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A B S T R A C T

When a living tissue is subjected to cyclic stretching, the stress-strain curves show a shift down with the increase
in the number of cycles until stabilization. This phenomenon is referred to in the literature as a preconditioning
and is performed to obtain repeatable and predictable measurements. Preconditioning has been routinely per-
formed in skin tissue tests; however, its effects on the mechanical properties of the material such as viscoelastic
response, tangent modulus, sensitivity to strain rate, the stress relaxation rate, etc….remain unclear. In addition,
various physical interpretations of this phenomenon have been proposed and there is no general agreement on
its origin at the microscopic or mesoscopic scales. The purpose of this study was to investigate the effect of the
cyclical stretching and the stress-relaxation tests on the mechanical properties of the porcine skin. Cyclic uniaxial
tensile tests at large and constant strain were performed on different skin samples. The change in the reaction
force, and skin's tangent modulus as a function of the number of cycles, as well as the strain rate effect on the
mechanical behavior of skin samples after cycling were investigated. Stress-relaxation tests were also performed
on skin samples. The change in the reaction force as a function of relaxation time and the strain rate effect on the
mechanical behavior of skin samples after the stress-relaxation were investigated. The mechanical behavior of a
skin sample under stress-relaxation test was modeled using a combination of hyperelasticity and viscoelasticity.
Overall, the results showed that the mechanical behavior of the skin was strongly influenced by cycling and
stress relaxation tests. Indeed, it was observed that the skin's resistance decreased by about half for two hours of
cycling; the tangent modulus degraded by nearly 30% and skin samples became insensitive to the strain rates
and accumulated progressively an inelastic deformation over time during cycling. Finally, the hysteresis loops
became very narrow at the end of cycling and after relaxation process.

1. Introduction

The mechanical behavior of the skin has been investigated for a
number of years, especially for clinical and cosmetic applications. The
monotonic tensile test is one of many techniques used to characterize
the skin (Groves et al., 2013; Lim et al., 2011; Ní Annaidh et al., 2012;
Remache, 2013). The purpose of this test is to extract some classical
mechanical parameters of the material (such as the elastic modulus and
shear modulus), thereby enabling the development of numerical models
to predict the mechanical behavior of the soft tissue (Bischoff et al.,
2002; Lim et al., 2011; Remache, 2013; Shergold et al., 2006). How-
ever, the investigation of the skin mechanical behavior under cyclic
tensile tests remains relatively unexplored despite some studies
(Edsberg and Mates, 1999; Giles et al., 2007; Kang and Wu, 2011;
Munoz et al., 2008).

It is known that, when soft tissue is subjected to cyclic uniaxial
tensile tests, the obtained stress-strain curves form hysteresis loops,

which continually decrease and then stabilize (Xu and Lu, 2011). This
phenomenon was first referred to by Fung (1993) as the pre-
conditioning effect. Artery samples were preconditioned by Fung
(1993) in order to obtain repeatable and predictable measurements,
and then to introduce the concept of the pseudo-elasticity of soft tissues.
The preconditioning phenomenon is well-known in filled rubbers and
crystallizing pure gum (Diani et al., 2009) and is referred to as the
Mullins effect (Mullins, 1969). However, it seems that the pre-
conditioning phenomenon of the soft tissue is not well understood and,
to our knowledge, no preconditioning protocol for the mechanical
testing of skin tissue exists in the literature. Indeed, while Lanir and
Fung (1974) found that a preconditioned soft tissue will return to its
initial configuration after a large relaxation period, Vogel and Denkel
(1985) found that only the skin in vivo can reach a full recovery after
cyclic stretching. As well, while Kang and Wu (2011) did not reach a
stabilization of the stress-strain curves for 100 cycles of stretching
performed on porcine skin, Liu and Yeung (2008) reached this
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stabilization between 4 and 12 cycles. Furthermore, a wide range of
loading cycles was reported in the literature (3 (Fung et al., 1972) to
100 cycles (Kang and Wu, 2011)). It appears thus that the pre-
conditioning effect on the mechanical properties of skin tissue remains
unclear (Cheng et al., 2009; Griffin et al., 2016). The preconditioning
phenomenon was also observed in repeated stress-relaxation tests
(Fung, 1993; Liu and Yeung, 2008). It was observed that, if a tissue is
subjected to a repeated stress-relaxation test at constant strain, the
obtained relaxation curves are seen to shift upward and the difference
between these curves decreases as a function of the number of cycles
(Fung, 1993). This change in the response of the material as a function
of the number of cycles shows that the preconditioning test has a re-
sulting effect on the mechanical properties of the material, such as
viscoelastic response and the stress relaxation rate, etc…. The physical
interpretations of this phenomenon remain unclear. In this study, we
investigated the effect of the cyclical stretching and stress-relaxation
tests on the mechanical properties of porcine skin.

