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a b s t r a c t

The main obstacle to calculate the ‘feel’ of a product from its surface properties is the ill-defined surface

topography that is encountered after the most surface finishing processes. In this work this obstacle

was avoided by producing well-defined surface topographies by laser texturing. The friction of textures

having surface features with varying radii and spacings was investigated by measuring friction against

the fingerpad. Within the range of conditions tested the coefficient of friction decreased with increasing

normal load. The relation between the surface texture parameters and the coefficient of friction is

influenced by the scale-dependent elastic behaviour of the skin top layer.

& 2011 Elsevier Ltd. All rights reserved.
1. Introduction

The finishing of the surface of a product determines to a large
extent its ‘look and feel’. During touch, surface features in contact
with the skin cause a load distribution at the skin surface and
thereby a stress and strain distribution within the skin. The load
distribution at the skin surface is altered by the frictional
behaviour when sliding between the skin and the product surface
occurs. Stresses and strains at mechanoreceptor locations within
the skin evoke responses of the receptors, which are sent to the
brain through the nerves. The activity of the central nervous
system then produces a sensation, which can be quantified in
terms of perceived magnitude: the descriptive level. Finally, a
value judgement of the sensation, a perceived quality of feel can
be made: the emotional level. Optimisation of product surface
tactile properties is frequently achieved through trial and error.
The development of guidelines, which will enable industry to
predict and optimise the emotional qualities and expectations
associated with specific surface finishes has recently become the
subject of tribological research, see e.g. [1,2,3].

The main obstacle to calculate the ‘feel’ of a product from the
surface properties and geometry is the ill-defined surface
ll rights reserved.
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topography that is encountered after the most surface finishing
processes such as grinding or blasting. The complicated scale
dependence of roughness makes it difficult to pinpoint the feel to
a certain geometric parameter [1]. This obstacle can be avoided by
producing well-defined surface topographies [2]. In this work
well-defined surface textures consisting of evenly distributed
small scale surface bumps were produced by laser texturing.
The ability of this technique to produce well-defined surface
features has already been used to produce micro-dimples acting
as micro-hydrodynamic bearings or micro-reservoirs in lubricated
contacts. In dry contacts these micro-dimples might trap wear
particles, thus reducing friction and wear [4].

Understanding product feel and comfort of product surfaces,
packaging material or medical textiles begins with an understanding
of the frictional behaviour [4–6]. Analytical expressions for describing
the friction against human skin have been thoroughly described by
Adams et al. [7] and are used in this work for comparison with the
frictional behaviour observed in experiments on these textured
surfaces. The well-defined texture will make it possible to calculate
the feel from the surface topography, starting with the prediction of
the coefficient of friction.
2. Experimental

When assuming elastic behaviour of the skin several expressions
describing the frictional behaviour are available from literature [7].
Since in the contact with a random rough surface adhesion is the
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dominant friction mechanism, the coefficient of friction is deter-
mined by the magnitude of the real contact area. Following for
example Greenwood and Williamson theory for the contact of
random rough surfaces the coefficient of friction can be expressed
as a function of roughness amplitude and mean asperity radius.
These roughness parameters amplitude and asperity radius are
mean values taken from a set of measured amplitudes and radii.
Furthermore, these roughness amplitudes and radii depend strongly
on measuring equipment and method. Using regular surface tex-
tures these uncertainties are avoided and the coefficient of friction
can be predicted with greater accuracy.
Fig. 2. SEM image of metal sample (m4) with tip radius R¼5 mm and spacing

l¼30 mm.

Fig. 3. SEM image of TPU sample (TPU2) with tip radius R¼1 mm and spacing

l¼60 mm.
2.1. Materials

Four different surface structures were made with picosecond
laser pulses. Metal samples were produced directly on stainless
strip material using laser ablation [8]. Polymer samples were
produced by applying the structures on mould inserts and
reproduction in a thermoplastic polyurethane (TPU). The macro-
geometry of the samples is a circular flat with a 30 mm diameter.
Micro-geometrical parameters of the different surface textures
are summarised in Table 1.

