to be ﬂat. There
is an upper limit for the contact ratio which can be predicted by

Table 3
Parameters from literature are used in the analytical model to estimate the contact
ratio between ﬁnger and grooved channel (Maeno et al., 1998; Dandekar et al., 2003;
Shao et al., 2010; Greaves et al., 2011).
Values
Eﬁnger
Esurface

vﬁnger
vsurface
Depth of groove

0.2 MPa
150 GPa
0.48
0.3
30 lm, 15 lm, 5 lm

the maximum contact area under the full contact (refer to Eq.
(9)) over the contact area estimated by Hertz theory.
Fig. 6 (a) (c) and (e) show the relation between the pressure

ratio (pp ) and applied normal load (FN) for the different depth of
grooves (D). Fig. 6 (b) (d) and (f) show that estimated contact ratio
is in direct proportion to the measured COF. When ﬁnger is under



the partial contact condition pp < 1 , the contact ratio is smaller
than 1 (range from 0.30 to 0.41 for D = 30 lm; 0.50 to 0.72 for
D = 15 lm). When ﬁnger is under the full contact condition



p
P 1 , the contact ratio can be greater than 1 (range from 1.06
p
to 1.44 for D = 5 lm) which is possible due to the combination area
of the surface, groove sides and groove valley (bottom) of the counter-body when the pressure needed for ﬁnger under the full contact condition (p⁄) is reached.
Skin friction arises from the interaction with the contact surface, and is directly related to the contact area. The grooved channels are able to reduce the apparent contact area (under the partial
contact condition) or increase the apparent contact area (under the
full contact condition) in order to affect the real contact area. For



the partial contact pp < 1 , the apparent contact area is mainly

Fig. 5. (a) Parameters of grooved channel in contact; (b) partial contact and (c) full contact depends on the top to valley distance of the grooved channel.
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Fig. 6. Measured normal load vs. estimated pressure ratio at (a) FN = 0.5 N, (c) FN = 1 N, (e) FN = 2 N; and measured COF vs. estimated contact ratio at (b) FN = 0.5 N, (d) FN = 1 N,
(f) FN = 2 N.

focused on the surface of the counter body (refer to Fig 5 b), and
the reduction of the apparent contact area is up to approximately
60% by calculating the amount of area removed by grooved channels over the non-grooved surface apparent area (refer to Eq.
(9)). On the contrary, when the pressure needed for ﬁnger under



the full contact condition (p⁄) is reached pp P 1 , skin touches
the combination area of the surface, groove sides and groove valley
(bottom) of the counter body under the full contact condition
(refer to Fig 5 c). The contact pressure is one key factor which
directly affects the contact condition as the partial or full contact.
The effect of contact condition is able to inﬂuence the friction force
due to the change of apparent contact area. The real contact area is
a fraction of apparent contact area, therefore, if apparent contact
area is increasing, the real contact area increases accordingly
(Zahouani et al., 2011). The adhesion component of the friction
force increases when the real contact area increases (refer to Eq.
(2)).
5.2. The effect of the sliding direction
From the experimental results described here, the relationship
between COF of skin and load depends on the sliding direction as
well. Perpendicular sliding has lower values in COF than parallel
sliding for grooved channel (as shown in Fig. 4). This phenomenon
has to do with viscoelastic behavior of skin, which causes deformation delay against the surface texture (Derler et al., 2007). As a
result of deformation delay, the contacted skin region is under
the partial contact condition due to the loop of deforming and

bouncing against the grooved texture in perpendicular sliding
(refer to Fig 7 a).
In addition, the hysteresis friction is added to the total friction
as deformative component of friction force (Tomlinson et al.,
2011). Greenwood and Tabor (Greenwood and Tabor, 1958) proposed a hysteresis friction model of a rigid conical slider moving
along a soft elastomer like rubber. From the method, the hysteresis
friction for a ﬁnger sliding along a ridged surface can be derived as:

b

lh ¼ coth
p

ð10Þ

Where lh is the coefﬁcient of friction due to hysteresis; b is the
viscoelastic loss fraction due to hysteresis; h is the hysteresis of
contact angles (the angle which the conical indenter makes with
the vertical centre line). In our case, the high portions of the samples on top of the grooves act as the ridges. This hysteresis friction
model can be applied to grooved textures in perpendicular sliding.
The skin deformed against the edges along the length dl, and the
force (W) due to the pressure of the ridge is predicted as
(Tomlinson et al., 2011):