2. Tools and methods

2.1. Samples preparation

The porcine skin was obtained directly from the butcher from dif-
ferent freshly slaughtered pigs. The animals should have roughly the
same age, according to the butcher. Large porcine skin pieces were
carefully excised from the abdomen in such a way that the fat is re-
moved. This was achieved by the butcher. The obtained pieces had
almost uniform thicknesses (about 2 mm). The samples were cut from
the same zone and according to the direction of the porcine spine as
shown in Fig. 1 (a). The samples were cut by a surgical scalpel ac-
cording to an aluminum template whose dimensions are shown in Fig. 1
(b). For all tests, the samples were prepared then set up for testing
within two hours at the latest to keep the freshness of skin tissue.

2.2. Experimental procedure

An Instron 8800 tensile testing machine with a load cell of 10 kN
was used and all the tests were conducted at room temperature.
Filtering frequencies from 20 to 2500 Hz were tested for two data

acquisition frequencies: 1 kHz and 5 kHz. The obtained results show
that the load cell has a digital noise approximately 1 N. The tests were
carried out only under displacement control because the output results
under force control were too contaminated with noise.

One of the most important problems encountered during the tensile
tests performed on the soft tissue is the fixation of the sample within the
grips (Jacquemoud, 2007; Vescovo, 2002). Several grips such as for
example elastomeric grips were tested. Only a developed screw grips
with internal striated faces have completely prevented the samples from
slipping for strains less than 30%. All the skin samples were therefore
subjected to a maximum strain of 25%. The samples were placed in the
grips, and then reference lines have been drawn at the ends of the
samples to indicate a possible slip. A preload of 1 N was applied to each
specimen, and then the machine load was set to 0 before starting each
test. The preload was applied to the skin in order to get close to its
natural state of pretension. The preload applied to the skin was taken
from Bischoff et al. (2000). The strain rates and displacements were
directly imposed through the machine crosshead. The obtained force
was measured by the load cell. A lard layer was also applied on the
surface of each sample in order to avoid the drying phenomenon. At the
end of all the tests, no sliding of the tested samples was observed and no
drying phenomenon was observed, at least to the naked eyed. It should
be noted that other tests (which we have not presented) carried out
without the lard layer became dry at the end of the tests.

2.3. Experimental tests

Five types of tests were carried out. Type 1: a cyclic tensile test was
performed on six skin samples at a constant strain rate, with a peak
displacement of 25 mm and during two hours (Fig. 2). A strain rate of
1 mm/s was applied to the first three samples and a strain rate of
0.1 mm/s was applied to the other three samples. The number of cycles
performed during two hours was calculated for each strain rate. We
obtained 144 cycles for the strain rate of 1 mm/s and 14 cycles for the
strain rate of 0.1 mm/s. Type 2: Two cyclic tensile tests were performed
on a porcine skin sample according to the following steps: (1) the
sample was loaded-unloaded 72 consecutive times up to 25 mm and at
a strain rate of 0.5 mm/s; (2) the sample was then left in an unstressed
phase for a resting period of two hours; (3) then, the sample was
loaded-unloaded again three consecutive times up to 25 mm, at three
different strain rates: 0.5 mm/s (the 73th cycle), 1 mm/s (the 74th
cycle), 5 mm/s (the 75th cycle), respectively (Fig. 6). Type 3: a stress-
relaxation test was performed on two skin samples (Fig. 7). Each skin
sample was stretched up to 25 mm then was kept in the strained con-
dition for two hours. The first sample was loaded at a strain rate of
0.1 mm/s and the second one at a strain rate of 1 mm/s. Type 4: a
stress-relaxation test and a cyclic tensile test were successively per-
formed on a porcine skin sample according to the following steps: (1)
the sample was stretched up to 25 mm at a strain rate of 1 mm/s, then
maintained in the strained condition for a period of two hours, (2) after
the two hours in the strained condition, the sample was fully unloaded
(i.e. the machine crosshead was reset to its initial position), (3) the
sample was then subjected to three consecutive cyclic tensile tests up to
a maximum stretch of 25 mm, at three different strain rates: 0.1 mm/s
(cycle 1), 1 mm/s (cycle 2), 5 mm/s (cycle 3), respectively (Fig. 9).
Type 5: a cyclic tensile test and a stress-relaxation test were successively
performed on a porcine skin sample according to the steps: (1) the
sample was subjected to cyclic tensile test for two hours, with a peak
displacement of 25 mm, at a constant strain rate of 1 mm/s then, (2) the
sample was stretched up 25 mm at a constant strain rate of 1 mm/s, and
then maintained in a strained condition for a period of two hours
(Fig. 10).

