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Abstract 

Although we are surrounded by hundreds of surfaces we can still 
distinguish them from each other simply by touch. The tactile information, 
interpreted by our brain and given by our fingers, is precise, but to put 
words to the sensation is very difficult — is it smooth, sticky or harsh? We 
do not only perceive surfaces differently, we also describe them in our own 
way. Luckily the forces and deformations that the skin are exposed to when 
sliding over a surface is ruled by laws of nature. 

This thesis investigates the contact between finger and surface and how it 
is affected by, for example, material properties, surface texturing or 
changes in climate. By measuring contact area, friction coefficient, and 
adhesion, using different materials and under different conditions, 
conclusions could be drawn. Also, a model for the contact between a finger 
and a sinusoidal surface was developed, which could be used to estimate 
contact area, deformation and resulting friction coefficient. 

Results showed how differences in for example material, surface 
topography and environment affect the interaction between finger and 
surface, and what consequences it has. If the objective is to change the feel 
of a surface or to alter the grip, this thesis could work as a support. 

Paper A investigates the area and friction between finger and glass surface 
under different conditions. 

Paper B presents a model for the contact area and deformation for a finger 
in contact with a sinusoidal surface. 

Paper C is a validation of the contact area model. Here it was used on new 
surfaces and compared with new finger friction measurements. 

Paper D mainly examines whether the adhesion or stickiness of different 
surfaces is distinguishable by a test panel and how this affects the perceived 
pleasantness of the surface. 

Paper E relates to the adhesion and friction for a bioskin probe and skin. 
Tests were made to evaluate how an artificial probe can be used to evaluate 
the tactile properties of a surface. 

 
 

Keywords:  Adhesion, finger, friction, humidity, material, model, tactile 
friction, tactility 



  



Sammanfattning 

Även om vi omges av hundratals olika ytor kan vi fortfarande skilja dem åt 
med hjälp av känseln. Den taktila informationen från fingertopparna som 
tolkas av hjärnan är precis, men att sätta ord på hur ytan känns är väldigt 
svårt. Len, sträv eller grov? Vi upplever inte bara ytorna olika utan 
beskriver dem också på olika sätt. Krafterna och deformationerna som 
huden utsätts för när den glider över en yta styrs dock av naturlagar. 

Denna avhandling utreder kontakten mellan fingertopp och yta och hur 
den påverkas av exempelvis materialval, ytstruktur eller förändringar i 
klimat. Genom mäta kontaktarea, friktionskoefficient och adhesion för 
olika material i varierande omgivning kunde slutsatser dras. En modell för 
kontakten mellan fingertopp och sinusformad yta togs fram vilken kunde 
användas till att uppskatta kontaktarea, deformation och resulterande 
friktionskoefficient. 

Resultaten visade hur skillnader i exempelvis material, yttopografi och 
omgivning påverkar kontakten mellan finger och yta och vilka kon-
sekvenser detta får. Om målet är att förändra känslan eller friktionen för 
en yta kan denna avhandling fungera som stöd. 

Artikel A undersöker kontakten och friktionen mellan fingertopp och 
glasyta för olika förhållanden. 

Artikel B presenterar en modell för arean och deformationen som sker för 
fingertopp och sinusformad yta i kontakt. 

Artikel C är en validering av modellen. Här användes den för nya ytor och 
jämfördes med nya mätningar av fingerfriktion. 

Artikel D undersöker i huvudsak huruvida en testpanel kan särskilja 
adhesionen för olika ytor och hur detta påverkar hur den känns. 

Artikel E arbetar vidare med adhesion och undersöker och hur en 
testkropp av artificiell hud kan användas för adhesionsmätningar av en yta. 
Detta för att med relativt enkla mätningar kunna uppskatta ytans taktila 
egenskaper. 

 
 
 

Nyckelord: Adhesion, finger, friktion, fuktighet, material, modell, taktil 
friktion, taktilitet 
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Introduction 

We are surrounded by a wide range of surfaces, and although some may 
look the same we can most of the time differentiate them by touch. The 
function and sensitivity of the senses and perception is highly advanced 
and still not fully understood. We process huge amount of data from our 
eyes, ears, nose, touch, and taste, but we are only conscious of a small 
portion. The brain filters all of the inputs that our senses pick up, and in 
the same way that there is a difference between hearing and listening there 
are differences in how the sensory system is used. Unless our clothes are 
particularly uncomfortable we do not notice them, and when opening a 
door you probably do not put too much effort in analysing how the handle 
feels. Yet, when we put effort into noticing these aspects our fingertips are 
great at sensing and separating different surfaces. Differences in, for 
example, temperature, hardness, friction, and stickiness make it possible 
to say what kind of surface we are feeling.  

Touching, feeling and evaluating a surface with our fingers reveal that 
expressing how a surface feels is almost as difficult as describing a colour. 
Sliding a finger over a rough surface result in tensions and vibrations in the 
skin, which is recognised by the skin’s mechanoreceptors. There are four 
different kinds of mechanoreceptors, located at different depths and 
sensitive to different kind of stimuli. So stroking a surface results in 
different neurological signals from the different kinds of mechano-
receptors. However, all signals are sent to the central nervous system, 
where they are processed into a perceived tactile response. Furthermore, 
stroking a surface evokes a personal reference whether you like that 
response or not.  

There are a broad range of sensations, and separating and labelling them 
is difficult. Fortunately, with science, the interaction between finger and 
surface can be measured and evaluated in many different ways. This thesis 
starts with looking at the contact area between finger and surface in 
different conditions, and later how it can be modelled. While measuring 
the contact area the friction coefficient was also measured, which brings us 
to a second way of evaluating surfaces. The friction coefficient between two 
surfaces is highly dependent on a wide range of parameters, including what 
the two surfaces are comprised of and, for instance, contamination, contact 
pressure, sliding speed, and environment. Measuring and evaluating how 
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the friction coefficient was affected by some of these parameters is a second 
part of this work. 

Finally, this work focuses on the adhesion force or stickiness of a surface. 
Two smooth surfaces, even if they are similar by sight, can feel different. 
So if surface topography parameters are the same this means that the 
difference in feel originates from the material of the surface and molecular 
forces between the finger and surface. The force required to slide an object 
is a function of the normal force, real contact area and interfacial shear 
strength. Both real contact area and interfacial shear strength are unfortu-
nately difficult to measure or calculate. Instead the adhesion force was 
used, namely the force occurring between two objects when putting them 
together and then separating them. This phenomenon is of course most 
noticed when feeling something really sticky like adhesive tape, but tests 
showed that even the small differences in everyday surfaces can be 
distinguished.  

