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Abstract. The mechanical properties of a pig’s skin which is used as the
human skin substitute in the studies carried out in vitro are important
for a number of applications, including surgery and biomechanics. In this
study, uniaxial tensile experiments were performed on porcine skin for
the two directions of the samples taken (parallel and perpendicular to the
spine) to investigate the tensile stress-strain response. The experimental
results show that pig’s skin exhibits anisotropic and non-linear behavior.
The Ogden model was adopted to describe tensile behavior of the pig’s
skin. The Ogden model provides a good tensile curve fit for the animal
skin tissue in the low range of deformation (first and second stage of
elongation curve).

Keywords: Tensile test - Mechanical response - Porcine skin - Ogden
model

1 Intoduction

The human skin is a complex tissue which consists of several heterogeneous
layers: the epidermis, the dermis, and the hypodermis. Each layer has a unique
structure and function [5,13]. Due to the legal regulations and the ethical issues,
obtaining human skin for experimental tests is difficult. A literature analysis
shows that substitute of human skin like animals’ skin is used in the majority of
in vitro skin examinations. The similarity of anatomical features and mechanical
properties makes the pig’s skin most commonly used human skin substitute
[10,16]. The mechanical examinations carried on towards recognizing skin tissue
properties show that it is an anisotropic, viscoelastic and non-linear material
[13]. The exact determination of skin’s mechanical properties is still an open
question, and there is no one and only standard that has been established in
determining skin’s behavior. Additionally, tests results are influenced by the
conditions of samples taken (e.g. a direction of sample taken, a type of animal,
parameters of samples storage: medium, temperature, time, humidity). There
are several methods of samples storage, e.g. cooling, freezing [5].

The determination of mechanical properties of skin is essential both in engi-
neering and medicine, in such fields like surgery and dermatology to predicting
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the effect of surgical treatment. The knowledge acquired in experimental tests
in vivo and n vitro is used for designing surgical tools, medical robots and in
criminology to estimation the history of damage formation and the nature of
skin lesions due to mechanical injuries or traffic accidents [13].

Constitutive modeling of biological tissues is important in many fields such
as biomechanics of collisions [4,7,12], rehabilitation, tissue engineering, surgical
simulations [3,9], drug delivery systems. For skin, existing hyperelastic models
such as Neo-Hookean [1], Mooney-Rivlin [15], Ogden [2,15] have been employed.

In this study, in vitro, tensile uniaxial stress versus strain response for pig’s
skin tissue and the approximation of experimental results with the use of the
Ogden model were presented.

2 Material and Methodology

The pieces of skin for examinations were taken from the back of a 9-month
domestic pig (the weigh of animal was 135kg). Hairs and the fat were removed
from the skin using a sharp scalpel blade and then skin samples were cut in two
directions: parallel and perpendicular in the reference to the spine. All samples
had the same dimensions: the length 100.0 & 0.2 mm, the measurement base for
all samples was 50 £+ 0.2mm, the width 10.0 & 0.2mm and the average thick-
ness was 2.2 £ 0.2mm. The samples were stored at the temperature of —18°C
wrapped in polypropylene foil. The tests were carried out after 1 hour from
defrosting in the temperature of 22 4+ 2 °C. The uniaxial tensile tests were carried
out with the use of the MTS Insight 50 testing machine, the range of measuring
head was 1 kN. The samples were mounted using flat clamps and they were elon-
gated at the constant rate of 5mm/min (the strain rate of 0.0017 1/s), which is
commonly used for soft tissues [17]. Each set of samples for tension testing (the
samples divided according to the direction of their taking) contained minimum
5 samples. In the results the average stress-strain curves were presented. Next,
the Ogden model with two material constants was used to describe the tensile
behavior of the pig’s skin.

3 Results of Tensile Test

The characteristic tensile curves for the parallel and the perpendicular directions
of sample taking were presented in Figs.1, 2 and 3. The elongation curves for
the skin present non-linear characteristic with two quasi-linear segments. The
shape of the curves allows to distinguish three phases, what is specific for soft
tissues. The first phase (I) showed in Figs. 1 and 2, is known as “toe region”, in
which the elastin fibres are mainly responsible for stretching mechanism, while
the contribution of the collagen fibres is negligible. In the second phase (II)
of stretching, the collagen fibres align themselves in the direction of applied
load and become straighter, the force-extension relation becomes approximately
linear. In the third phase (III), the ultimate tensile strength is reached [5,6]. In
dependence of sample direction taking, the curves had different slope and the
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Fig.1. The average tension curve for perpendicular samples
specific phases (I), (1I) and (I1I).
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Fig. 2. The average tension curve for parallel samples pig’s skin tissue with specific

phases (1), (II) and (III).
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Fig. 3. The comparison of elongation curves for parallel and perpendicular samples.
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range of maximal extension. The tensile test of skin samples was carried out to
characterize the mechanical parameters of skin material, the tensile strength for
the perpendicular samples was 11.87 + 1.69 MPa, 10.65 4+ 1.75 MPa for parallel
samples and the strain was respectively 0.66 4+ 0.05 and 0.34 £ 0.02.