Fig. 1. (a) Template position showing the location where skin samples were cut. (b):
Dimensions of an aluminum template used for cutting samples.
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2.4. Analytical method

2.4.1. Variation in the peak reaction force
Several skin samples coming from different animals were subjected

to a cyclic tensile test. The obtained reaction forces (i.e. skin's re-
sistance) were measured as a function of the cycle number and as a
function of the cycling time. The peak reaction force obtained in each
cycle was extracted. In order to compare the results coming from dif-
ferent skin animals, the variation in the peak reaction force for each
cycle with respect to the peak reaction force corresponding to the first
cycle was calculated. The variation was then normalized by dividing it
by the reaction force corresponding to the first cycle. The normalized
variation is thus given by the following relationship:

=
−R F (c ) F (c )

F (c )c
max 1 max n

max 1 (1)

where Fmax(c1) and Fmax(cn) are the maximum reaction force corre-
sponding to cycle 1 and any cycle n, respectively.

2.4.2. Variation in skin's tangent modulus
In order to quantify the changes in the mechanical properties of the

skin samples under cyclic tensile tests (type 1 of the tests) we in-
troduced a parameter, D, calculated according to the following re-
lationship :

=
−D G(c ) G(c )

G(c )
1 n

1 (2)

where G(c )1 and G(c )n are the tangent moduli corresponding to the
cycle 1 and any cycle n of the unloading curves, respectively; D re-
presents the relative change in the tangent modulus of the unloading
curves. The tangent moduli were calculated from linear regressions
over the initial 3 and 20 data points for the strain rates of 1 mm/s and
0.1 mm/s, respectively.

2.4.3. Residual strain accumulation
During cyclic tensile tests performed on porcine skin, we observed

an increase of gauge length of the skin samples as the number of cycles
increased. This phenomenon, called the residual strain was quantified
according to the following method. From the second cycle, at the be-
ginning of each stretching phase, the machine crosshead moved a few
millimeters with zero forces recorded by the machine. The skin showed
thus a zero resistance to the stretch for the first few millimeters of each
stretching. We considered that the displacement of the machine cross-
head of zero forces (denoted by Rd in Fig. 5 (a)) was equal to the re-
sidual deformation accumulated by the skin during each cycle. The
relative residual strain accumulated by a skin sample as a function of
cycle number was calculated according to the following relationship :

=
−R R (c ) R (c )
LS

d n d 2

0 (3)

where L0 is the initial gauge length. Rd(c2) is the residual deformation
accumulated in the second cycle; Rd(cn) is the residual deformation
accumulated in any cycle n.

2.4.4. Variation in reaction force during stress relaxation
In type 3 of the tests, two porcine skin samples were subjected to

stress-relaxation test (Fig. 7). The reaction force to the constant strain
was measured as a function as relaxation time. The variation in the
reaction force at each instant t (i.e. F(t)) with respect to the reaction
force at the beginning of stress relaxation (i.e. F(t0)) was calculated.
Since the samples came from different animals, this variation was
normalized by dividing it by F(t0) corresponding to each sample. The
normalized variation in the reaction force denoted by R(t) as a function
of the relaxation time is thus given by the following relationship :

=
−R(t) F(t ) F(t)

F(t )
0

0 (4)

where F (t0) is the reaction force at the beginning of stress relaxation of
the skin sample (i.e. the force corresponding to the maximum value of
stretching) and F (t) is the instantaneous reaction force.