One common research field is exploring the limits and sensitivity of our 
senses. What is the lowest level of stimuli we notice? And for tactile 
perception, how does this vary on different parts of the body. Not surprise-
ingly the fingertips are highly sensitive. Another common research field is 
friction between skin and surface, which has a practical orientation, for 
example grip on tools and sports equipment [1–3], where texturing and 
manufactured grooves or patterns on the surface play a big role. A third 
practical field is how to modify friction to reduce the risk of blisters. 
Dermatologists look at mechanical properties of the skin [4], for instance, 
and at how differences in skin conditions or humidity change those 
properties [5]. A field adjacent to these is the transfer of material to the 
skin. Contact area and adhesion affect the exposure of allergens and 
therefore the risk of contact dermatitis [6]. 

Something that is important for all these fields is the friction of human skin 
against different surfaces and its variability [7]. A relatively new field that 
has resulted in an increased interest for tactility and finger friction are 
robotics. Our unaware ability to hold an object in our hand with just the 
right amount of force, without damaging a fragile object or dropping a 
slippery one, is difficult to mimic with robotic fingers [8, 9].  

One application for this kind of research that lies close to the work 
presented in this thesis is how the properties of material and surface affect 
how we perceive that surface. Fabrics and paper are examples of how we, 
using touch, can determine whether we like a product or not [10, 11]. The 
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automotive industry also puts a lot of effort in making the entire car 
experience as good as possible and the feel of surfaces is no exception. 
Putting time and money in the feel of a surface or object is more common 
in premium products. Work done by companies are however often kept 
unpublished. 

The contribution of this work and thesis is knowledge of the contact 
between finger and surface. How does surface and material parameters 
influence tactile friction and what needs to be thought of when designing 
the feel of a surface? What are the major parameters when it comes to the 
skin, the surface and the material? To answer this the work started with 
measuring friction coefficient and contact area under different conditions 
with a group of volunteers. From that the work continued with modelling 
the contact between a finger and sinusoidal surface. Meanwhile were a lot 
of thoughts put into how similar and smooth surfaces could feel so 
differently, so in the next test the surface roughness was disregarded and 
instead tactile properties of four smooth surfaces were studied. Since 
smooth surfaces can be separated by touch it was of interest to investigate 
what influence the material has on tactile friction. Especially with hardness 
and thermal conductivity out of the picture adhesion becomes an 
interesting and important factor. As it is a material parameter often over-
looked, how much of an impact does it have on how a surface is perceived? 

Friction coefficient 
In this part the central and underlying theory of finger friction is presented. 
A finger held on a surface with a normal load N and being moved with 
a velocity v over a surface results in a friction force Ff (fig. 1). Depending 
on the normal force, size and angle of the finger, the resulting contact area 
can vary and have a big influence on the contact. 

Figure 1. Finger pushing down on a surface with the normal load N and 
stroking it with velocity v, resulting in a friction force Ff. 
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The resulting friction coefficient depends on the contact area and prop-
erties of the skin and counter material. The friction coefficient can be 
divided into two components, one originating from deformation of the skin 
and one from adhesion between the skin and surface. To be noted is that 
deformation and adhesion interfere with each other in different ways. For 
example, increasing the contact area increase friction coefficient and an 
increase in adhesion increase the contact area. The coefficient of friction is 
in its simplest form defined as the quotient between tangential friction 
force and applied normal load: 

 = fF
μ

N
  (Eq. 1.1) 

This friction coefficient can in the case of finger pad against surface be said 
to be the sum of two components: deformation and adhesion: 

 = +def adμ μ μ   (Eq. 1.2) 

As the finger strokes a non-smooth surface, the grooves and ridges of the 
surface deform and compress the skin resulting in energy losses and 
increased friction. This deformation component can be calculated in 
different ways. In one method, from Bhushan [12], the ridges plastically 
deform the skin like a plough (fig. 2a) or in a viscoelastic model from 
Greenwood, Minshall and Tabor [13] (fig 2b), the work from deformation 
losses cause increased friction coefficient. 

Figure 2. Ploughing model to the left (a), where the cylindrical ridge 
plastically deform the surface. To the right (b) is the viscoelastic 

model, where the skin is deformed and then 
returned to its original form. 

Plastic deformation does not occur while touching a surface, but for small 
deformations and with the soft skin it can still be an approachable way of 
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estimating the friction from deformation. It is defined from the radius of 
the ploughing object R and ploughing depth δ: 

 
( )

=
−

,

1

2 1
def plasticμ

R
δ

  (Eq. 1.3) 

Since the skin is not plastically deformed a better model would be a 
viscoelastic one in which work is dissipated due to the viscoelasticity of the 
skin. From a model of a hard spherical slider on lubricated rubber [13], the 
friction force for a cylinder sliding on a flat surface can be described as 

 
2
3cyl
βWaF
πR

=   (Eq. 1.4) 

where β is the viscoelastic loss fraction, W the load per unit length, a half 
the contact width, and R the radius of the cylinder. To get the friction 
coefficient the tangential force is divided with the normal load, as in  
Equation 1.1. 

 =,
cyl

def visc

F
μ

N
  (Eq. 1.5) 

The adhesion component of friction originates from molecular forces 
between the skin and the surface, and if assuming that the interfacial shear 
strength τ is not pressure dependent it can be calculated with 

 = real
ad

τA
μ

N
  (Eq. 1.6) 

where Areal is the real contact area. Interfacial shear strength τ can be 
calculated from measurements using 

 f

real

F
τ

A
=   (Eq. 1.7) 

The problem with calculating friction coefficient from adhesion is both the 
interfacial shear strength and real contact area in Equation 1.7. The 
interfacial shear strength is calculated from friction tests, which means 
that the friction coefficient is already known. Moreover, the real contact 
area is very difficult to either measure or calculate. 
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Contact area 
The contact area between finger pad and surface can be viewed at three 
levels. Figure 3a shows the nominal contact area that is defined by the 
outer elliptical shape of the fingerprint. A more accurate value is the 
apparent area (fig. 3b) that most people recognise from seeing a 
fingerprint. The next step is to look on the microscopic topography on the 
ridges of the fingerprint and determine the real contact area (fig. 3c). This 
work is limited to nominal and apparent contact areas. As we know each 
fingerprint is unique but the ratio of ridge and valley is quite similar. 
Measurements on fingerprints show that the ratio between nominal and 
apparent contact area lies in the range of 45-55% [14, 15] for a finger that 
is pressed against a smooth surface. 

