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Abstract

Skin irritation is a common phenomenon that becomes a real concern when caused by the use of medical devices. Because
the materials used for the design of these devices are usually carefully selected for chemical compatibility with the skin, it is
reasonable to assume that the irritations result from the mechanical interaction between the devices and the skin. The aim
of this work was to develop a new device to study both the shear strains in the layers of the skin, using Digital Image Correla-
tion (DIC), and the friction behaviour of ex vivo skin interacting with objects. Pig skin samples with various surface prepa-
rations were tested in friction experiments involving different contacting materials encountered in the conception of medical
devices. The measure of the static and dynamic coefficients of friction as well as the length of adhesion has highlighted the
great influence of skin surface conditioning on friction properties. Strain maps obtained through DIC provided insights into
the impact of friction and adhesion effects on shear strain distribution in the skin as a function of depth beneath its surface.

Keywords: Skin, Digital image correlation, Biotribology

1 Introduction

Skin is a multi-layered soft tissue that covers almost
the entire body and is therefore the first to be exposed to
objects. In addition to providing mechanical protection
for other organs [1, 2], the skin helps in regulating body
temperature, in particular thanks to a network of blood
vessels located in the dermis [2–4]. The most external
layer of skin, the stratum corneum, has a key role in the
regulation of water transfer and acts as a barrier against
biological contamination [2, 5]. Skin is also a very sensitive
organ with millions of nerve receptors spread in the dermis
and epidermis layers. In addition to mechanical receptors
responsible for touch and pressure sensations, tempera-
ture and pain receptors [6] are responsible for warning
the body of uncomfortable sensations felt when in contact
with objects. For all these reasons, maintaining the phys-
ical integrity of the skin is essential.

Unfortunately, skin irritation is a common phe-
nomenon that becomes a concern when caused by the use
of medical devices. Physiologically, skin irritation can re-
sult in erythema, phlyctenes or swelling in addition to un-
pleasant sensations (heat, tingling, itching, dry skin) [7].
These are due to the stimulation of nociceptors located
around the dermal-epidermal junction [8, 9]. Cutaneous
irritations are for example an important issue for peo-

ple who need a limb prosthesis [10]. The problem is also
significant for people using compression textiles for the
treatment or prevention of venous insufficiency. Indeed,
many people find these devices very uncomfortable. Too
many of them cannot bear to wear them to the point of
abandoning their treatment [11].

Although they are common sources of skin irritation,
exposure to a chemical agent or an allergic reaction [12]
are unlikely to occur here as these medical devices are
designed to be hypoallergenic. Cutaneous irritations can
also be caused by the mechanical interaction of skin with
objects: structurally, mechanical skin irritation usually
means skin damage and the various studies on the subject
agree that mechanical irritations are generally caused by
prolonged or repeated contact with objects used on a daily
basis [13]. The fact that a prolonged pressure can trigger
the destruction of tissue cells leading to pressure ulcers, ei-
ther through direct apoptosis or ischeamia, is now widely
recognized [14, 15]. Goldstein and Sanders [16] showed
how adding shear strain to pressure could accelerate and
aggravate skin damaging. In addition several researches
have demonstrated how friction is involved in the process
of skin abrasion by progressively delaminating the cells
of the stratum corneum [17]. The work of Naylor also
concluded that blistering, for which shear strain is a de-
termining factor, occurs at the base of the epidermal layer
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[18, 19]. Thus, mechanical irritation of the skin can take
different forms, most likely to be induced by various me-
chanical stresses. It is reasonable to assume that these are
partly determined by the properties of the interaction of
the skin with objects.

The coefficient of friction is the most widely used met-
ric to characterise the interaction of an object with the
skin. Through a clinical study on the damage caused by
repetitive rubbing of tissues on the skin, Thieulin et al.
[17] showed how an increase in the coefficient of friction
led to more pronounced symptoms of skin irritation. How-
ever, the numerous tests carried out to date have high-
lighted the influence of many factors on this coefficient
[20]. Some depend on the properties of the contact mate-
rial such as roughness and Young’s modulus [21, 22]. Oth-
ers are directly related to skin morphology and mechani-
cal behaviour. Zahouani et al. [23] showed, for example,
that friction forces increased for softer and smoother skins.
This can be partly explained by an increase in contact area
which leads to higher adhesion forces. A decrease in skin
elasticity also tends to increase the friction forces due to
the viscoelastic loss caused by the deformation of skin [24].
In addition, a numerical work by Leyva Mendivil et al. [25]
showed how roughness could influence local friction prop-
erties, thus influencing stress propagation through skin
layers. Finally, the environmental conditions in which con-
tact takes place also play a considerable part. Indeed, it
has been shown that local temperature and humidity influ-
ence the mechanical behaviour of the skin. This is notably
linked to variations in skin hydration, in particular for the
stratum corneum that is softened by increasing hydration
[26–28]. Moreover, adhesion properties can also be mod-
ified by local micro-climate variations that will influence
the nature of the hydro-lipidic layer covering skin. Fur-
thermore, the application of products to the skin surface
can also modify this interaction for the same reasons [29].
Because of the many parameters involved in measuring
the coefficient of friction, and the interactions that exist
between these parameters, it is impossible to generalize
skin frictional behaviour. Hence, it is necessary to study
each case as closely as possible to the real conditions.