2.5. Numerical approach

The stress response of the skin was assumed to be homogeneous and
isotropic, and the material was assumed to be incompressible
(Holzapfel, 2000). Two mechanical constitutive equations were sepa-
rately used to calibrate the stress-relaxation test data using the Abaqus®

calibration tool. An hyperelastic model was used to calibrate the non-
linear portion of the material behavior, and a linear isotropic viscoe-
lastic model was used to calibrate the viscoelastic portion. Two non-
linear isotropic models were used for calibration; Ogden model (order
1) (Ogden, 1972) and Yeoh model (Yeoh, 1993). The form of the Ogden
strain energy potential for incompressible material is expressed in
Abaqus® as:

∑= + + −
=

W
μ
α

λ λ λ( 3)
m

N
m

m

α α α

1
2 1 2 3

m m m

(5)

where λi ( =i 1, 2, 3) are the principal stretches; αm and μm are the
material constants to be determined and N is a positive integer. The
initial shear modulus is given by:

Fig. 2. (a) Hysteresis loops obtained from a cyclic tensile test performed on a porcine skin
sample stretched up 25 mm, at a constant strain rate of 1 mm/s, and for two hours (which
corresponds to 144 cycles). Only some hysteresis loops designated by their cycle numbers
(Ci), are presented. (b) Six skin samples were subjected to cyclic tensile test, for each
sample, only the first hysteresis loop is presented.
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∑ =
=

μ μ,
m

N

m
1 (6)

The Yeoh form (Yeoh, 1993) is viewed as a special case of the re-
duced polynomial with N=3:

∑= −
=

W C I( 3)
i

i
i

1

3

0 1
(7)

where Ci0 are the material constants and I1 is the first invariant of the
Cauchy Green tensor.

The linear isotropic viscoelastic model was represented in terms of
the Prony series in which the relaxation functions are given by the
following relationship :

∑= + −∞

=

G τ G g τ τ( ) exp( / ),
i

N

i i
G

1

G

(8)

∑= + −∞

=

K τ K k τ τ( ) exp( / ),
i

N

i i
K

1

K

(9)

where ∞K and ∞G represent the long-term bulk and shear moduli; gi, ki,
τi

G, and τi
K are material constants.

The nominal stress-strain was calculated from the force-displace-
ment data and the normalized stress as a function of relaxation time
was set in Abaqus® as shear test data. The last value of the normalized
stress (equal to 0.34) was set as the long term shear modulus. Time was
selected as domain, and relaxation test data was selected as time.

3. Results and discussion

From a point of view of biomechanics, the skin tissue is a nonlinear,
viscoelastic and anisotropic material (Bischoff et al., 2000; Edsberg and
Mates, 1999; Fung, 1993; Groves et al., 2013; Jacquemoud, 2007;
Khatyr et al., 2006; Lim et al., 2011; Ní Annaidh et al., 2012; Silver
et al., 2002). In addition to this complex behavior, the mechanical
properties of skin depend on several factors, such as, the tested species,
sex (Agache, 2000; Cua et al., 1990; Diridollou et al., 2000; Remache
et al., 2011), the anatomical body site (Diridollou et al., 2000; Hendley
et al., 1982; Remache et al., 2011; Ryu et al., 2008), thickness
(Remache et al., 2011; Takema et al., 1994), age (Ahn et al., 2007;
Escoffier et al., 1989; Lanir et al., 1993; Ryu et al., 2008; Takema et al.,
1994; Vogel, 1972), the hydration (Auriol et al., 1993; Hendley et al.,
1982; Hendriks et al., 2004; Jemec and Serup, 1989; Yilmaz and
Borchert, 2006), the relative humidity, temperature, blood flow (Xu
and Lu, 2011) and other in vivo environmental factors. On the other
hand, the measurement of the mechanical properties of skin depends
heavily on the used technique of characterization (tensile, torsion,
suction tests,..etc.), its boundary conditions, and the direction of
loading and the loading rate.