Figure 3. Nominal (a), apparent (b) and real (c) contact area between 
finger pad and smooth surface. Ratio between nominal 

and apparent is approximately 45-55%. 
The contact radius for sphere against plane, according to Hertzian theory, 
is 

 = 3
*

3
4Hertz

FRa
E

  (Eq. 1.8) 

where F is the normal force, R the radius of the sphere and E* the combined 
Young’s modulus, which is calculated from the Young’s modulus and 
Poisson’s ratio of the two materials: 

 
2 2
1 2

*
1 2

1 11 ν ν
E EE

 − −
= + 
 

  (Eq. 1.9) 

Adding adhesion force according to the Johnson-Kendall-Roberts (JKR) 
[16] model for adhesion in elastic contact increases the contact area, which 
expands Equation 1.8 to 
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 ( )+
 = + + +  

3
, , ,*

3
2 2

4Hertz JKR ad JKR ad JKR ad JKR
Ra F F F F F
E

 

 (Eq. 1.10) 

With liquid in the contact and the assumption that the liquid only fills the 
ridges and do not form a film, the JKR model for adhesion in elastic contact 
can be assumed to still be applicable. The capillary meniscus force Fcap 
between sphere and plane can be calculated using a model by Israelachvili 
[17]: 
 = 4 cosΘcap lF πγ R   (Eq. 1.11) 

The parameter γl is the surface tension (which for water is 0.072 N/m) and 
the meniscus contact angle Θ is described in Figure 4. 

Figure 4. Sphere on plane with a liquid forming a meniscus and 
parameters used to calculate the capillary meniscus force. 

Also assuming that the capillary force originating from the liquid is 
additive to the normal force [12] means that the capillary force could be 
added to the contact area calculation in equation 1.11 resulting in 

 ( )+ +
 = + + + + +  

3
, , ,*

3
2 2

4Hertz JKR cap ad JKR cap ad JKR ad JKR cap
Ra F F F F F F F
E

 

 (Eq. 1.12) 

As an example, Figure 5 below show how the contact area increases with 
increasing normal force for the contact between a finger with radius 10 mm 
and a glass surface. 
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Figure 5. Nominal contact area between finger and glass surface with 
increasing normal load. The three lines represent with 

and without adhesion and capillary forces. 
So for a smooth surface the contact area is almost completely determined 
by the properties of the finger pad. If the surface has some kind of 
roughness or texturing that could decrease the contact area. For example, 
if the surface has a topography made out of waves that are long compared 
to the nominal contact area, the contact area could still be the same as a 
smooth surface. However, if the surface is jagged like a comb the contact 
area would only consist of a sum of small contact points. 

Adhesion 
Instead of trying to calculate the adhesion component of friction from 
already made measurements, it can be estimated from free surface energy 
and the static adhesion between surfaces. Just as different kinds of glue are 
used for different kinds of materials, different materials adhere to each 
other in different ways. An extreme example is sticky adhesive tape, but 
even regular materials have that same kind of stickiness or adhesion, just 
much less. Figure 6 illustrates a finger pushing and adhering to a surface, 
and Figure 6c outlines how, when lifting the finger, the skin adheres to the 
surface, resulting in a more or less “sticky” feeling.  
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Figure 6. Finger (a) deforming when being pushed onto a surface (b)  
and then adhering when retracted from it (c). 

The work of adhesion per unit area W12 is the work required to separate 
two surfaces and is defined as 
 = + −12 1 2 12W γ γ γ   (Eq. 1.13) 

where γ1 and γ2 are the surface energies of the two bodies, and γ12 the 
surface energy of the interface between the two bodies when they are in 
contact. The parameter γ12 is difficult to determine and therefore the 
following equation can be used instead: 

 ( )= +12 1 2W c γ γ   (Eq. 1.14) 

The constant c represents the tribological compatibility of the two 
materials. For two identical materials the compatibility has a value of one. 
As the compatibility decreases so does the value of c. Rabinowicz [18] 
created a compatibility chart for different kinds of metals, which shows 
that the compatibility for metals vary between 1 and 0.12. He did the same 
for polymers and found that the compatibility varied between 0.8 and 0.95. 
Metal to ceramic, metal to polymer and ceramic to polymer, which have 
different chemical structures, are assumed to be tribologically incompat-
ible and therefore the constant c is set to 0.12 [18]. 

For bodies of micrometre scale and larger the Johnson-Kendal-Roberts 
(JKR) [16] model is commonly used for adhesion force between a sphere 
with radius R and a half space. 

 = 12

3
2JKRF πRW   (Eq. 1.15) 
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Subjective tests 
How to best perform subjective tests with panels and forms is a research 
subject in itself and there are many ways of approach. One firmly 
established method is the Quantitate Descriptive Analysis (QDA) [19], 
which is an approach that measures a product’s sensory characteristics, 
originally developed for the food industry but applicable for all senses.  

A common deviation from this method is the test group. Initially the 
participants were to be well trained or professionals in order to screen out 
the product that had the best taste, smell or texture. This is not always 
possible, so both here and in similar tests [20–22] the products were just 
compared by a group of persons that were familiar with the product. The 
method also suggests 12-16 repeated tests to assure the performance and 
consistency of the test panel. This is also an often disregarded factor, 
mainly because of the time it would consume but the importance of 
performance must also be taken into account. The original method is 
designed to distinguish between small differences in smell, taste or texture 
of food. However, in some tests the products are quite different and just 
need to be graded accordingly, making it much easier for the test panel. 
Depending on the product it may be necessary to blindfold the test panel 
or in some way hide the products. For surface samples like this an easy, 
functional and common way is to put the surfaces in a box with a hole so 
the participants can insert their hand and evaluate the surfaces without 
being able to see them. 

Figure 7. A common setup to hide the samples from the test panel. 
The surfaces are placed in a box with a hole so the participants 

can put their hand inside and feel but not see the products. 

 



INTRODUCTION │11 
 

How to analyse the results also vary. For tests of many products several 
tests were made to analyse the subjects’ consistency. Then, for instance, 
Analysis of Variance or linear correlation using Pearson’s r could be used. 
Here, where test samples and evaluated parameters are few, a more simple 
approach can be used. Similar to the method done by Lederman [22] or 
Skedung [21], for example, the surface parameters and subjective opinion 
were compared one to one. 

Humidity 
Temperature and humidity have a big impact on finger-surface interaction 
and how a surface is perceived. The skin humidity differs from person to 
person but also of what condition the skin is at a certain time. The skin 
humidity also has a direct impact on the friction coefficient [23, 24]. As we 
all know a warm and humid environment results in perspiration that 
increase the humidity in the skin and contact. Sliding a finger in some 
conditions would therefore also result in an increase of moisture or liquid 
in the contact with time. Figure 8 shows the static contact between finger 
and a glass surface at 30°C and 70% relative humidity after 0, 10 and 30 
seconds. 

Figure 8. Contact between static finger and glass surface in 30°C and 
70% relative humidity after 0, 10 and 30 seconds. 

