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Abstract: Tactile perception and friction can be modified by producing a deterministic surface topography. 

Change of surface feature arrangement and texture symmetry can produce an anisotropic frictional behaviour. 

It is generally achieved through skin hysteresis by promoting its deformation. This work investigates whether a 

bidirectional friction can be created with microscale ellipsoidal asperity textures, thus relying on the adhesive 

component of friction. For this purpose, four textured samples with various asperity dimensions were moulded 

with a silicone rubber having an elastic modulus comparable to that of the skin. Coefficient of friction 

measurements were conducted in-vivo in two sliding directions with a range of normal loads up to 4 N. Finite 

element method (FEM) was used to study elastic deformation effects, explain the observed friction difference, 

and predict surface material influence. Measurements performed perpendicular to the asperity major radii 

showed consistently higher friction coefficients than that during parallel sliding. For the larger asperity 

dimensions, a change of the sliding direction increased friction up to a factor of 2. The numerical analysis 

showed that this effect is mostly related to elastic asperity deflection. Bidirectional friction differences can be 

further controlled by asperity dimensions, spacing, and material properties. 
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1  Introduction 

People interact through touch with numerous objects 

and rely on perceived surface properties in everyday 

tasks. An individual’s judgement of a surface is 

commonly described by four perceptual scales: hardness, 

warmth, roughness, and stickiness [1, 2]. The latter 

three are directly related to surface topography and, 

therefore, can be engineered through surface design. 

However, the relationship between tribological 

mechanisms and touch perception is not fully under-

stood. There are reported correlations between surface 

roughness and perceived coarseness [3], as well as 

between calculated friction coefficients and stickiness 

[4]. Ndengue et al. [5] show that samples mimicking 

natural wood are perceived differently depending  

on the material they are produced from, vinyl or 

polyurethane resin, even though the topographical 

features remain identical. Recently Massimiani et al. [6] 

and Faucheu et al. [7] performed elaborate studies on 

the connection between perception and surface texture 

dimensions. Interestingly, the textures with micro-scale 

features and spacing below 160 μm have shown not 

only the lowest friction but were uniformly categorized 

by volunteers as smooth and most likeable. 

Friction forces acting on a finger pad can be 

represented as a sum of interfacial adhesion and 

deformation terms [8, 9]. The adhesion term remains 

predominant during sliding against surfaces of various 

roughness [10–13]. Hysteresis deformation becomes  
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significant with an addition of macro-scale surface 

texturing or features with dimensions in the order 

of millimetres [14, 15]. Tomlinson et al. [11] found an 

interlocking friction mechanism to become predominant 

during finger pad sliding over triangular ridges with 

the heights over 42.5 μm.  

With adhesion being predominant and directly 

proportional to the real contact area, finger pad friction 

can be modified by controlling surface roughness 

[10, 16, 17], or for example by micro-texturing [18–21]. 

The first approach generally assumes stochastic 

roughness, which is relatively easy to manufacture, 

but its frictional performance is difficult to predict and 

reproduce due to a featureless topography. On the 

other hand, texturing allows to design the contact 

conditions, develop contact models, and estimate 

frictional behaviour [18, 22, 23]. 

By introducing a surface texture, frictional behaviour 

can be changed with respect to the sliding direction. 

It is generally achieved through the creation of wavy 

or parallel-ridge textures [14, 24, 25], which utilize 

skin hysteresis either to reduce the contact area 

during sliding or to promote deformation. While 

more complicated textures with anisotropic frictional 

behaviour can be produced, such as hook-like spines 

[26] or shark denticle [27], experimental work with a 

skin has not been performed yet. Moreover, there are 

no studies on the feasibility of bisymmetric micro- 

textures and their frictional performance, known to 

the authors. 

The aim of the current work is to investigate whether 

a bidirectional frictional behaviour can be created 

with a microscale surface texture. This implies that 

difference in friction is achieved not by the deformation 

of the finger pad skin, but by changing the contact area. 

For this purpose, textures composed of ellipsoidal 

asperities were produced on a soft silicone rubber 

with an elastic modulus comparable to that of the skin. 

The nature of anisotropic frictional behaviour can be 

explained through the analysis of friction measurements 

and the aid of the finite element simulations. Micro- 

textures with frictional dependency on sliding direction 

can possibly be used to direct the tactile interaction 

or improve the grip in specific direction without 

making significant changes to a product appearance 

or its feel. 