In this study, in order to take into consideration at least some of the
factors mentioned above, tensile tests were carried out on skin samples
collected from pigs of the same age, from the same anatomical site,
according to the same direction (direction of the porcine spine), and cut
according to the same shape (Fig. 1). The results were then normalized
since the samples came from different animals.

The slipping of the skin between the grips of the tensile testing
machine constitutes one of the most important problems during the
tensile test (Jacquemoud, 2007; Vescovo, 2002). In the present study,
several grips were tested on samples for different levels of strains. Re-
ferring to reference lines drawn at the ends of each sample, a screw
grips with internal striated faces have shown a good result for strains
less than 30% (i.e. 30 mm of displacement). The drying phenomenon
constitutes another problem encountered during tensile tests performed
on skin samples. In order to avoid this problem, we applied a lard layer
on the surface of each sample. The drying phenomenon was not ob-
served (at least to the naked eyed) for at least for two hours.

3.1. Cyclic tensile tests

An example illustrating the results obtained on skin samples sub-
jected to cyclic stretching is shown in Fig. 2 (a) (type 1 of the tests).
From the figure, it can be seen that, in the loading phase, the force-
displacement curves of the skin sample show the classic J-shape which
is a characteristic of the mechanical behavior of many soft tissues (Daly,
1982). Based on microscopic observations (Brown, 1973), this observed
behavior of the skin is characterized by three loading phases: in the
initial linear phase, the extension of the skin is associated with the
stretching of elastic fibers which are easily stretched. In the nonlinear
phase (toe-region), the collagen fibers are progressively stretched and
re-orientated in the load direction. In the final linear phase, the col-
lagen fibers straighten and become aligned until the ultimate tensile
strength is reached and the fibers begin to break.

The viscoelastic behavior of the skin is associated with the inter-
action of the collagen fibers with the proteoglycan matrix (Dunn and
Silver, 1983; Lanir, 1979; Minns et al., 1973). The features of the vis-
coelasticity of materials are the hysteresis loops, stress relaxation, and
creep (Fung, 1993). The viscoelastic behavior of the tested samples was
manifested by the hysteresis loops (Fig. 2 (a)). However, as shown in
Fig. 2 (a), the hysteresis loops shifted down and became increasingly
narrow as a function of the number of cycles. This phenomenon can be
related to one or several effects. Fung (1993) found that the internal
structure of the tissue (i.e. change of collagen molecular structure and
the fiber configuration) changes with the cycling and called this phe-
nomenon: the preconditioning. While Auriol et al. (1993) found that the
viscosity and hysteresis as well as elasticity of in vivo human skin were
unmodified with increasing hydration, Jemec and Serup (1989) found
that hydration of the skin increased the hysteresis significantly and
reduced skin elasticity. Other works based on microscopic observations
found that, during monotonic tension tests, a damage of collagen fiber
bundles of skin tissue occurs (Edsberg and Mates, 1999; Kang and Wu,
2011). Overall, it appears that the viscoelastic aspect of the skin
changed as a function of the number of cycles.

In type 1 of the tests, six samples were tested (Fig. 2 (b)). The
samples showed a similar mechanical behavior shown in Fig. 2 (a).
However, different peak forces were reached. Since the samples came
from different animals, the disparity in the results showed that the skin
elasticity depends on the animal, i.e. individual differences (Remache,
2013). In order to compare the results, the variation of the maximum
reaction force (or skin's resistance to stretch) of each skin sample as a
function of the cycle number was calculated according to the Eq. (1).
The calculated values of Rc as a function of the cycle number of some
cycles are shown in Fig. 3. As shown in the figure, the obtained curves
showed similar trends for each of strain rates, and that for two hours of

Fig. 3. The normalized variation in the peak reaction force (denoted Rc) of six skin
samples as a function of the cycle number. Rc is presented only for some cycles.
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repeated stretching, Rc increased as the number of cycles increased by
nearly 50% and 60% for 0.1 mm/s and 1 mm/s of strain rate, respec-
tively. Skin's resistance, thus, decreased by about half for two hours of
cycling. To our knowledge, no viscoelastic material has shown such a
continuous and great diminution of its resistance to stretch. Indeed,
after a few cycles the response of the classical viscoelastic materials
tends to stabilize. An apparent stabilization at the last cycles corre-
sponding to the strain rate of 1 mm/s, (i.e. after at least about 140
cycles) was observed. It should also be noted that Rc increased faster
with the smallest strain rate (i.e. 0.1 mm/s). It seems that, the more the
material remains stretched, the more its resistance to stretch degrades.
We assume that the skin accumulated damage with cycling in particular
with the low strain rates.