W¼

Z

p L dl

ð11Þ

Where p is the pressure along the contact area of the ridge and
skin; L is the length of the ridge in contact. dt = dl sin h is the distance from central axis (t) between the limits of 0 and a, and hysteresis force (Fhys) is the horizontal component of the applied
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Fig. 7. Schematic diagram of (a) perpendicular sliding and (b) parallel sliding.

pressure (W). Based on this approach, which was slightly adapted
to the current case, the pressure and the resulting hysteresis force
(Fhys) along the leading edge can be determined as follows:

F hys ¼ W:cosh ¼

Z
0

s

Z

a

p:L:coth:dt:ds ¼
0

FN
coth
2

ð12Þ

Where dt is the distance from the central axis (t); ds is the distance of the apparent contact width (refer to Fig 8).
The normal force (FN) applied on the single 3D trapezoidal ridge
is described as follows:

FN ¼

Z
0

s

2

Z

a

p:L:dt:coth:ds
0

Fig. 8. Schematic of ridge-skin contact model.

ð13Þ

Combined with experimental data and prediction of analytical
model (based on Eq. (13)) Tomlinson concludes that once the
applied loads are greater (normal load > 1 N) with larger ridges
(ridge height > 105 lm), interlocking and hysteresis frictions have
a large percentage of the overall friction (Tomlinson et al., 2011).
But for small ridges (ridge height < 33.5 lm), interlocking and hysteresis frictions have little inﬂuence on the total friction and can
almost be neglected when ridge height is as small as 4.75 lm.
In our case, the depths of grooves are 30 lm, 15 lm and 5 lm
and hysteresis friction has limited inﬂuence of the overall friction.
Also, the loop of deforming and bouncing against the grooved texture (perpendicular sliding) can only touch the leading edge of the
ridge. The trailing edge of the ridge is not contact by the ﬁngertip
during the loop. Therefore, the full contact condition is not reached
for perpendicular sliding. Under the partial contact condition, the
contact area decreases and the adhesion component of friction
force decreases accordingly (refer to Section 5.1). The adhesion
component of friction has the largest inﬂuence on the total measured friction. This conclusion is consistent with other experimental studies which suggest that adhesion friction has the dominant
role in skin friction (Wolfram, 1983; Asserin et al., 2000; Koudine
et al., 2000; Sivamani et al., 2003; Adams et al., 2007; Tang et al.,
2008; van Kuilenburg et al., 2012; Veijgen et al., 2013). Therefore,
even with the contribution of hysteresis friction, the total friction
decreases due to the decrease of adhesion force in perpendicular
sliding.
On the contrary, when the pressure needed for the full contact
condition (p⁄) is reached during parallel sliding, the contacted skin
region is under the full contact condition without undergoing the
hysteresis loop of deforming and bouncing (refer to Fig 7 b). Therefore, parallel sliding generates more real contact area compared to
perpendicular sliding for grooved channel, and as a result, higher
friction force is observed in parallel sliding direction. In addition,
the friction force is smaller for the deterministic structures in
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perpendicular sliding compared to stochastic surface because of
reduced contact area as well (refer to Fig. 3 b).
6. Conclusions
In this research, friction of ﬁngertip was measured against
deterministic surface structures, i.e. grooved channels on the steel
samples. Based on the experimental results, the role of groove
depth and sliding direction are investigated for the grooved channels. The greater depth of grooved channel is able to reduce the
apparent contact area under the partial contact condition, however, the apparent contact area is increased under the full contact
condition. And, the real contact area varies as a fraction of apparent
contact area. As a result, the adhesion component of friction can be
directly inﬂuenced under different contact condition.
The sliding direction is another key factor to consider when
measuring friction. During parallel sliding, a higher friction force
was observed due to the increased contact area for grooved channels. On the contrary, in perpendicular sliding lower friction was
obtained including limited contribution of the deformation component due to hysteresis. The contacted skin region is under the partial contact condition due to the loop of deforming and bouncing
against the grooved texture in perpendicular sliding. Furthermore,
a comparison between deterministic and stochastic samples validated the effect of directionality on tactile friction.
This experimental research contributes to the haptic perception
related research, and to the development of other direction-dependent surface structures for touch like: straight line, curve and chevron texture (v-shaped pattern).
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