The dark areas are where moisture have occluded and it is clear how this 
area grows with time. The liquid affects the tribological aspects so both 
friction coefficient and tactile experience would differ for the different 
cases. How liquid is formed on the surface is also affected by the thermal 
conductivity and wetting properties of the material [25]. As shown here 
time is also an important factor. 
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Sensory receptors 
The tension and deformations occurring in the skin when stroking our 
fingers over a surface are transferred deeper into the different layers of the 
skin and the sensory receptors located there. For example, we have 
thermoreceptors that sense cold or heat. More relevant for tactile friction 
are the mechanoreceptors, which located at different depths register 
pressure or vibrations, for instance. Figure 9 below presents the mechano-
receptors and their placement in the skin. Ruffini corpuscle is one of the 
slow adapting receptors and is sensitive to stretching and sustained 
pressure of the skin, and has the highest density around the fingernails. It 
can also sense heat. Merkel cell is placed closer to the surface then the 
Ruffini corpuscle and is also a slow adapting receptor activated by 
pressure. The Merkel cell senses pressure, position and deep static touch. 
Meissner’s corpuscle is mainly used for light touch and therefore 
concentrated in, for example, finger pads and lips. Pacinian corpuscle is 
classified as a rapidly adapting receptor and is especially sensitive to 
vibration that occurs when stroking a rough surface, for instance. 

Figure 9. Image of skin with different layers, hair, sweat glands, and 
the four different kinds of mechanoreceptors [26]. 
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Thus, when stroking a surface a field of tension, stresses and vibrations 
occur in the skin. Different mechanoreceptors are located at different 
depths and are sensitive to different stimulation. All of them are connected 
to the nervous system, and what they register are sent to the brain where 
the actual perception of touch takes place. 

Proprioception is the sense of the relative position of neighbouring parts 
of the body and tension in muscles. When stroking a surface the occurring 
friction not only causes forces in the skin but also in fingers and arm. If the 
surface is sticky it could require more force by the finger or arm to slide the 
finger, and this required force is sensed by proprioceptors in parts such as 
muscles and tendons. 

Research questions 
The research questions addressed in this thesis are: 

1. How large is the variability of friction coefficient and contact area 
between fingers and smooth glass or glasslike surfaces for a group of 
people, and can a discrete value for the friction coefficient be predicted? 

2. How can nominal and apparent contact areas for the fingerprint be 
distinguished and measured during static and dynamic contact? 

3. If tactile friction originates from deformation and adhesion, can a 
model be made and used to estimate these parameters and in lieu 
calculate the friction coefficient? 

4. If some surfaces made of different materials are smooth, and therefore 
minimising the deformation component of friction for sliding contact, 
what material properties can be distinguished and what role does 
adhesion play for distinguishing the materials? 

5. Since measuring adhesion directly on skin is difficult and the result is 
highly dependent on the condition of the skin, how can a test probe be 
used instead and what influence does the surrounding climate have? 
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Delimitations 
This thesis investigates the interaction between skin and surface. The 
studied surfaces were mainly transparent, ultimately enabling image 
capture of the contact areas. However, the theory discussed is not 
influenced if the material is transparent or not. Surfaces were either 
smooth or sinusoidal. The reason for this was that these were well-defined 
topographies, which made modelling easier. 

Only the skin surface and how it interacted with the counter surface were 
studied. How the tension and vibrations were induced into the skin and 
affect the mechanoreceptors were not investigated. When using the test 
panel the investigations centred on whether the participants could perceive 
differences between different surfaces or not rather than how the surfaces 
actually were perceived.  
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Method 

When conducting research on finger friction and tactility there are several 
things to look at. Finger friction covers the interaction between finger and 
surface. Contact area, deformation of the skin and adhesion are examples 
of parameters that can be measured, modelled or in other ways evaluated. 
Extending from finger friction to tactile friction or tactility requires 
including the opinion on how the finger friction are experienced or per-
ceived, which is preferably done by test panel participants who give their 
opinion on the feel of different surfaces, for example. 

Friction coefficient 
Friction coefficient was measured in two different ways depending if it was 
finger against surface or test probe against test surface. In either way the 
methods are the same. The finger or test probe is pushed down with a 
specified normal load. Then either the finger, test probe or surface is 
moved with a specified speed, resulting in a tangential force. 

Forceboard 
Friction coefficient between finger and surface was obtained using a 
universal force tester called Forceboard (Industrial Dynamics Sweden AB, 
Järfälla, Sweden). Using strain gauges it measures normal and tangential 
force from which friction coefficient can be calculated (fig. 10). 

Figure 10. Pressing and sliding finger against the Forceboard results in 
a tangential and a nominal force from which the fiction coefficient 

can be calculated. The hole in the table is to enable image acquiring. 
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The Forceboard was extended with an aluminium frame to hold test 
surfaces at the size of 60 x 110 mm. With the holder placed outside of the 
friction tester and if transparent surfaces were used the contact could be 
seen and evaluated in the friction coefficient tests. The Forceboard is 
connected to a computer via USB and all data are acquired from the 
accompanying software. Normal force, tangential force and resulting 
friction coefficient can all be seen directly with the software. From the 
measurements the data are then imported into MATLAB or Excel, where the 
steady state of the friction history was cut out and an average calculated.  

Pin-on-disc 
For friction coefficient tests between test surface and probe a pin-on-disc 
tribometer was used. The pin-on-disc consists of a rotating disc and a 
stationary pin loaded with a dead weight (fig. 11). 

Figure 11. The pin-on-disc tribometer with a tangential load cell (a), 
bioskin probe (b), sheet of glass (c) attached to the rotating 

disc and a dead weight (d) [27]. 
The sliding velocity is determined by the rotational speed of the disc and 
the radius at which the pin is positioned. The tangential force on the pin is 
measured with a load cell, and with the dead weight applied the friction 
coefficient can be calculated. 
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Contact area 
The contact area between skin and surface is in general measured in two 
different ways. The first is to cover the finger with some paint or ink, press 
the finger against the surface and then measure the area of the fingerprint. 
However, this does not work if the finger is sliding. If the surface is trans-
parent and smooth the contact area can be photographed or filmed by some 
kind of camera or microscope. The stored image can then be analysed and 
the contact area can be evaluated. 

Two different kinds of equipment were used to evaluate the contact area 
between finger and surface. In the first paper an AFM Primos Compact 
(LMI Technologies, Vancouver, Canada) was used, it is a fringe projection 
camera that measures an area of 30 x 40 mm2 and produces a 3D surface. 
It has a resolution in the X- and Y-axis of 60 µm and 4 µm in the Z-axis. 
Later a Dino-Lite (Dino-Lite, Torrance, CA, USA) microscope was used, it 
has 10x-90x magnification, and a resolution of 1280 x 1024 pixels. 