2 Materials and methods 

2.1 Materials 

Four texture designs with square-packed ellipsoidal 

asperities were used for this study. A lateral spacing 

of 200 μm was kept for all the samples, while ellipsoid 

dimensions varied. All ellipsoidal textures in this 

study have the same minor asperity radius of 25 μm 

and two major radii of 50 and 75 μm (Fig. 1). Each  

of those designs were produced with the heights of 

30 and 50 μm. The samples are referred in the text by 

their major asperity length as E100 and E150 and by 

their height as H30 and H50, respectively. The surface 

topography was obtained using S neox 3D Optical 

Profiler (Sensofar, Spain).. 

Stainless steel was laser textured to produce negative 

texture designs, which were used for moulding of 

silicone rubber master samples. In turn, master samples 

were replicated by double moulding technique, using 

polyurethane resin Smooth-Cast® 305 (Smooth-on, 

USA) for a negative intermediate mould. This step was 

introduced to reduce adhesion during demoulding 

 

Fig. 1 Ellipsoidal asperity textures with major radius of (a) 50 µm and (b) 75 µm. 
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process and improve microtexture reproducibility. 

Specimens with a thickness of 10 mm were produced 

using commercial silicone rubber Mold Max™ MM10 

(Smooth-on, USA), which has an approximate elastic 

modulus of 0.2 MPa. It was selected to promote 

deformation of elastomer structure over the skin 

during sliding. 

2.2 Friction measurements 

Friction measurements were performed in-vivo on a 

setup with a linear reciprocating tribometer depicted 

on Fig. 2 [28]. A transducer with an attached sample is 

mounted on a mechanical hinge driven by a spindle. 

The right hand is placed palm up on a stage below, 

with an index finger positioned on a 30-degree wedge. 

The sample is positioned on top of the finger pad and 

the normal load is applied with static weights. 

The friction behaviour between textures and index 

finger pad was investigated with one subject, one of 

the authors of this study. The samples were moved 

from the subject’s body with a constant velocity of   

2 mm/s and an initial acceleration of 2 mm/s2. The 

stroke distance was 20 mm. The hinge with the sample 

was lifted after each measurement and returned to its 

home position. 

Samples were tested with a range of normal loads 

from 0.2 to 2 N with a step of 0.2 N and further up to 

4 N with a step of 0.5 N. Three consecutive measure-

ments were performed with each normal load. Before 

the start of the measurements 3 preparatory strokes 

were performed at 0.2 N load to introduce a sebum 

layer on a sample surface and ensure consistent con-

ditions across normal loads. 

Friction measurements were split into two sets, 

with texture asperity heights of 30 and 50 μm,  

 

Fig. 2 Schematic representation of the test setup. 

respectively. Each set consisted of two textured surfaces 

with different asperity length produced in duplicate 

and a reference non-textured sample. The measurements 

were performed in two sliding directions: parallel and 

perpendicular to the major asperity radii. Each sample 

set was tested in two different days to confirm that the 

results are related to texture design and independent 

of skin properties. This constitutes four measurement 

series which are denoted as S1 to S4 in the study. The 

sample order was randomized during each series, 

while the normal load was increased consequently. 

Randomization of normal loads was not viable for a 

chosen approach. After removal of the normal load 

finger pad takes time to recover to its original shape 

due to its viscoelastic properties. Therefore, it would 

either introduce random deviations in friction 

measurements or significantly increase testing times. 

The samples were wipe-cleaned with acetone and 

alcohol, rinsed with demineralized water, and kept in 

the vacuum chamber for 12 h prior to the measurements 

to prevent rubber swelling. 

Experiments were performed in ambient conditions. 

Average temperature and relative humidity were 

calculated as 22±1 °C and 43±7% respectively. Hands 

were washed with soap and air dried for 15 min before 

each sample measurement. Skin hydration level was 

checked between the measurements with Corneometer 

CM 825 (Courage + Khazaka GmbH, Germany). 

Corneometer values remained stable between days of 

measurements with a mean of 50±4 arbitrary units. 

2.3 Data processing 

A 6-axis Mini40 transducer (Schunk, Germany) was 

used to measure the forces at 100 Hz sampling rate. 

The load cell has a resolution of 6 and 2 mN in the 

normal and tangential directions, respectively. 