The coefficient of friction alone does not allow to fully
describe the mechanics involved in skin interaction with
objects, as it integrates various local phenomena that are
not generally uniform over the apparent area of contact.
For example, using an optical method called digital image
correlation (DIC), Liu et al. [30] showed that upon sliding
contact with glass, the strains were not evenly distributed
over the fingerpad. Despite OCT imaging of the skin epi-
dermis while sliding, only a limited structural analysis in
skin depth was possible. Other phenomena like stick-slip
cannot be described by the coefficient of friction [24, 31,
32]. More, even though the complexity of the mechanical
behaviour of the skin is widely recognized, most of the
current literature on skin tribology is based on surface
measurements and observations. An analysis of the defor-

mations undergone by the skin in the through-thickness
direction during contact could provide new insights into
the phenomenon of mechanical irritation. Especially con-
sidering the variety of mechanical phenomena that can
cause skin irritation, and the fact that they involve skin
features lying beneath the surface.

The aim of this work was to develop a new device to
study both the through-layer deformations and the fric-
tion behaviour of ex vivo skin interacting with objects.
The analysis of the through-layer deformations is based
on 2D DIC. This method allows to compute strains on the
surface of a deforming sample by comparing groups of pix-
els between a reference image and images of the sample in
a deformed state. It has already been used on skin, mainly
on its surface in order to study skin wrinkling [33], tension
properties [34, 35], surface strains due to contact [30], or
to identify mechanical properties [36]. To our knowledge,
the method has been applied in skin thickness only during
oscillatory pure shear experiments [37, 38] that demon-
strated the inhomogeneous and viscoelastic mechanical
behaviour of the skin. The aim of this application to fric-
tion experiments was to relate the contact properties to
the strains experienced in the skin thickness. This paper
will first introduce the in-house measurement bench and
the associated software that were designed specifically for
the measurement of skin friction and deformations during
contact. Then, a validation of the ability of the method
to perform suitable friction measurements and to capture
full-field through-thickness deformations of the skin us-
ing DIC will be developed. Finally, examples of friction
and deformation measurements on pig skin samples will
be described. The effect of skin surface preparation and
the choice of contact material will be discussed regarding
the case of compression stockings.

2 Material and methods

2.1 Measurement bench

A measurement bench was designed in-house with the
purpose of measuring full-field through-thickness defor-
mation along with frictional properties of skin strips in
contact with a cylindrical probe (Figure 1). The probe
axis is parallel to the sample top surface and normal to
the imaging plane and the direction of travel in friction
experiments. The principle of the measurement was to
acquire pictures of the side of the sample with a camera
during its interaction with the probe. Deformations were
later computed using DIC using the open source Matlab
software Ncorr [39].

The skin sample was held in the centre of the device by
a system that allowed it to be stretched. The top, front
and back surfaces of the samples were free, the bottom
surface rested on the device and the side ones were used
to apply tension in the sample. The device is designed
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Figure 1: Schematic representation of the designed measurement bench. A: loading principle explained from the camera point of
view. B: image acquisition principle explained from the top of the measurement bench.

in order to ensure that the side of the sample, of which
images are made, is parallel to the imaging plane. The
system used to hold the samples was mounted on a mo-
torised displacement table (Thorlab, MTS25-Z8, Newton,
NJ, USA) in order to control sliding of the sample against
the cylindrical probe that was fixed in the horizontal plane
but free in the vertical direction. The maximum sliding
stroke, velocity and acceleration achievable by the dis-
placement table were respectively 25mm, 2.4mm.s-1 and
4.5mm.s-2. The probe was directly screwed on a 6-axis
force sensor (K6D27 50N/1Nm, ME-Meßsysteme GmbH,
Hennigsdorf, Germany), with a 50µN − 50N force mea-
surement range and a 0.5% relative repeatability error.
Normal load was applied using a deadweight in order to
allow constant loading during friction testing without im-
plementing a feedback loop. For that purpose, the force
sensor was fixed at the extremity of a steel arm that freely
rotates around its middle point, and on top of which two
pans are fixed at each extremity to adjust the load. The
pan at the opposite of the sensor helped equilibrating for
the probe, sensor and arm weights while the second pan
was used to effectively adjust the applied normal load with
steel balls. The arm holding the probe and sensor was
mounted on moving tables in order to adjust the probe
position vertically and in both horizontal directions.