Figure 12. To the left a picture of the finger pad and to the right a 
topographic image of a finger pad in contact with 

a sheet of glass. Both pictures were made 
using the projection camera. 

Adhesion 
The principle of measuring adhesion is quite simple with just a test probe 
approaching, making contact with, and then retracting from the test 
surface. Figure 13 shows the cantilever and probe on the nano tribometer. 
Molecular forces cause the surfaces to attract resulting in an adhesion 
force. The adhesion force is quite small and requires sensitive equipment. 
This also makes it impossible to measure on a finger since even the smallest 
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movement would ruin the measurement. Two different kinds of equipment 
were used: a Discovery HR-2 hybrid rheometer (TA Instruments, New 
Castle, DE, USA) with a force resolution of 0.5 mN; and a nano tribometer 
(NTR2, Anton Paar TriTec, Peseux, Switzerland). A piezo actuator gives it 
0.03 µN force resolution. 

Figure 13.Cantilever arm (a) and bioskin probe (b)  
on the nano tribometer [28]. 

One measurement provides the force that acts on the normal force sensor 
over the time a measurement takes. The largest negative force occurring 
gives the adhesion force. This value was read directly from the program 
and no further analysing or filtering was required. An example of four 
adhesion force measurements can be seen below. 

Figure 14. Measured adhesion force between a probe made of bioskin 
and four different surfaces. 
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Subjective tests 
The method used here differs in one point from the QDA method. With the 
large number of participants multiple evaluations were not feasible. The 
participants were, however, recommended to feel and compare the 
surfaces as much as they wanted so they would not rush any answer. The 
surfaces that were evaluated were placed in a box in which the panellists 
could insert their hand to touch the surfaces. Since all surfaces were in one 
box they could easily compare the surfaces while filling out the form. 
Before testing the participants wiped their hands with a paper cloth but no 
washing agent was used since that would remove the sebum. Evaluating 
the surface could be done by sliding or tapping the finger. 

The forms were written so that the representative mark for each surface 
was placed on a non-graded scale (fig. 15). In that way the participant, 
while feeling out the surfaces, could grade them relative to each other. 

Figure 15. Example of grading in panel tests and how 
the results are interpreted. 

Each grading was then rescaled between 0 and 10 like in Figure 14 since 
different participants used different parts of the scale. In this way it was 
clear which was the lowest and highest ones, and how the remaining two 
surfaces were graded. This method agrees with the QDA method [19]. The 
properties for the surfaces, measured or taken from material data, could 
then be compared to the participants’ grading.  

Model for contact 
To evaluate the contact area and deformation a model of the contact 
between a finger and a sinusoidal surface was developed. From these 
parameters the adhesion and deformation components of the friction 
coefficient could then be estimated. The finger pad was visualised as 
concentric trapezoids resulting in rings that resemble a simplified 
fingerprint (fig. 16 a and b). 
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Figure 16. Left (a) and middle (b) show how the finger was imagined in 
the model. Trapezoids in a concentric pattern made up a fingerprint. 

To the right (c) an example of a sinusoidal counter surface [29]. 
Pressing this fingerprint against a sinusoidal surface (fig. 16 c) would result 
in a series of line contacts. Higher pressure and long wavelength would 
result in wider lines compared to low pressure and short wavelengths. The 
wavelength also affects the number of line contacts that fit onto the 
fingerprint; double wavelength means half the amount of contacts. 

With the tops of the finger ridges being considered as flat and relatively 
large compared to the scale of the counter surfaces, the local contact 
between a single wave of the surface and skin was modelled as a flat against 
a sinewave surface (fig. 17). 

Figure 17. Model of contact between flat skin and the test surface. Given 
parameters are the amplitude of the test surface Δ and 

wavelength λ. Deformation depth δ, contact width 2a and 
estimated contact radius R were calculated. Red crosses 

show the points from which contact radius was calculated. 
When the soft skin is pressed against the harder surface the skin is 
deformed and sink into the pattern of the surface, resulting in an increased 
contact area. From a model of Westergaard [30] the contact width 2a can 
be calculated with 
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where λ is the wavelength, p mean surface pressure and p* the pressure 
needed for full continuous contact, which is calculated with 
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 π
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The combined Young’s modulus E* is calculated as presented in Equa-
tion 1.9, and amplitude Δ and wavelength λ is given from the surface. This 
method by Westergaard has been used for similar calculations, for example 
in [31]. 

To calculate the deformation component of friction the penetration depth 
δ is also needed. The deformed skin is a sinewave with the same wavelength 
as the counter surface, when the mean surface pressure p is zero the result 
is a straight line and when it reaches the pressure needed for full contact p* 
it has the same properties as the counter surface. The equation for the 
deformed skin is 
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  (Eq. 2.3) 

where ν and Es is the Poisson’s ratio and Young’s modulus for the skin, 
respectively. 

With the contact width 2a only known the total contact length is required 
to calculate the contact area. Figure 18 shows how the wavy surface forms 
contact lines on the simplified fingerprint. Calculating the total contact 
length is a strictly analytical procedure and can be done in several ways. 
Using MATLAB and making a function for the length of the chords were 
found to be a fast, simple and accurate method. 

Figure 18. The imagined fingerprint with contact lines from 
the sinusoidal counter surface. 
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The contact width and length are then simply multiplied to get the total 
contact area. From that the adhesion component of friction can then be 
calculated using Equation 1.8. 

To calculate the deformation component of friction, as suggested either 
with the plastic or viscoelastic model presented earlier (Equations 1.3 and 
1.5), apart from the deformation depth δ presented above, the contact 
radius R is also required. Since the surface in this case is formed as a 
sinewave an exact contact radius is not feasible. The contact radius for a 
point x on a sinus wave can be approximated with 
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In analyses made here the radius was instead calculated using three-point 
approximation. The points used are the peak point and where deformation 
depth intersect with the skin, marked with red crosses in Figure 17. 
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Summary of appended papers 

In paper A, a fringe projection camera was used to take topographic 
pictures of finger pads as they slide over a glass surface. Tests were made 
on both one and three fingers, naked and with a rubber glove and in normal 
and wet conditions. In combination with a total of 66 participants this 
produced a large amount of data of finger friction coefficients and contact 
areas between finger and surface. The results could be explained by 
existing models, but the most interesting part of the results are the huge 
spread in friction coefficient showing the difficulties in designing a surface 
for a specific target friction. 