4 Constitutive Model

To describe the measured constitutive response of skin tissue, the Ogden model is
commonly employed [15]. The Ogden model is used to describe non-linear behav-
ior of hyperelastic material, such as polymers, rubber and soft tissue. The model
assumes that materials behavior may be characterized by a strain energy density
function. On the base on this function stress-strain relationship is obtained. A
strain energy density function W is given as (1):

2
W Ao, As) = T3 (8 28+ 45 - 3) (1)

where o and p are material constants - shear modulus and strain hardening
exponent. For incompressible material, the principal stretch ratios are described
by the formula (2):

AAAz =1 (2)

A strain energy function can be given as the function of two independent
stretches with the use of formulas (1) and (2):

T —1y— 2 a a —ay—«
WAL, A2) = WAL A2, ATIA) = 07@0‘1 + AT H AN = 3) (3)

Under plane stress condition it is assumed o3 = 0, nominal stress o; is
described by dependence [14]:

o oW

09 = (97>\2 (4)

For uniaxial elongation carried out by the load in the direction of the long
axis, the nominal stress can be given as (5):

2 o
oy = Bppa1 _ yo-)

o 5 O’QZO (5)

The materials constants for the Ogden model (« i 1) can be obtained experi-
mentally. During the calculation of the Ogden model, the values of shear modulus
and strain hardening exponent were set up as variables larger than zero. The
procedure of calculation was carried out until the value of R? (coefficient of
determination) was higher than 0.99.
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4.1 Results and Discussion

In Fig. 4, the tensile stress-strain curves fitted with the Ogden model at 0.0017/s
strain rate were shown. The Ogden model provided a good approximation of the
experimental data obtained in the tensile test for pig’s skin but only for low
stretching ratio value, first and second stage of stress-stain curves (Fig. 5). This
corresponds to a range of elastic deformation of elastin and collagen fibers, where
initially the non-linear shape of the stress-strain curve changes the character
on the similar to a straight line. For the third stage of elongation, the stress-
stain curves didn’t fit with the Ogden model (for stretching ratio above 1,15
for perpendicular samples and 1,3 for parallel samples). The Ogden constants
determined experimentally for two directions of samples taken were summarized
in Table 1.

In our research, one value of the strain rate and variable values of shear
modulus and strain hardening exponent were used. However in the literature,
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Fig. 4. The engineering stress versus stretch ratio response of pig’s skin, experimental
data and the Ogden fit for the first and second phase of elongation test.
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Table 1. Ogden constants (o and p) evaluated from uniaxial tensile stress versus strain
response of pig’s skin.

Direct of sample | Shear modulus p (MPa) | Strain hardening exponent a
Parallel 0.78387 4+ 0.01388 28.10237 4+ 0.2113
Perpendicular 0.64764 £+ 0.01862 17.02676 £ 0.1708

the noticeable influence of the strain rate on changing the value of the Ogden
coefficient p and its negligible influence on the Ogden exponent « was observed
[14]. The data used by Manan et al. [11] for numerical investigation of influence
of the Ogden coefficients (¢ and «) on stress-stretch ratio curves showed its
quasi-linear dispersion. According to [11] the low value of shear modulus will
influence the stress-stretch ratio curve linearly, where by increasing the values
will cause the curve to behave highly non-linear.

In the literature, elongation curves fitting by the Ogden model are shown
for the elastic behavior of the material. In the research carried out by Shergold
et al., the Ogden material model was used to detail the mechanical characteristics
of pig’s skin under uniaxial tension [15]. The results showed that the Ogden
model provides a good curve fit for the pig’s skin. A good elongation curve
fit was obtained by Lim et al. for the stretch ratio of about 2,3 for specimen
perpendicular to spine and 1,4 for the specimen parallel to spine [8]. The value
of shear modulus for perpendicular and parallel pig’s skin samples agrees with the
shear modulus reported by Shergold et al. (0,4-7,5 MPa in dependence on strain
rate and constant o = 12). In our research, the parallel specimens have higher
values of strain hardening exponent (about 40 %) and shear modulus (about
17 %) than perpendicular samples. The low strain rate shear modulus of human
skin g = 0.11MPa and o = 9 are close to our values. The study conducted
by Ni Annaidh et al., shows the value of mechanical properties for human skin:
ultimate tensile stress 21,6 & 8,4 MPa, but in the literature 1-32 MPa, failure
strain 0,54 £ 0,17, but in the literature 0,17-2,07 [13]. Wide range of values
depends on age, orientation/location of specimens, conditions of in vivo or in
vitro tests.

5 Conclusions

An analysis of the stress versus strain response for pig’s skin tissue under quasi-
static uniaxial tensile test of samples taken in two directions, parallel and per-
pendicular with respect to the long axis of the animal (identified by the axis
of the spine) was performed. The experimental results indicate the non-linear
nature of the behavior and the effect of anisotropy of skin tissue on the stress-
strain characteristics. Presented results demonstrate that the Ogden model can
provide a good approximation to experimental data, particularly in the range
of low stretch ratio. For the good approximation of constitutive model, it is
essential to obtain the values of material constants for different strain rates,
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particularly shear modulus which is dependent on strain rate [8,15]. The under-
standing of skin behaviour under applied load is important for the production of
skin substitutes, temporary and permanent. The anisotropic tensile properties
are significant for surgery simulation and skin graft. Mechanical properties of
pig’s skin should be investigated and compared with human data.
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