The camera (DMK 41BU02.H, 1280 × 980, The Imag-
ing Source, Bremen, Germany) was positioned in front of
the face of the sample, normal to its surface, on which
the deformation will be calculated. It was fixed on mov-
ing tables that enable adjusting the focus and the field of
view. The camera was equipped with a manual zoom lens
(MLH-10X, CBC America, Cary, North Caroline, USA),
and a 40mm lens extension tube. In this configuration,
as the resolution of the camera was 1260x980 pixels, the

width of 1 pixel was approximately 6µm, giving a total
field of view of 7.56mm × 5.88mm. A light source us-
ing LED (MultiLED QT, GS Vitec, Gründau, Germany),
which power was adjustable using an external control ta-
ble (MultiLED G8, GS Vitec, Gründau, Germany), was
located on the other side of the sample, allowing it to be
back lit. A preliminary study has determined that if the
samples are more than 4mm wide, the light does not pass
through them sufficiently to have a good image quality.

The force sensor, the motorized displacement table and
the camera were connected to a computer. A LabView
program was created in order to coordinate all the devices
of the bench and ensure good controlling of the acquisi-
tion process. It made it possible to adjust parameters
of the displacement table (velocity, acceleration, and slid-
ing stroke), the frequency of the image, displacement and
load acquisition, to tare the force and to manually start
and stop an experiment. The program displayed the cur-
rent image and load or displacement curves in order to
ensure the smooth running of the experiment. Load and
displacement measures were synchronised and the acqui-
sition frequency was set to 200Hz. The image acquisition
rate was set to 10Hz, which was the maximum achievable
frequency. All acquisitions were time-stamped.

2.2 Digital image correlation

As mentioned earlier, DIC is an optical method used
to measure full-field displacements in samples undergoing
deformation without touching them, thus without affect-
ing the results. The correlation algorithm calculates the
displacement of the points of the sample between its ref-
erence and deformed states by comparing the two corre-
sponding images by subsets of pixels. The surface of the
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sample must therefore exhibit a speckle pattern so that
the correlation algorithm can find the transformation of
each subset of pixels.

Usually, the algorithm gets an initial guess of the dis-
placements of the points within the first analysed subset
using fast normalized cross correlation [40]. Then, the
transformation of this subset of the image is calculated
through an iterative nonlinear least squares optimization
such as the Gauss-Newton method [41]. A subpixel preci-
sion can be reached using a biquintic b-spline interpolation
[42]. The process is repeated on the following subset; this
time, the previously obtained information at the neigh-
bouring subset is used as initial guess.

Before calculating strains the displacement field needs
to be smoothed in order to remove as much noise as possi-
ble. Indeed, strain field computation is achieved by differ-
entiation of the displacement field, which is very sensitive
to high frequency variations. The first possible method to
do that is to directly apply a lowpass filter on the displace-
ment gradient obtained during the Gauss-Newton opti-
mization [43, 44]. Another possibility is to first perform
a least squares fit on a window of displacement points to
obtain a smoothed field of displacement over that window
and in a second step, calculate the displacement gradients
[45]. Further details on the theory and algorithms of dig-
ital image correlation are available in the literature [46,
47].

2.3 Sample preparation

The 24 skin strip samples used hereby were 55mm long,
4mm wide and approximately 3mm thick, punched from
the abdominal skin of the same female pig that was be-
tween 90 and 100 days old. As pictures of the skin section
in its natural aspect did not provide a speckle pattern for
DIC to be performed, samples were stained using hemalun
and eosin [48, 49]. A preliminary study helped deciding
the best combination of immersion time in both chemicals
to get an optimal speckle pattern. Thus, the samples were
first immersed for 30 seconds in the hemalun solution and
immediately rinsed with water. They were then plunged
for 10 seconds in the eosin solution and rinsed again with
water. Both hemalun and eosin solutions were dilutions of
the commercially available solutions. An example of the
result of the staining step is shown in Figure 2.

After the staining, a 3D printed piece of plastic with
a threaded hole was glued at either end of the sample.
These pieces enabled attaching and aligning the samples
on the measurement bench. It also enabled putting ten-
sion along the length of the samples using screws. Be-
tween each step of the preparation, samples were stored
at 4°C in individual bags. Each sample was taken out of
the fridge to be prepared just before starting the tests. A
total of 24 samples were tested with three surface prepa-
rations to simulate different skin surface conditions. Eight
were taken untreated to mimic natural skin with its lipidic
layer. Eight were cleaned with liquid soap to remove the

hydro-lipidic layer and approximate the skin just after a
shower. The last eight were cleaned with liquid soap and
then 15 tape stripping were applied to remove some of the
stratum corneum and simulate mild irritation. All of the
24 samples were tested against the three different materi-
als of contact. Using the tensioning screws of the device
the tension within the samples was set to 10%, which is
in the range of physiological skin stretching [34]. All the
samples were processed within 48h after collecting them
from the local butchery.