Paper B dealt with looking more into and modelling the contact area. 
Finger friction tests had been done for 17 sinusoidal surfaces with wave-
length ranging from 0.27 µm to 98.8 µm, and amplitude from 7 nm to 6 
µm with resulting friction coefficient from approximately 0.3 to 1.2. From 
those results the aim was to model the contact area and see if it would 
correlate with and explain the variations in friction coefficient. The 
fingerprint was simplified as concentric trapezoids. A stiff surface in 
contact with soft skin caused deformation and change in contact area. 
From the penetration depth, the deformation component of friction was 
calculated in two different ways. The correlation between the measured 
and calculated friction coefficient from adhesion were evaluated with a 
linear fit and the coefficient of determination R2 was 0.85, thus showing a 
good correlation between the two datasets. Interesting to point out is that 
even if three of the surfaces had an amplitude in the range of nanometres 
this impacted the contact area and the model was able to show that. 
Furthermore, the usability and validity of the model above was tested in 
paper C. New surfaces, whereof some were made of a different material and 
also with a larger range of wavelength and amplitude, were tested for 
perceived roughness and slipperiness. 

Paper D looks further into what actually happens in the contact. If two 
surfaces are smooth they probably have similar contact area with a finger 
but can still feel very differently. So what happens in the actual contact? A 
test panel did feel and evaluate four different but similar smooth surfaces. 
Their ratings of the surfaces were compared to measured values or data 
and parameters for the surfaces. Focus was on adhesion or more commonly 
called “stickiness”. Since all surfaces were smooth the molecular inter-
action between surface and finger became dominant and these tests were 
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performed to investigate whether the panel could distinguish the 
differences or not. Results showed that the test panel could distinguish 
differences in adhesion, friction coefficient, hardness and thermal 
conductivity. They graded the coarseness of the surfaces differently even if 
they all were smooth. An important finding was that even if the adhesion 
was measured with a probe made of polyurethane-based bioskin those 
results correlated with the perceived adhesion of the test panel, showing 
that a test probe could be used to evaluate the tactile properties of a surface. 

Since adhesion was found to be an important factor more tests were to be 
made on this. The aim of paper E was to further assess the bioskin probe 
as a tool to evaluate the tactile properties of a surface. To examine the 
usability further the friction coefficient and adhesion were tested with the 
same surfaces as earlier but at three different climates. The climates were 
normal room temperature with temperature of 24°C and relative humidity 
(RH) of 50%, colder climate at 16°C and 48% RH, and warmer climate at 
33°C and 55% RH. For comparison finger friction was also measured for 
the same four surfaces in the same climates. At room temperature friction 
coefficient and adhesion measured with bioskin correlated but friction 
coefficient measured with finger did not correlate so well with either. 
Increasing temperature and humidity resulted in moisture in the contact 
and increased friction coefficient, a phenomena not present for the bioskin.  

The adhesion tests with bioskin responded differently depending on if the 
counter surface was made of glass or polymer. Results showed that a probe 
of some sort can be used to evaluate the tactile properties of a surface, but 
care must be taken with regard to the surrounding environment and the 
tribological compatibility between the surface and the test probe. 
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Results 
To answer the research question a series of experiments were conducted, 
including measuring friction and adhesion. Friction was tested both for 
fingers and test probe on different materials. On one occasion the opinion 
of a test panel was also studied. 

How large is the variability of friction coefficient and contact area 
between fingers and smooth glass or glasslike surfaces for a group of 
people, and can a discrete value for the friction coefficient be predicted? 

Friction coefficient is highly dependent on the system as a whole, and 
therefore is it difficult to give any discrete value for friction coefficient for 
skin against a surface. There are a lot of parameters that influence the 
friction coefficient and the finger pad itself has a lot of variables. Size, skin 
condition and humidity are three major ones. As shown in paper A, in a 
test group of 66 persons the friction coefficient between finger pad and 
regular soda-lime glass was on average 1.96 with standard deviation of 
0.63, but with extreme variations down to 0.6 and up to 8. During the same 
tests the nominal contact area was on average 133 mm2 with the standard 
deviation of 46 mm2. Here there were also large variations with a minimum 
and maximum result of 55 and 221 mm2, respectively. This variation 
depended not only on the size of the finger but was equally or greater 
influenced by at what angle the participant held the finger.   

How can nominal and apparent contact areas for the fingerprint be 
distinguished and measured during static and dynamic contact? 

Using ink and making a mark of the fingerprint is still a good way of 
evaluating the apparent contact area. It is, however, highly dependent that 
the finger is stationary. To evaluate the finger pad in motion a common 
way is to use a transparent surface and then monitor the contact with some 
kind of optical equipment. In general any kind can be used, but resolution, 
shutter speed, test setup, and lighting are important. In paper A a fringe 
projection camera was used. Using lighting, shadows and taking several 
pictures it can produce a 3D image of the surface. It could be used through 
a sheet of glass and if a topographic image is desired this is a great 
advantage. These cameras come in different models and the required 
resolution of selected equipment should be carefully considered. The 
disadvantage is that they are not suitable for taking pictures of objects in 
motion. In papers D and E a microscope was therefore used. With its small 
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size it allowed easy mounting in the test rig and below the evaluated 
surface. It was connected to a computer via USB, and with the 
accompanying software simple aspects such as the shape, diameter and 
nominal contact area can be evaluated. 

Disregarding the method used the best way to further analyse the apparent 
contact area is image processing, for example in MATLAB. With the right 
lighting set a good contrast between contact and not contact gives a distinct 
fingerprint from which, if the setup is calibrated, the nominal contact area 
could be calculated. 

If tactile friction originates from deformation and adhesion, can a model 
be made and used to estimate these parameters and in lieu calculate the 
friction coefficient? 

In paper B, a model for the contact between a simplified fingerprint and a 
sinusoidal surface was developed. The key elements to calculate were the 
real contact area and deformation of the skin. From the contact area the 
friction coefficient component from adhesion could be evaluated, and from 
the displacement of the skin the deformation component of friction could 
be calculated. The real contact area and friction coefficient from the model 
correlated well with measured values. For the deformation component it 
was calculated in two different ways: a plastic model and a viscoelastic. The 
viscoelastic model gave friction coefficients that correlated best with 
measured friction coefficients but they were extremely low, showing that 
the adhesion for these surfaces was the major component. The model was 
then validated for new surfaces of different material and other wavelengths 
and amplitudes in paper C. 

If some surfaces made of different materials are smooth, and therefore 
minimising the deformation component of friction for sliding contact, 
what material properties can be distinguished and what role does 
adhesion play for distinguishing the materials? 