The data from the individual measurement strokes 

was filtered to find the average dynamic friction 

values for each normal load. A MATLAB code was 

used to separate the stable region of the curve during 

sliding from the initial slope, which corresponds to 

elastic deformation. A typical example of measured 

signals is shown in Fig. 3. Moreover, a high wavelength 

noise was induced by the linear driving mechanism, 

which corresponds to the pitch distance of the shaft 

and has a constant frequency of 0.5 Hz with the used  
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Fig. 3 An example of raw force signals with calculated and 
extracted dynamic friction coefficient. Data corresponds to a 
sample E150 H50 tested in perpendicular direction at 0.4 N 
normal load.  

sliding velocity. A sine wave fit with a given frequency 

was determined by a MATLAB code for each mea-

surement to determine a phase offset and an amplitude. 

The corresponding sine function was subtracted from 

the original signal to reduce the standard deviation. 

The calculated average dynamic friction values were 

not influenced by this operation. 

2.4 Design of computational experiment 

The objective of the finite element method (FEM) 

analysis was to study contact behaviour of a single 

asperity under shear and normal loading. A parametric 

study was performed to characterize the influence of 

asperity size, Young’s modulus, and sliding direction 

on the contact area development. 

The model is represented by two bodies: an asperity 

and a sliding block, both modelled as isotropic linear 

elastic elements (Fig. 4). An asperity was meshed 

with tetrahedral-type elements with an average size 

of 10 μm and distortion control was used to prevent 

excessive mesh warping. The loading block was meshed 

with hexahedral-type elements of the same size. 

Interaction between two surfaces was defined by 

penalty friction formulation. To represent an adhesive 

friction component, which remains predominant in 

studied contact conditions, the friction coefficient was 

set to 1, while the maximum shear stress was limited 

to 10 kPa. Therefore, interfacial shear force remained 

mostly independent of contact pressure, simulating  

 

Fig. 4 An example of an element layout and body meshing for 
E150 H50. Upper block is shown under a section view. 

adhesive contact. Surface self-contact for the asperity 

body was set to frictionless to reduce simulation times. 

Initial boundary conditions were specified to restrict 

body movement. Asperity block was fixed at the 

bottom plane and its sides were not allowed to move 

in XZ plane. Each FEM analysis consisted of two 

calculation steps with prescribed displacement boundary 

conditions for the upper body: 

—Vertical translation to induce normal load; 

—Horizontal translation at constant normal 

displacement which ensured contact sliding. 

There was no intention to simulate the mechanical 

behaviour of the skin with the current FEM study; 

yet only to represent similar normal displacement. 

Therefore, the upper body was assumed as an elastic 

body with Young’s modulus of 0.4 MPa, which was 

estimated in our previous study [29]. Asperity properties 

were set according to the tested material with the 

elastic modulus of 0.2 MPa. Poisson’s ratio of 0.49 was 

used for both bodies [30, 31]. For a continuous sliding 

contact, inertial forces do not alter solution significantly. 

Therefore, fixed mass scaling was applied to the 

entire model to reduce calculation times. 

3 Results and discussion 

3.1 Friction measurements 

Calculated friction coefficients for the textures with 

asperity height of 30 μm are presented in Fig. 5. The 

reference surfaces, selected to represent the maximum 

real area of contact, showed friction coefficient values 
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that ranged from about 6.5 at the lower end of the 

normal force scale down to about 2.5 for the higher 

end of the scale. All non-textured reference samples 

follow a power law trend commonly observed for  

an adhesion-based frictional response. Part of the 

differences in the resulting coefficient of friction for 

the reference surfaces might well be due to variation 

in local interfacial shear stress or day-to-day differences 

in elastic conditions of the finger pad, yet part was 

also due to differences in roughness of the reference 

surfaces. The reference sample tested during the first 

measurement series showed considerably lower 

friction coefficient. Its surface roughness average Sa was 

measured around 150 nm, while for other reference 

samples it was between 40 and 60 nm. Reduction of 

the friction coefficient with increase of roughness is 

consistent with literature [10, 16, 17, 19]. 

Both textured surfaces showed the lowest friction 

during parallel sliding. It increased with normal load 

up to a maximum of 2.7 and 2.3 for E100 (Fig. 5(a)) 

and E150 (Fig. 5(b)), respectively. After reaching these 

peak values at 1 N load, the coefficient of friction 

declines steadily almost reaching the values of the 

reference sample. Such behaviour is explained by the 

change in a contact state from asperity to full contact. 