Figure 2: Photograph of the side of the skin sample in its
natural aspect (top), after staining (middle) and after apply-
ing a high-pass filter (bottom). Here, the skin top surface is
the top edge of the sample.

2.4 Validation of the method

The ability of this device to measure friction was as-
sessed by performing cyclic friction experiments. The
cylindrical probe surface was either stainless steel or sili-
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cone and the counter-surface was made of stainless steel.
This choice was made in order to be able to compare
the results obtained with observations available in the
literature. The sliding stroke was 4mm and the tests
were performed with velocities of 0.1mm.s−1, 0.2mm.s−1,
0.5mm.s−1, 1.0mm.s−1 and 2.0mm.s−1. The experiment
was repeated with normal loads of 0.25N , 0.5N , 1N and
2N . A variety of sliding velocities and normal loads were
used to verify the behaviour previously observed in other
works for the friction of such materials. For every test,
eight cycles were recorded in order to avoid precondition-
ing hysteresis if present. Finally the static coefficient of
friction was calculated on the last 5 cycles as the ratio of
tangential force to normal force when slipping began at
the skin-probe interface.

The quality of the DIC measurements was evaluated
through DIC calculation on pairs of images of 8 skin sam-
ples taken in the same position. The strains and measure-
ment noise for the displacement calculation were expected
to be zero since no loading is applied [50]. Thus, the stan-
dard deviation of the calculated displacements is repre-
sentative of the overall quality achieved by the designed
method. The size of the subset used in the analysis is
a critical parameter. On one hand, it needs to be large
enough so that every subset can be distinguished from
each other due to unique grey-level distribution. But on
the other hand, using a bigger subset would lead to in-
creased approximations for the strain calculation step, es-
pecially with increasing level of deformations [46]. The
minimum subset radius that should be taken in order to
minimize the error can be identified by repeating the DIC
on the couples of images with different subset sizes. Here
the calculation were performed with a subset size varying
between 20px and 100px. The effect of camera distor-
tion was measured and was small enough to be considered
as measurement noise. Similarly, an evaluation of out-of-
plane deformations was carried out, and confirmed their
negligible effect on the DIC measurements.

2.5 Measurement protocol

The skin samples were subjected to cyclic friction ex-
periments with a 50g normal load. A 3mm sliding stroke
was chosen to make sure that full sliding was reached. The
sliding velocity was set to 0.2mm.s-1 in order to get sharp
images despite the motion. The samples were subjected to
5 sliding cycles to ensure steady state sliding was reached.
The experiment was repeated with three different contact-
ing materials: the steel probe was covered with either a
sheet of silicone rubber (0.6mm thick) or textile (0.5mm
thick knitted polyamide) from a compression stocking, or
used uncovered. Before each test the probe were gently
cleaned with ethanol. In total, 72 experiments were car-
ried out.

2.6 Signal processing

Only the last sliding cycle was considered for further
analysis. The force sensor signals were low-pass filtered.
Then the static coefficient of friction (µs) was taken as the
first peak reached by the ratio of tangential force to nor-
mal force signal. The length of adhesion (Ladh) was taken
as the sliding distance until this first peak was reached.
Finally, the dynamic coefficient of friction (µd) was taken
as the average of the ratio of tangential to normal force
during steady state sliding. All these measures are sum-
marized in figure 3, which shows a typical unidirectional
sliding curve.

Figure 3: Example of how the coefficients of friction and ad-
hesion length were measured using the force sensor signals.

2.7 Image processing

Before DIC can be applied, it was necessary to apply
some filtering to the images. This last step aims to im-
prove the contrast in order to enhance the speckle pattern
quality. First, very high frequency noise was removed us-
ing a rectangular window filter. Then, the low frequencies
were removed from the images in order to enhance the
contours. The application of filters creates intermediate
gray levels so this is why the images were converted into
16-bit gray level format to further improve the details. An
example of image obtained after filtering is shown in fig-
ure 2.