It is one thing to distinguish between different surfaces but how do we 
identify different materials? That some materials feel warm or cold is well 
known but what other factors do we use? In paper D four smooth and 
similar surfaces were evaluated by a test panel. Being smooth, and thus 
eliminating differences in contact area and the deformation component of 
friction, leaves only material parameters to be evaluated. Thermal 
conductivity could be distinguished between glass and polymer. For 
perceived hardness or Young’s modulus the test panel could only 
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distinguish the softest material, while the other three were graded the 
same, even if there were differences between all of them. This suggests that 
there is a threshold at which softer materials can be distinguished from 
harder. Most interesting and the main aim of the research was how the 
participants could feel adhesion differences. Their opinion on the adhesion 
correlated very well with both measured and analytically calculated values.  

Since measuring adhesion directly on skin is difficult and the result is 
highly dependent on the condition of the skin, how can a test probe be used 
instead and what influence does the surrounding climate have? 

It was shown that the adhesion influences the tactual perception of a 
surface. It was then of interest to work further on how the adhesion can be 
measured and how robust the measurements are. In paper E the same 
materials were used as in paper D, but other equipment and environments 
were used. Results showed that a test probe can be used to give a simple 
indication of the adhesion for the surface but there are several aspects to 
consider. Different materials interact differently with each other so com-
patibility must be taken into consideration. The environment also has a big 
influence. When the temperature and humidity rise so does the 
perspiration from the skin. This results in a more moist contact for the 
finger than the test probe, which of course changes the characteristic 
tribological aspects.
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Discussion 

Although tactility and grading the feel of a surface is mainly subjective 
perception, understanding the underlying phenomenon and theory are 
important. It is easy to say if two surfaces feel differently, but in what way 
and why are key words to the ability to improve or change the feel of named 
surface. The aim of this work was to increase the knowledge on the friction 
and contact between finger and surface. 

How large is the variability of friction coefficient and contact area 
between fingers and smooth glass or glasslike surfaces for a group of 
people, and can a discrete value for the friction coefficient be predicted? 

To accurately predict friction coefficient between surface and finger with 
today’s knowledge is difficult. With such a huge diversity among fingers, 
skin types and skin conditions the variability is very large. The standard 
deviation is large compared to the average resulting in a low validity. 
Surface and material properties can, however, be adjusted to increase or 
decrease the friction coefficient. Another way is to alter the electric charge 
of the surface but that is in no way discussed in this thesis. 

For a smooth surface, the friction coefficient is determined only by the 
adhesion between the skin and surface. The adhesion in such a case is 
determined by the skin, material of the surface and indirectly by the 
surrounding environment. Disregarding the skin and environment means 
that altering the friction coefficient of a smooth surface means changing 
the material itself.  

Finger friction measurements have been done previously by other 
researchers with slightly different objectives. The aim was often purely 
empirical such as modifying the friction and grip of handheld objects [2, 3, 
32, 33], and sometimes it was to investigate how it varies with humidity or 
other contaminations [1, 34–39], for example, while another newer field 
focused on developing robotic fingers for grip or tactile evaluation [8, 40, 
41]. And, of course, sometimes in finger friction measurements the counter 
surface is the point of interest and not the finger itself [42]. 

Combining all of these provides a big database of material, contact 
parameters and resulting friction coefficient. The problem is that the 
presented friction coefficients in no way are a reliable value for contact 
between that surface and finger. Doing the same test, with the same test 
person a different day, with slightly different skin conditions could alter 
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the results. In general predicting a friction coefficient for sliding contact is 
difficult. For skin it is even more so since there is such a large variation in 
skin types and conditions. 

Yet, just because it is difficult to determine a quantative value for the 
friction does not mean that testing finger friction is without practical use. 
Conducting tests on several different materials, with different test partici-
pants and comparing them with other work reveal how the friction 
coefficient differs from different materials. Since all skins have the same 
basic chemical composition, an assumption is that differences in friction 
coefficient depend on parameters like humidity and skin condition and not 
each individual. Two parameters that interfere with this is temperature and 
humidity since they change the tribological system and thereby the friction 
coefficient.  

How can nominal and apparent contact area for the fingerprint be 
distinguished and measured during static and dynamic contact? 

Methods for measuring the contact between finger and surface range from 
the old fashioned inked finger pad to optical coherence tomography [43], 
for instance. It can be said that the contact area depends a lot on the person 
behind the finger, not only size of finger but also at which angle the finger 
is being held and with what force it is being pressed. The ratio between the 
nominal and apparent contact area is also well investigated and the value 
can be set to approximately 45-55% [14, 15]. 

The best way to measure the contact area between a smooth transparent 
surface and a finger is probably an optical setup with a camera such as that 
used by André et al. [34]. High resolution and sensitivity are desirable, and 
other than that good lightning is important to grant pictures with high 
contrast between contact and non-contact areas. 

Fringe projection is an alternative method, which is benefitted by the fact 
that it gives a topographic image of the finger pad. The disadvantage is 
lower resolution, and due to the nature of the technique it does not allow 
for taking pictures of a moving finger pad. So for most cases some kind of 
camera or microscope with a proper optical setup are recommended, but if 
a topographic image is desired fringe projection can be worth looking into. 

Measuring the contact area between finger and a non-transparent surface 
does not leave too many options, especially for evaluation in the dynamic 
case. For stationary contact the inked finger is still an alternative. The 
contact can also be evaluated with pressure sensitive film but that gives low 
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resolution and accuracy. Electrical resistance is also a tested method [44] 
but limitation in resolution restrains the practical usage.  

If tactile friction originates from deformation and adhesion, can a model 
be made and used to estimate these parameters and in lieu calculate the 
friction coefficient? 

The developed model correlates well with measured results. It is a model 
of how the properties of a sinusoidal surface influence the size of the 
contact area, deformation and consequently the friction coefficient. An 
obvious limitation is the restriction to sinusoidal surfaces that are not all 
that common. However, this is also a direction where the model can be 
extended. The sinusoidal ridge could be replaced with any other form to 
calculate a new contact area and deformation. Other limitations include a 
surface that is too smooth, the normal load too high or skin too soft. Any of 
these cases would lead to full contact eliminating differences in the 
calculated contact area. Paper A and B does anyhow show that the model 
works to calculate how a surface pattern affects friction coefficient, and it 
is believed that the model could be extended further to work on surfaces 
with other properties. 

Other models of skin have often been proposed with a purpose of 
predicting properties or behaviour of the skin under different conditions. 
Kuilenburg et al. [45] investigated what value to use for the modulus of 
elasticity, a parameter depending mostly on the level of deformation and 
therefore difficult to set. Fouad et al. [46] tested and modelled the skin as 
a viscoelastic material to help determine the anisotropy of skin. To predict 
the frictional behaviour under the influence of varying levels of hydration 
Veijgen et al. [47] created a model that predicted both static and dynamic 
friction coefficients. Since a rough surface induces vibrations in the finger, 
Fagiani and Barbieri [48] created a numerical model for how the inter-
ference between finger and surface generate vibrations and therefore 
activation in the mechanoreceptors. 