The surface texture is composed from bumps having a spherical
tip with radius R, which are evenly distributed with a spacing
l between the tips as depicted in Fig. 1. Four different surface
textures were composed from two different radii and two different
spacings. Radii and spacings were chosen such that the minimum
and maximum values of the radius over spacing R/l differ by one
order of magnitude, while the tip radii are small. A small tip radius
was expected to result in a low contact area and thus relatively low
friction.

SEM images of the metal and TPU samples are shown in
Figs. 2 and 3, respectively. Fig. 2 is representative for all metal
samples and the injection moulded textures with tip radii
R¼5 mm. The two-dimensional waved surface described by a
spacing and tip radius approaches a bi-sinusoidal surface with
its crests, valleys and saddle points. With the injected moulded
textures with tip radii R¼1 mm the saddle points are stretched
appearing as ridges surrounding relatively large square valleys
with the crests as small scale surface features superposed on this
grated pattern as can be seen from Fig. 3. It needs no explanation
that the mechanisms responsible for the frictional behaviour of
Table 1
Surface textures produced by picosecond laser pulses. All textures are applied on

metal and TPU (denoted as m1, m2, etc. and TPU1, TPU2, etc.).

No. Radius R (mm) Spacing l (mm) R/l (dimensionless) Height h (mm)

1 1 30 0.033 30

2 1 60 0.017 30

3 5 60 0.083 20

4 5 30 0.167 20

Fig. 1. Definition of texture parameters of test samples produced by laser

texturing.
such a grated texture might be completely different than those of
the bi-sinusoidal texture of Fig. 2. A further analysis of the contact
mechanisms for such grated textures is not considered relevant
within the scope of this work.

The metal and TPU samples were tested against the fingerpad skin
of the left (dominant) index finger of a 35-year old male subject.

2.2. Methods

Sliding friction was measured in vivo against human skin
using the Skin Micro-Tribometer model UMT (CETR, USA)
described by e.g. Sivamani et al. [9]. The tribometer was equiped
with a 6-axis torque /force sensor (type TFH-6), which measures
normal load in the range 0.5–60 N (7.5 mN resolution) and lateral
(friction) loads in the range 0.2–20 N (2.5 mN resolution). The
normal loads used were 0.5, 1 and 2 N. Stroke distance in
fingerpad measurements was 12 mm at a sliding velocity of
12 mm/s. For the measurements of friction of the fingerpad the
left index finger of the experimenter was positioned on a support
under the sliding probe at an inclination of about 301.

All tests were carried out at the room temperature of 2072 C1
and relative humidity 4574%. Each measurement consists of
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3 cycles back-and-forth. The mean of the 6 strokes was taken as
the mean coefficient of friction m.

During the test programme the hydration level of the finger-
pad skin surface was determined using a Corneometers CM 825
(CK electronic GmbH, Germany). This device measures the hydra-
tion level of the upper 10–20 mm of the stratum corneum through
capacitance. The hydration level is expressed in arbitrary units,
AU, o30 AU corresponding to dry skin, 450 AU corresponding to
hydrated skin. The strong correlation between skin hydration
level measured using the Corneometers CM 825 and skin friction
is illustrated by Gerhardt et al. [10].

2.3. Sample preparation

All samples were cleaned using ethanol before and in between
the experiments. Before carrying out the experiments, the hands
were washed using water and soap and air dried. After a rest
period of approximately 10 min to allow the washed skin to
regain its normal condition the experiments on dry skin were
carried out. Experiments on hydrated skin were carried out after
submersion in water for at least 10 min. The fingerpad skin was
hydrated by submersion, the skin of the forearm was hydrated
using a wet sponge. Verrillo et al. [11] showed that after
submersion from 5 to 10 min hydration returns to normal levels
between 5 and 15 min, much longer than the time needed for one
experiment. Before the experiments excess water was removed
using a paper tissue.
3. Results and discussion

An overview of the coefficients of friction measured against
dry skin is shown in Fig. 4. The mean coefficient of friction is given
for the metal (m) and TPU samples for different normal loads.
Smooth, non-textured samples were measured for reference and
are noted as m0 and TPU0.