The DIC was performed using the open source Matlab
software Ncorr [39]. A preliminary experiment was carried
out to determine the optimal size for subset radius. For
all 72 experiments, the reference situation was a picture
of the unloaded sample. The first deformed state anal-
ysed was just after adding the normal load, before any
sliding occurred. Then, within the fifth and last sliding
cycle, pictures with a displacement increment of 0.1mm
were analysed until 1mm sliding. A subset radius of 60px
and a subset spacing of 5px were chosen for the analysis.
Strain maps were obtained after performing a linear fit
over subsets of points from the displacement fields (win-
dow radius = 7pts). At each deformation state, an average
strain map was obtained for every experimental condition
by repositioning the maps in relation to the primary con-

5



tact point. Samples for which there were outliers in their
deformation maps were removed from the calculation of
the mean map. These aberrations were the result of poor
quality correlation in a part of the region of interest. At
least 5 trials per experimental situation were taken to ob-
tain these average maps.

3 Results

3.1 Validation of the method

3.1.1 Friction measurements against stainless
steel

Figure 4: Static coefficient of friction (average ± standard
deviation) of steel (top) and silicone (bottom) probe against
steel with varying normal load and sliding velocity.

The resulting mean coefficients of friction tests against
the stainless steel counter surface are presented in figure 4.
Despite the variations in the sliding velocity and the nor-
mal load, the steel-to-steel coefficient of friction slightly
fluctuated around 0.15 with a very low variability. This
quasi-independence from the imposed contact conditions
as well as the obtained coefficient of friction value are both
in good agreement with the existing literature on steel-
steel friction [51].

In contrast, the silicone-steel interaction exhibited a
strong dependency to both the normal load and the sliding
velocity. There was an increase of at least 32% and up to
52% in the coefficient of friction when the sliding velocity
was increased from 0.1mm.s−1 to 2.0mm.s−1. This is in

accordance with the theoretical model described by Li et
al. [52]. They demonstrated a linear increase in the coeffi-
cient of friction of elastomers against steel when increasing
the sliding velocity upto almost 10mm.s−1. Varying the
normal load from 0.25N to 2.0N caused a decrease in the
coefficient of friction of about 70%, for each of the veloc-
ities that were tested. Similar trends were observed in
other work [53, 54], behaviour attributed to the viscoelas-
tic deformation of the silicone.

3.1.2 Full-field displacements

Figure 5: Average variation of the standard deviation on hor-
izontal and vertical displacements calculated on pairs of images
of skin samples in the same position using different subset sizes
for the calculation of displacements.

In order to get a better idea of the accuracy of the DIC
results obtained with this setup, the method has been ap-
plied to pairs of images taken in the same position with
8 samples. The resulting standard deviation on displace-
ments should be zero and so any deviation from zero will
reflect the overall experimental error [50]. The mean stan-
dard deviations obtained for horizontal (Ux) and vertical
(Uy) displacements are plotted in figure 5. A fairly clear,
albeit gradual, decrease in the slope of the curves is ob-
served when increasing the subset radius. Most of the
error is avoided when the slope variation is getting closer
to zero. Using a much bigger size for the analysis will
lead to an unwanted loss of spatial resolution, in addition
to extending the computation time [55]. In the experi-
ment presented here we can see that the slope is already
getting much lower for a subset radius between 30px and
40px. This is in accordance with the sampling theorem
of Nyquist-Shannon stating that the sampling rate should
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be at least twice as high as the signal maximum frequency
component in order to get a suitable reconstruction of the
signal. Here the average speckle radius was 15.02±2.98px,
leading to a minimal subset radius to consider in the range
of 30px to 40px. Thus, we chose a slightly larger radius
value of 60px, optimal even for cases with the largest aver-
age speckle sizes. With this subset size, the mean overall
standard deviations due to the experimental conditions
were 0.14±0.04px (i.e. 0.84±0.24µm) and 0.13±0.04px
(i.e. 0.78±0.24µm) respectively for horizontal and verti-
cal displacements.

The errors observed here are approximately one order
of magnitude larger than the one observed by Avril et
al. [56] with numerically applied displacements. However
they are in the same range as the one obtained by Nguyen
[57] who used the same method with synthetic materials.
This level of random error can mainly be explained by
the acquisition system and lighting conditions. Keeping
constant light during the tests helped minimizing this ran-
dom noise. The fact that skin is a living tissue that will
creep and dry with time, can also lead to unwanted but
real displacements and deformation.

3.2 Friction measurements against skin

All the measured indicators resulting from the process-
ing of the force sensor signals from the last sliding cycles
in each of the 72 experiments are summarized in table 1.
Throughout these measurements, normal load was set to
50g and sliding velocity to 0.2mm.s−1. Both of the co-
efficients of friction and the adhesion length were higher
for the silicone rubbed on cleaned and taped skin samples,
and lower for the silicone against untreated skin.

The friction of the silicone on the skin was increased
by a factor of 3.6 after cleaning and taping, the length
of adhesion was increased by a factor of 5.4. However,
the variability of the coefficients measured for the cleaned
and taped samples was also greatly increased. By con-
trast, the values were slightly reduced by the skin surface

preparation for measurements with the bare steel and the
textile-covered probe. Though steel and textile gave sim-
ilar coefficients of friction, the adhesion length obtained
with the textile covered probe was about twice as high,
regardless of the surface preparation.