When sliding is performed perpendicular to the major 

radii, the coefficient of friction increases slightly 

for all normal loads tested. The greatest difference 

between sliding directions is observed at normal 

loads below 0.5 N and a local peak is less prominent 

during perpendicular sliding. 

Contact with a textured surface can be represented 

by one of the following three states. At low normal 

loads skin is fully supported by asperities of the 

interfacing surface. The real contact area is limited, 

which results in lower friction forces. With increase 

of the applied load surfaces deform, and skin reaches 

a texture valley. Contact transition increases the rate 

of contact area growth with normal load and leads to 

the increase in friction. Finally, the contact stabilizes 

at full contact and further contact area development 

is restricted. This effect was described previously  

by other researchers for grooved [23, 24] and bump 

textures [18]. 

Increase of the asperity heights from 30 to 50 μm 

predictably led to lower friction coefficients during 

parallel sliding (Fig. 6). A one-tailed paired t-test was 

performed on average values of the measurement 

series paired by normal load. The p-values for the t-test 

were lower than 0.05 for both E100 and E150 textures 

with p-values of 1.2e-5 and 8.6e-6 respectively, which 

indicate the results are statistically highly significant. 

The maximum coefficient of friction values of 2.2 and 

2.0 were reached during parallel sliding for E100  

and E150, respectively. Textures with 50 μm asperity 

heights have a distinctive contact transition stage. 

The distinction between parallel and perpendicular 

sliding also became more prominent. The largest 

difference is observed at lower normal loads, but it 

diminishes with an increase of applied normal load. 

Significant friction difference at lower loads, while 

surfaces remain in asperity contact, implies that this 

behaviour is caused by the contact area change   

and has a predominantly adhesive nature. It is also 

supported by the fact, that increase of the asperity 

heights and lateral dimensions is accompanied with  

 

Fig. 5 Coefficient of friction for 30 µm height textures (a) E100 and (b) E150. Corresponding measurement series are denoted as
S1 and S2. 
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reduction of friction, e.g., peak values reduced from 

2.7 to 2.2 and from 2.3 to 2.0 for the E100 and E150, 

respectively. The deformation component of friction 

positively correlates with deformation, which contradicts 

the observed behaviour and, therefore, this effect is 

considered insignificant. Tomlinson et al. [11] reported 

a considerable contribution to measured friction due 

to interlocking of the fingerprint ridges during sliding 

against the triangular-ridged textures with comparable 

feature dimensions produced on metals. While the 

interlocking effect can be responsible for the increase 

of friction with a change of direction, its effect is 

expected to reach its maximum at full contact with 

the textures and remain stable through the rest of the 

normal loads. On the contrary, the directional friction 

difference reduces upon reaching the full contact 

state with the textures, suggesting another mechanism 

responsible for this behaviour. 

Contact area with a change of direction can be 

increased in two possible cases: junction growth  

and deformation of asperity due to shear. Skin has 

viscoelastic properties, which implies that during 

sliding over asperities a junction front can be formed. 

With the change of sliding direction, the junction 

contact area increases leading to a higher friction 

value. In this case, an increase of ellipsoid major 

radius would lead to an increase of the contact area. 

Contrary to that, the experimental results show lower 

or comparable coefficient of friction for the longer 

asperities. 

Alternatively, a contact area rise can be the result of 

elastic asperity deformation due to shear stresses. 

Resistance to shear is proportional to the lateral cross  

section of the asperity. Therefore, an increase of 

ellipsoid major radius will increase the force required 

to deform the asperity. Brörmann et al. [32] performed 

friction measurements with cylindrical micro-pillar 

textures. Each pillar had a diameter and height of  

50 and 20 μm, respectively. They observed elastic 

deformation of the asperities due to shear and 

change of contact area accompanied by a stick–slip 

phenomena.  

3.2 Modelling results 

The difference between parallel and perpendicular 

sliding directions was analysed with finite element 

simulations. A series of calculations was performed 

for each ellipsoidal asperity size. Normal displacement 

was changed iteratively from 5 to 40 μm with a step 

of 5 μm. 

For elliptic structures with the height of 30 μm, 

change of sliding direction did not affect the results. 

Both contact area and normal loads remained similar. 

However, for the asperities of 50 μm height the 

deformation with the change of sliding direction 

became evident. Deformed geometry of the ellipsoid 

at the end of each modelling step is shown in Fig. 7. 