3.1. General discussion

The development of the contact area of a fingertip and a
smooth surface was investigated by several authors [2,12].
Soneda and Nakano [12] measured the apparent and real contact
areas of fingerpads as a function of contact load. For normal loads
between 0.1 and 5 N they found the real contact area to increase
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Fig. 4. Overview of the coefficients of friction (mean72 st. dev.) measured for m
with contact load following a power law with exponent 0.68.
They defined the real contact area as the area of the fingerprint
ridges in contact with the smooth, flat surface and the apparent
contact area as the area within the outline of the real contact area.
In this work the apparent, or nominal, contact area A0 is defined
as the area of the fingerprint ridges in macroscopic contact with
the countersurface. The real contact area Ar is defined as the total
area of the surface features, which are in actual contact with
the skin.

3.1.1. Friction of regular surface textures

The coefficient of friction is composed of a deformation and an
adhesion component

m¼ mdef þmadh ð1Þ

Expressions for the deformation and adhesion components of
friction for a spherical indenter sliding against the skin are
discussed by e.g. Adams et al. [7] and can be rewritten for the
textures produced in this study. Since the surface features are
arranged in a regular pattern having a pillar spacing l, the
number of surface features N in contact with the skin can be
approximated from the contact area A0 using

A0 ¼Nl2
ð2Þ

The total normal load Fn is composed of the normal loads on
each surface feature Fn,i following:

Fn ¼NFn,i ð3Þ

Assuming that the individual surface features of the textures
are perfectly spherical and assuming elastic behaviour of the skin,
the equations adopted from [6] can be rewritten by substituting
Eqs. (2) and (3).

The coefficent of friction for deformation can now be
expressed as a function of normal force Fn, real contact area A0

and a surface texture parameter R/l, the quotient of surface
feature radius and spacing, following:

mdefpbEnð�1=3Þ R

l

� ��2=3 A0

Fn

� ��1=3

ð4Þ

where En is the effective elastic modulus, in case of a countersur-
face having a high elastic modulus determined mainly by the skin
elastic modulus and b the skin viscoelastic loss fraction. This
viscoelastic loss fraction can be estimated from the hysteresis
F=0.5N
F=1N
F=2N

TPU0 TPU1 TPU2 TPU3 TPU4

etal (m) and TPU samples, m0 and TPU0 being smooth reference samples.
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loop, the area between the loading and unloading curve in an
indentation experiment.

The coefficient of friction for adhesion can be expressed as

madhptEnð�2=3Þ R

l

� �2=3 A0

Fn

� �1=3

ð5Þ

where t is the shear stress of the skin-texture interface thus
giving the friction force due to adhesion when being multiplied
with the total area of the surface features in contact with the skin.
The total coefficient of friction for the textures produced in this
study can be expressed as a function of surface texture parameter
R/l by substituting Eqs. (4) and (5) into (1):

mtextpCdef
R

l

� ��2=3

þCadh
R

l

� �2=3

ð6Þ

Values for contact area of the fingerpad as a function of normal
load are measured by e.g. Childs et al. [2] and Soneda and Nakano
[12]. At normal loads around Fn¼2 N, the contact area A0 varies
from 30 to 60 mm2. For A0 a value of 60 mm2 is adopted.
Mechanical properties from dry stratum corneum can be found
in literature b�0.31, Esc�100 MPa [13] and t�10 MPa [14].
Using these values the parameters Cdef and Cadh can be calculated.
It is found that Cadh�1.4, thus being much larger than Cdef�0.02.
From this it is expected that adhesion is the dominant mechanism
within the range of texture parameters investigated in this
work.
3.1.2. Elastic behaviour of the contact zone

The validity of Eqs. (4) and (5) is based on the assumption of
elastic behaviour of the contact zone. Furthermore, it is assumed
that the real contact area is determined mainly through the
properties of the stratum corneum, having a high stiffness, as
opposed to the much more compliant epidermis. For this assump-
tion to be valid, the contact radius of each individual surface
feature, the Hertzian contact radius, a should be smaller than the
radius of this surface feature:

a¼
3Fn,iR

4En

� �1=3

oR ð7Þ

Expressing the normal force on the contact in texture para-
meters R and l using Eqs. (2) and (3) and setting the contact
radius equal to the tip radius yields the following expression for
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Fig. 5. Coefficient of friction as a functio
the minimum elasticity for the above assumption to be valid:

En4
3

4

R

l

� ��2 Fn

A0
ð8Þ

When adopting the same values for normal load and nominal
contact area as in Section 3.1.1 (2 N and 60 mm2, respectively), for
R/l¼0.017, the smallest value of all samples used in the present
study, an equivalent elastic modulus of the skin is required that
exceeds 86 MPa. Pailler-Mattei et al. [15] and Yuan and Verma
[13] report values for the stratum corneum elastic modulus
obtained from indentation measurements, which for dry skin
exceed the value of 86 MPa. From this it may be concluded that
the assumption of elastic behaviour at the scale of the surface
features is valid.