Skin surface Material µs[−] µd[−] L[mm]

Steel 0.40 ± 0.08 0.35 ± 0.07 0.19 ± 0.08

Untreated Silicone 0.18 ± 0.06 0.17 ± 0.05 0.17 ± 0.05

Textile 0.38 ± 0.05 0.38 ± 0.05 0.53 ± 0.16

Steel 0.33 ± 0.10 0.27 ± 0.08 0.19 ± 0.09

Clean Silicone 0.54 ± 0.21 0.51 ± 0.18 0.70 ± 0.31

Textile 0.32 ± 0.10 0.30 ± 0.07 0.36 ± 0.13

Steel 0.34 ± 0.09 0.29 ± 0.10 0.20 ± 0.13

Tape Silicone 0.66 ± 0.20 0.64 ± 0.21 0.92 ± 0.30

Textile 0.34 ± 0.07 0.33 ± 0.07 0.43 ± 0.22

Table 1: Average ± standard deviation of the static (µs) and
dynamic (µd) coefficients of friction and adhesion length (L)
calculated on the last sliding cycle for the 9 different experi-
mental conditions.

Figure 6 shows the average curves of the ratio of tan-
gential force to normal force for each situation. The differ-
ent types of interactions obtained by varying the contact
material and the skin surface condition can be appreci-
ated. It can also be seen how little influence the skin sur-
face preparation has on the interaction of the skin with
the textile and steel probes.

3.3 Full-field strains

The shear strain maps show most explicitly the differ-
ences due to contact properties compared to the normal
strain maps (εxx and εyy). This is why they are the only
ones that will be described. Since the deformation was
applied by the probe across the entire width of the sam-
ple, and based on other boundary conditions, an in-plane

Figure 6: Evolution of the tangential to normal force ratio for the last sliding cycle in friction experiments on skin. Each curve
and associated envelope gives mean and standard deviation values across the values obtained for the eight samples for a given
combination of probe (steel, silicone or textile) and skin preparation (Untreated, cleaned or taped).
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Figure 7: Average Green-Lagrange shear strain (γxy) maps obtained by the DIC processing. The rows show different time steps
of the experiment while the column stand for the various skin surface preparation and material of contact. For each skin surface
preparation 8 samples were tested using the three material of contact. These maps are obtained averaging over the 8 samples tested
in each contact condition. The normal load was 50g and the sliding velocity 0.2mm.s−1. Shear strain maps window are 4mm wide,
centered on the initial point of contact. The top of all maps is 0.1mm beneath skin surface and the maps height is 1.65mm.

stress configuration is assumed. As a consequence the
deformation of the sample can be considered as almost
homogeneous across its width. All of the average Green-
Lagrangian shear strain maps for the loading and first
millimeter sliding of the fifth sliding cycle are shown in
figure 7. The maps displayed here are vertically centered
on the initial line of contact. They show a 4mm wide
window of the shear strain from 0.1mm to 1.75mm under
the samples surface. This size of window has been chosen
because for some of the samples the correlation was sim-
ply impossible or with too low quality very close to the
top of skin surface. This could be explained by the fact
that the compression was the highest in that area. Some
lighting variations due to the movement of the probe and
side effects may also come into play and affect the DIC in
that area of the region of interest.

Some differences in the shapes of the contours can eas-
ily be seen between the different materials and surface
preparation. In addition, their evolution during sliding
also indicates different responses of the skin samples. Fur-

thermore, it can be seen that the intensity of the deforma-
tions and their spread through the thickness of the skin
samples as the sliding progresses are also influenced by
the contact conditions. For example, with the steel on
untreated skin, the intensity of the shear strain increasing
until 0.2mm of sliding and then remains almost constant.
With steel as a contacting material, the shape of shear
contours remains very similar to the one just after adding
normal load. This is also true with the silicone sliding
on untreated skin. By contrast, for the silicone on both
cleaned and taped skin, the shear strain spreads in the
sample up to almost 1mm of sliding. This also seems to
be the case for situations where the contact material is
textile, although it is somewhat less obvious.

4 Discussion

The objective of this work was to develop a new method
to simultaneously measure friction and through-thickness
deformation of ex vivo skin samples. After validating the

8



method with basic experiments, it has been applied to
study the influence of the contacting material and skin
surface preparation on their frictional interaction.