If some surfaces made of different materials are smooth, and therefore 
minimising the deformation component of friction for sliding contact, 
what material properties can be distinguished and what role does 
adhesion play for distinguishing the materials? 

Thermal conductivity is a well-known material property that makes a great 
difference with regard to how a material is perceived. Wood is being 
described as warm and concrete as cold, but these attributes are also 
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connected to each other, as an example is shown in Figure 19 [49], 
comparing thermal conductivity and Young’s modulus. 

Figure 19. Thermal conductivity and Young’s modulus for 
some common groups of materials [49]. 

Adhesion or stickiness in tactile applications, on the other hand, is not as 
documented. Adhesion is a well-known phenomenon and perceived stick-
iness of surfaces is sometimes studied within research on perception and 
the contact between finger and surface. However, connecting these two, 
and connecting tactile perception with adhesion and material properties, 
has not been found. Starting with four smooth and similar surfaces, which 
despite their similarities had a distinctively different feel to them, it was 
interesting to let a test panel grade the perceived adhesion and compare it 
with a measured value. Since measuring the adhesion between surface and 
skin is not possible, a test probe of polyurethane-based bioskin was used. 
Although the differences in materials were quite vague the panel managed 
to grade the surfaces according to the measured adhesion. Moreover, 
measured adhesion correlated with measured friction coefficient. Mean-
while, the perceived friction coefficient did not correlate with either. In this 
lies the importance of this finding. Since the friction coefficient between 
smooth surfaces and the finger originates from adhesion, adhesion is 
therefore an important factor to know or measure, especially when 
designing for feel since grading friction coefficient is difficult and also 
inaccurate when done by a test panel. 
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Investigating the perception of surfaces and stickiness is nothing new; a 
study from 1923 [50] established some basics facts around stickiness. The 
underlying theory was studied by Pailler-Mattéi and Zahouani [51], who 
measured adhesive forces and mechanical properties of human skin. 
Furthermore, stickiness has been a common parameter when evaluating 
tactile surface properties [20], while other interesting work is the creation 
of stickiness sensation for tactile displays [52]. 

Since measuring adhesion directly on skin is difficult and the result is 
highly dependent on the condition of the skin, how can a test probe be used 
instead and what influence does the surrounding climate have? 

The big issue about adhesion between finger and surface is that it cannot 
be measured directly with a finger since even the smallest movement would 
spoil the measurement. Thus, just as in many other cases, a method for 
measuring and evaluating the adhesion of different surfaces was tested and 
evaluated. In the first tests (paper D) results between measured and 
perceived adhesion correlated well, but this was only tested for four 
different materials and in ordinary room temperature. 

The major difference between the bioskin used here and real human skin 
is how it reacts to and produces humidity. In high temperature and 
humidity when the skin starts to perspire the divergence between real and 
artificial skin becomes significant. There are other more complex materials 
made to mimic human skin, for example [53], but one aim here was to 
make the tests simple and easy to use. 

As mentioned earlier adhesion of skin is not investigated as well as friction 
or humidity, for example, even if it seems to play an important role. 
Adhesion as phenomena and how it affects friction has often been looked 
at and discussed but rarely studied independently. In 2004, Pailler-Mattéi 
and Zahouani [51] studied the adhesive force of skin, and in 2008, 
Renvoise et al. took adhesion measurements on human and substitute skin 
to measure the adhesion. However, this was made for adhesive materials.  
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Future work 
This thesis investigates the contact area, friction coefficient and adhesion 
between finger pad and surface. It can be continued in many ways but the 
next suggested steps to take could be: 

• Test more equipment to evaluate the contact between finger pad and 
transparent surface. A camera with high resolution and the possibility 
to capture video could be the next step. 

• To keep normal force and speed constant in different conditions and for 
different test participants, the finger should also be fixed in a position 
and then the surface be pressed against it and moved in a desired speed.  

• Further work on the model would be to include surfaces other than the 
sinusoidal, both 2D and 3D surfaces. Ultimately, a rough estimation of 
the contact area and friction coefficient can be calculated for a specific 
surface. 

• A lot more research on the adhesion between finger pad and smooth 
surface can be done to investigate how material data correlate with 
perceived and in any way measured adhesion. Here tests were made on 
two types of glass and two types of polymers. Further work should 
include metals and ceramics, for example. 

• There are indications that the adhesion between finger pad and surface 
in dry conditions can be determined from the tribological compatibility 
and free surface energy of the surface material. If so, it would be 
beneficial to build a database of tribological compatibility and free 
surface energy for materials so the tactile adhesion could be estimated. 

• Tests showed that the adhesion for different materials reacted differ-
entially to changes in temperature and humidity. This should be inves-
tigated further to see if it can be connected to different groups of 
materials and how results differ between finger pad and test probe. At 
the same time moisture could be added to the test probe to see if the 
correlation for tests with finger pad and test probe is improved. 

• An easy way to rate the adhesion between fingers and surface could be 
developed with enough testing on an appropriate test probe. What is 
the tribological compatibility between finger pad and different surfaces, 
and how should that be taken into account when choosing a test probe? 

• With enough data on adhesion between different surfaces and finger 
pad that information could be added to the presented model to also 
include material choice as a parameter that varies the resulting friction 
coefficient. 
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• This work could be extended to studying how the forces and 
deformations affect the skin’s mechanoreceptors, as induced vibrations 
and tensions have different effects on the receptors. Studying how 
differences in surface topography and material change the tensions and 
vibrations would increase the understanding on the tactile response of 
a surface. 
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Concluding remarks 

This thesis presents measured and calculated data on tactile friction and 
adhesion between surface and finger pad. Five main conclusion can be 
drawn from this thesis. 

• Fringe projecting (paper A) can be used to measure and evaluate 
contact between finger pad and smooth transparent surface. A 3D 
image can be taken if the resolution is high enough and finger is static. 
If just apparent contact area is of interest the best setup is probably a 
camera of good performance.  

• Disregarding material and environment, a good discrete value for 
friction between surface and finger pad is difficult to set due to large 
differences between individuals and operating conditions (paper A). 

• The simulation model presented in papers B and C can be used to 
evaluate contact area and friction coefficient for finger against 
sinusoidal surface. 

• The results in paper D indicated how a test panel could distinguish 
differences in adhesion between four smooth and similar surfaces. The 
perceived adhesion also correlated with adhesion measurements made 
with a test probe. 

• Paper E showed the possibilities and limitations of using a test probe 
like the one used in paper D. Different materials, for instance, respond 
differentially to humidity. Therefore, is a test probe like the one used 
here not suitable for tests in warm or humid environments, since the 
test probe does not occlude moisture or sweat like skin does. 
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