3.2. Friction of metal samples

The coefficient of friction measured of metal samples against
the fingerpad is plotted as a function of normal load in Fig. 5. The
frictional behaviour of a smooth, non-textured, metal sample was
measured for reference.

Since we know from e.g. Adams et al. [7] and the theory in
Section 3.1 that adhesion is the dominant mechanism in the
majority of contacts involving human skin, from Eq. (5) a clear
relation between the coefficient of friction and R/l is expected.
The theory of adhesion being the dominant mechanism is
supported by the dependence of the coefficient of friction on
the normal load, as shown in Fig. 5. For the smooth surface the
coefficient of friction decreases with normal load following a
power law with power �0.36. Assuming that adhesion is the
dominant friction mechanism the measured friction force is
directly proportional to the real contact area, so that the coeffi-
cient of friction is given by

m¼ tAr

FN
ð9Þ

where the real contact area Ar is known to depend on the normal
load following:

ArpFa
N ð10Þ

The coefficient of friction between the skin of the fingerpad
and a smooth surface is thus expected to depend on the normal
load as

mpFN
a�1

ð11Þ
l load (N)

m0 - smooth

m1 - R/λ=0.033

m2 - R/λ=0.017

m3 - R/λ=0.083

m4 - R/λ=0.167

1.5 2 2.5

n of normal load for metal samples.
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From the experimental results for FN an exponent a�1¼�0.36
was measured, so in Eq. (10) a¼0.64. This value corresponds well
with the exponent 0.6870.09 found by Soneda and Nakano [12]
for normal loads between 0.1 and 5 N.

A non-linear decrease of the coefficient of friction with normal
load is observed for random roughness as well [5,16,17]. The
coefficient of friction of the textured surfaces is related with
normal force through a power law with the power n ranging from
�0.83 to �0.65, which is much stronger than we would expect
from Eq. (5). From Eqs. (5) and (10), which describe the relation
between contact area and normal load, the coefficient of friction is
expected to depend on the normal load following:

mp A0

FN

� �1=3

pF1=3ða�1Þ
N ð12Þ

Since the contact area increases with normal load the expo-
nent in Eq. (10) a40, so according to Eq. (12) the coefficient of
friction of the textured surfaces will depend on the normal load
with an exponent n4�1/3. However, an exponent n ranging
from �0.83 to �0.65 was measured. The strong dependence of
the measured coefficient of friction on the applied normal load is
expected to be caused by normal adhesion, which increases the
effective normal load on the contact spots. The measured friction
load Fm,meas is related to the applied normal load FN through the
measured coefficient of friction mmeas

Fm,meas ¼ mmeasFN ð13Þ

The measured friction load can also be expressed as the
product of the coefficient of friction m and the effective normal
load at the contact area which is composed of the applied normal
load FN and the load due to normal adhesion Fadh:

Fm,meas ¼ mðFNþFadhÞ ð14Þ

The measured coefficient of friction thus depends on the
applied normal load following:

mmeas ¼
Fm,meas

FN
¼ m 1þ

Fadh

FN

� �
ð15Þ

which expression also shows that the relative contribution of
adhesion decreases with increasing normal load.