4.1 The different friction mechanisms

The surface of the skin is covered by a fluid film that
is resulting both from the degradation of keratinocytes in
the epidermis and from the secretion of sebaceous glands.
This hydro-lipidic layer mainly contain water, amino acids
and sebum, and is a few micrometer thick depending on
the body location [58]. In untreated skin, objects first
come into contact with this fluid layer before solid-solid
contact can occur. The friction properties are therefore
mainly governed by the physico-chemical properties of
this layer [59]. By modifying the surface condition of the
skin, the aim was to recreate different friction conditions
that patients might encounter when wearing compression
devices. Cleaning was performed to partly remove the
hydro-lipidic layer, thus modifying the surface energy of
the skin [60].The application of tape-stripping was applied
to rip out cells of the stratum corneum, softening skin
surface [61]. In both cases, the mechanism of interaction
between skin and the contacting objects probably evolved
consequently.

The silicone-skin interaction was the most influenced
by this change as µs, µd, and Ladh were substantially in-
creased after cleaning and taping skin surface. Pailler-
Mattei et al. [60] study of the skin surface physical proper-
ties concluded that the hydro-lipidic layer was responsible
for most of the adhesive behaviour of the skin. They also
observed that skin was more hydrophobic when removing
this very thin film using ether. The silicone used in this
study was hydrophobic, so the hydrolipid film most likely
exerted repulsive forces on the silicone surface. Hence,
removing this hydrophilic film would have modified the
mechanism of interaction, leading to an increase in the
area of contact between the probe and the skin. This
could explain the significant increase in both coefficients
of friction and adhesion length after cleaning. This is in
line with the observations of Kékicheff [62] on hydrophobic
surfaces interactions. This would also help to explain the
increase in the adhesion length. As mentioned earlier the
tape stripping was meant to soften the skin and reduce the
roughness of the surface. Both effects would lead to an in-
crease in the actual contact area, especially for a material
such as silicone, whose roughness is negligible compared
to the one of the skin. This would be sufficient to explain
the additional increase in adhesion and coefficients of fric-
tion.

Steel, on the other hand, is hydrophilic and the hy-
drolipid film tends to create attractive forces by creating
capillary bridges [59, 60], which may explain the slight de-
crease observed in the coefficients of friction after cleaning.
Pailler-Mattei et al. [63] measured an increase by a fac-
tor 2 after tape-stripping for the coefficient of friction of
a steel probe against skin. They explained this variation

by an increase in the transepidermal water loss that would
tend to increase the capillary forces. On the contrary, here
the results were not affected by the tape-stripping. This
different behaviour observed is probably due to the fact
that the measurement were performed on ex-vivo samples,
meaning they were not able to vary water flows. Another
noticeable difference is the contact pressure that was 10
to 100 times higher in the present study. Such contact
pressure may break the capillary bridges and compromise
the increase of adhesion forces [59].

Textile friction and adhesion properties seem to evolve
in the same way as with steel. However, these two materi-
als have very different mechanical and roughness charac-
teristics. Thus, interaction between the asperities of the
two rough materials could be added to the usual physico-
chemical interactions of surfaces. In the untreated skin
condition, the coefficients of friction were similar to those
for the steel. However, as the textile surface is much
rougher, the real area of contact is reduced despite the
elastic deformation of the textile asperities. It is therefore
reasonable to assume that the hydro-lipidic layer creates
strong adhesive forces with the textile fibres that com-
pensate for this difference. Cleaning would tend to reduce
the attraction between the skin surface and the textile, as
opposed to the case of silicone. But the direct contact of
the asperities of the two surfaces might cause an increase
of the elastic deformation. This would explain why only
a very low decrease of the friction properties is observed.
Finally, the tape stripping did not influence the friction
results with the textile.

4.2 Influence of the experimental condi-
tions on the deformation fields

Before starting the analysis of the deformation patterns
obtained by DIC for each experimental condition, a few
technical aspects must be mentioned. Firstly, in order
to minimise errors and uncertainties, the DIC analysis
was carefully executed for all of the experiments and only
results with good correlation were kept for the analysis.
However, for a significant number of samples, it was dif-
ficult to obtain sufficient correlation quality in the first
tenths of a millimetre below skin surface due to higher lev-
els of deformation, variations in illumination, and probe
movement. The same difficulty also happened close to the
bottom support due to blurring. It should also be noted
that different samples were used for each surface prepa-
ration. This choice was imposed by the duration of the
experiment, which did not allow the tests to be carried
out for the three surface preparations without the sam-
ples drying out. The intensity of the deformations mea-
sured depended greatly on the samples, even though they
were all recovered from a single pig, in the same area of
the skin and cut with the same orientation. This makes
the quantitative measurements complicated but does not
compromise the qualitative analysis of the strain contours.
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Even though some adhesion phenomena can already
occur just after the normal loading, the first stage anal-
ysed by DIC can be considered as a reference to analyse
the different effects caused by the relative sliding of the
surfaces. For each of the contact conditions, two shear
lobes of opposite signs can be seen in the depth of the
samples. This pattern, well centred on the contact point,
is typical of the deformation caused by the indentation.
Some variations in the intensity and spreading of the lobes
can be observed and might be attributed to differences in
the mechanical properties of the contacting objects as well
as the adhesion between the two surfaces. The lobes cre-
ated by the steel seem to be tighter and do not rise towards
the sample surface. On the contrary, for textile and sili-
cone the lobes are more spread out. For the silicone there
is an increasing shear effect close to the samples surface
when the surface is cleaned and then tape-stripped. Al-
most the opposite can be observed for textile. This could
mean that the stronger the adhesion, the more the upper
layers of the skin are sheared off.