Increased asperity height under interfacial shear 

forces promoted an elastic deflection, which changed 

the contact state during tangential sliding. 

Figure 8 compares development of the normal load 

and contact area between sliding directions for E150 

H30 and E150 H50 at the same normal displacement 

of 25 μm. For the parallel sliding case there is a slight 

increase of normal load at the start of the tangential 

translation step. However, it returns to the initial  

 

Fig. 6 Coefficient of friction for 50 µm height textures (a) E100 and (b) E150. Corresponding measurement series are denoted as S3
and S4. 
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value. Its calculated contact area also remains stable. 

Change of the sliding direction and resulted asperity 

deformation cause the reduction of the normal load, 

where it stabilised for the rest of the motion. This 

change is negligible for smaller asperity but is significant 

at asperity height of 50 μm with a drop from 0.24 to 

0.14 mN. It also led to fluctuations and a gradual 

increase of the contact area. 

The data of the stable region during tangential 

sliding was averaged for each successful simulation 

run to represent the contact area as a function of 

normal load and is shown in Fig. 9. At low normal 

loads there is no directional difference in contact area. 

However, as the total shear force increases with the 

contact area, the asperity starts to bend. It leads to 

substantially higher contact areas and displacement 

with respect to the normal load. For longer asperities, 

the contact area nearly doubles at the same normal 

load as shown in Fig. 9(b). 

Effectively, the asperities in the deformed state  

can be considered as a different texture with a lower 

asperity height and larger equivalent radius. Therefore, 

it results not only in a higher friction at asperity contact 

state, but the transition to the full contact state also 

starts at lower normal loads. As expected, an asperity 

with a larger equivalent radius E150 can support higher 

normal load before contact transition starts. 

A parametric sweep was performed to qualitatively 

assess the influence of material elastic modulus on the 

deformation. Figure 10 shows that material Young’s 

modulus significantly affects the shear force required 

for the deformation to occur. The relative contact area 

difference between sliding directions is also reduced 

with increase of elastic modulus, implying that a higher 

directional effect can be achieved with compliant 

materials. The maximum contact area with an asperity 

is limited by the transition to the full contact state, 

which is directly related to the tangential force. Once 

the full contact state is reached, a further increase 

of contact area for asperity becomes negligible and, 

therefore, the directional difference is less likely to be 

observed. 

 

Fig. 7 Modelled deformation and stresses for E150 H50 at 30 µm normal displacement: at the end of the (a) normal and (b) tangential
translation steps. Perpendicular sliding, mid-section view.  

 

Fig. 8 (a) Normal load and (b) contact area during numerical simulation for E150 H300 and E150 H50 at 25 µm normal displacement.
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Fig. 10 Influence of asperity elastic modulus on deformation. 
Dashed lines show the best fits for parallel sliding, while points 
represent simulation results for perpendicular sliding direction. 

Computational results are in a good agreement 

with experimental measurements. Asperity deflection 

explains the principal mechanism responsible for the 

friction gain with the change of the sliding direction. 

Estimated increase in contact area for E100 and E150 

approaches the factors of 1.5 and 2, respectively, which 

matches the relationship between friction coefficients 

for these textures. Furthermore, the maximum difference 

is reached at asperity contact state before the transition 

to full contact, which correspond to the low normal 

load region on the friction graphs in Fig. 6. 

4 Conclusions 

1) Change of the sliding direction against ellipsoidal 

asperity textures increased the friction coefficient up 

to a factor of 2. The highest difference was measured 

for the texture with the major radius and height of 

75 and 50 μm, respectively. 

2) Observed distinctions in tactile friction between 

sliding directions had predominantly adhesive nature 

and became the consequence of the contact area change. 

During perpendicular sliding, the contact area was 

increased due to asperity elastic deflection.  

3) The highest difference between parallel and 

perpendicular sliding directions is predicted during 

asperity contact before the transition to full contact 

state happens. The effect increases with asperity major 

radius and height. 

4) Finite element method (FEM) simulations show 

a significant influence of material elastic modulus on 

the normal load at which the asperity deformation 

starts. In the absence of asperity deformation, friction 

differences due to sliding direction are expected to 

depend on skin properties, such as its tangential 

stiffness and viscoelastic response.  
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Fig. 9 Simulated contact area as a function of normal load for (a) E100 and (b) E150. Error bars represent the standard deviation due 
to fluctuations during sliding. 
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