Fig. 6 shows the coefficient of friction as a function of texture
parameter R/l. For the surface texture parameter R/l no relation
with the coefficient of friction can be determined from Fig. 6.
From Eq. (5) the coefficient of friction would be expected to
increase with increasing parameter R/l. However, up to this point
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Fig. 6. Coefficient of friction as a function of t
the equivalent elastic modulus is assumed to have a constant
value. From indentation measurements (e.g. Yuan and Verma
[13]) a clear lengthscale effect can be observed: the effective
elastic modulus decreases with increasing indentation depth at
constant indenter radius and decreases with decreasing indenter
radius at constant indentation depth. An increase of the surface
parameter R/l thus involves an increase in effective elastic
modulus En. The total effect of these mechanisms depends on
the magnitude of radius, spacing and normal load, but observa-
tion of Eq. (5) learns that an increase in both R/l and En conceals a
clear effect of the surface texture parameter.
3.3. Friction of TPU samples

Fig. 7 shows the coefficient of friction as a function of normal
load. Fig. 8 shows the coefficient of friction as a function of
texture parameter R/l for dry and hydrated skin.

From Figs. 7 and 8 a decrease of the coefficient of friction with
surface texture parameter R/l can be observed for non-hydrated
skin. From Fig. 7 it can be seen that this decrease is mainly a
dependence on tip radius R. The injection moulded textures with
tip radii R¼5 mm have a two-dimensional waved surface,
whereas the textures with tip radii R¼1 mm have a grated pattern
with small scale surface features superposed on this pattern as
shown in Fig. 3. The theory proposed in Section 3.1 assumes the
contact area being built up from Hertzian contacts at the asperity
level, which applies for the two-dimensional waved surface with
tip radius R¼5 mm. For the textures with tip radii R¼1 mm the
grating is in contact with the skin as well, demanding a more
complicated contact model as discussed in Section 3.1.1.

Comparison of the mechanisms responsible for the frictional
behaviour of these two different sets of textures is therefore
considered irrelevant within the scope of this work.

Fig. 8 shows the difference in frictional behaviour between
non-hydrated and hydrated skin. The hydration level of non-
hydrated skin during the test programme was 7078 AU, for
hydrated skin it was higher 11076 AU. This increase in hydration
level of the skin of the fingerpad corresponds to observations of
Verrillo et al. [11], who reported an increase of 35% after
submersion in water. This relatively small increase in hydration
level as compared to the differences observed at other anatomical
sites is due to the relatively high baseline level of the fingerpad.
The biological function of this higher level of hydration is to
increase the coefficient of friction during manipulating tasks.
λ (-)

F=0.5N
F=1N
F=2N

0.10 0.12 0.14 0.16 0.18

exture parameter R/l for metal samples.
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Coefficients of friction for the non-hydrated fingerpad range from
0.6 to 1.1. For the hydrated fingerpad coefficients of friction
between 1.25 and 2.3 were measured. The increase in friction
with the skin surface hydration level is mainly caused by
softening of the stratum corneum. The increase of friction with
hydration measured against TPU corresponds to earlier observa-
tions by e.g. Derler et al. [5], Sasada [16] and André et al. [17,18].
4. Conclusions

Friction of well-defined regular surface textures produced with
picosecond laser pulses was measured against the skin of the
fingerpad. The coefficient of friction decreased strongly with normal
load for both metal and TPU surfaces supporting the theory that
adhesive friction is the dominant friction mechanism. The strong
dependence of the measured coefficient of friction on the applied
normal load is expected to be caused by normal adhesion, which
increases the effective normal load on the contact spots.

Experiments with TPU against hydrated skin showed an
increase of the coefficient of friction with a factor two compared
to dry skin. Within the range of surface feature geometries
investigated no clear relation was found between feature geome-
try and coefficient of friction. This is probably due to scale-effects
of the elastic behaviour of the stratum corneum counteracting
with the influence of variation in feature geometry.

Fabrication of surface structures by laser texturing using
picosecond laser pulses has proven to be a useful technique for
producing well-defined micro-scale surface textures. The control
of texture parameters for the injection moulded surfaces needs
further work. The frictional behaviour of these micro-scale tex-
tures is determined by the properties of the stratum corneum.
Considering the stratum corneum has a high elastic modulus
optimisation of textures produced by laser texturing is expected
to bring forth surfaces having very low friction.

Further work will involve a parameter study to gain more
understanding of the relation of surface feature geometry and
scale-effects in the elastic behaviour of the stratum corneum. An
experimental programme involving a larger number of subjects
should give insight in the robustness of the theories describing the
frictional behaviour.

Furthermore, this study will be extended to measuring the
response of subjects to the different surface textures to provide a
basis for calculation of the ‘feel’ of these surfaces.
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