During the sliding, the intensity of the shear strain is
amplified. It would seem that this is all the more true
when the frictional forces are high. This is indeed the
case for steel and textile on untreated skin, as well as for
silicone and textile on cleaned and tape stripped samples.
On the contrary, no obvious evolution is to be noted for
silicone on untreated skin and steel in cleaned and tape
stripped situations, which confirms this first observation.
In cases where adhesion forces were high, the shear tended
to spread to the upper part of the sample as it moved.
This is very pronounced for the silicone sliding on tape-
stripped skin. In situations where both friction and ad-
hesion were low, the maps stayed very similar to the one
obtained immediately after normal load was applied. Ad-
hesion seemed to ease the spread of shear strain, especially
in the upper part of the skin. Frictional forces would be
mainly responsible for the increase in shear intensity. In-
terestingly, the shear intensity did not seem to vary much
once sliding between the two surfaces begins.

4.3 Perspectives

As stated in the introduction, the aim of this work was
to develop a device to visualize strains through skin thick-
ness during contact with objects. The final objective was
to provide new elements for the understanding of skin ir-
ritation mechanisms. The designed method successfully
allowed to study the deformation patterns in the first mil-
limeters below skin samples surface during the sliding con-
tact against various materials. This is also the first time
that a combined analysis of the full-field strains through
the skin thickness and the friction forces is performed.
The data collected highlighted the non-uniformity of the
deformations undergone by the skin during contact. The
indicators that were measured in parallel made it possible
to analyse the effects of friction and adhesion. The influ-
ence of the material of contact and the condition of the

skin surface on the contact mechanism was thus empha-
sised. The first results obtained by this method pave the
way for future work to better understand the tribology of
the skin. These results could, for example, be used for the
design of a numerical model allowing an in-depth analysis
of the risk factors for the development of skin irritations.

For that purpose, it may be beneficial to modify the
device so that the strains can be accurately visualised even
within the epidermis and near the dermal-epidermal junc-
tion. It is indeed around this area of the skin that many
nerve receptors sensitive to mechanical stimuli are located.
Damage resulting from the repetitive rubbing of objects
on the skin also occurs mainly in the immediate vicinity
of the skin’s surface.

Measuring the effects of the different surface prepara-
tion on skin surface chemical content, geometry and me-
chanical properties would greatly improve the analysis of
skin contact properties. The work presented here has al-
ready shown that different skin surface conditions can sig-
nificantly alter skin behaviour. However, the analysis of
the results was based on a review of the literature which
is still incomplete on this subject. In order to provide an
even more correct analysis, it would also be interesting to
study the influence of the staining step on the mechanical
behaviour of the skin. In the same vein, controlling the
humidity and temperature conditions could also add to
the knowledge of the contact properties of the skin.

5 Conclusion

A new method has been developed to simultaneously
measure the frictional behaviour and deformation through
the thickness of skin samples. It was used here to study
the influence of the skin surface condition and the contact-
ing material on skin deformation and contact properties.
Although improvements need to be made to increase the
accuracy of DIC, particularly near the surface of the sam-
ples, the method has proven to be successful in studying
the effects of contact properties on the strains undergone
by skin in its thickness. Using different materials and
surface preparation permitted to reach different friction
and adhesion regimes. The analysis of the shear maps ob-
tained under these different contact conditions allowed us
to catch a glimpse of how they can influence the through-
thickness deformation behaviour of the skin. In partic-
ular, adhesion seemed to influence the spreading of the
shear strain close to the sample surface as shown by the
strain maps resulting from the interaction of skin with the
silicone rubber. Increasing coefficient of friction was found
to be responsible for higher strain intensities. There was
a great influence of the preparation of skin surface, this
reinforced the idea that it is necessary to study each case
as closely as possible to the real conditions. The appli-
cation of this method under even more varied conditions
may contribute to the understanding of the effects of con-
tact on the skin. This could provide new insights for many
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medical and industrial applications where skin comfort is
an absolute necessity.
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