3.1.1. Cyclic tensile effect on skin's tangent modulus
The variation in skin's tangent modulus was calculated (Eq. (2)) in

order to quantify the degradation of the mechanical properties of the
skin samples under cyclic tensile tests. Fig. 4 shows the calculated
parameter D as a function of the cycle number of the tested skin sam-
ples. As shown in the figure, the parameter D increases as the number of
cycles increases. This result showed that the tangent modulus degraded
with the repeated cycling by nearly 30%. For the same number of cy-
cles, the tangent modulus declined much more with the lowest strain
rate, i.e. with the longest cycle. Once again, it seems that, the longer the
material is stretched, the more its mechanical properties degrade. We
assume that this degradation can be explained by the progressive failure
of collagen fibers as found by Kang and Wu (2011) in monotonic tensile
tests performed on porcine skin.

3.1.2. Residual strain accumulation
The residual strain accumulation during cyclic tensile tests was

observed in several studies (Kang and Wu, 2011; Lanir and Fung, 1974;
Munoz et al., 2008). In this study, this accumulation was measured as
shown in Fig. 5 (a) and calculated according to the Eq. (3). Fig. 5 (b)
shows the relative residual strain accumulated as a function of cycle
number of two representative skin samples subjected to cyclic tensile
tests at two different strain rates: 0.1 mm/s and 1 mm/s, respectively.
As shown in the figure, RS increased by about 15% as a function of the
cycle number for the two skin samples. As found by Kang and Wu
(2011), the results revealed that skin samples accumulated progres-
sively an inelastic deformation over time during cycling. It was also
found that the residual strain depends on the stress magnitude (Munoz
et al., 2008).

3.1.3. Strain rate effect
The strain rate effect on the skin mechanical behavior was in-

vestigated in monotonic tensile tests by several authors (Dombi et al.,
1993; Edsberg and Mates, 1999; Fung, 1993; Hutton et al., 1975; Kang
and Wu, 2011; Lanir and Fung, 1974; Lim et al., 2011; Shergold et al.,
2006; Silver et al., 2002; Vogel, 1972; Xu and Lu, 2011). It was found
that skin's resistance increases with the increasing strain rate in dis-
placement controlled tests. However, to our knowledge, strain rate ef-
fect on the skin mechanical behavior has never been investigated in
cyclic tensile tests. A cyclic-recovery-cyclic test was performed on a
porcine skin (type 2 of the tests) according to the steps shown in Fig. 6.
As was found in tests of type 1, the force-displacement curves showed a
shift down and an increasingly narrowing of the hysteresis loops as a
function of the number of cycles. From the figure, it can be seen that,
the last three cycles are almost confused with the 72th cycle. This result
showed that the initial mechanical response of the material was not
recovered after a resting period of two hours, and that the material was
insensitive to the strain rate after repeated cycling. This is in agreement
with another study (Fung et al., 1972) that found that the hysteresis
loop of most biological soft tissues is almost insensitive of the strain rate
within several decades of the rate variation.

3.2. Stress relaxation tests

Stress relaxation tests were conducted on two porcine skin samples

Fig. 4. The variation in skin's tangent modulus of the unloading curves (denoted D) of six
porcine skin samples subjected to cyclic tensile tests. D was only calculated for some
cycles.

Fig. 5. (a) The residual deformation, Rd defined as the displacement of the machine
crosshead of zero forces. The accumulated residual deformation was observed from the
second cycle. (b) The relative residual strain accumulated by a porcine skin sample as a
function of cycle number.
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at two different strain rates: 0.1 mm/s and 1 mm/s. The stress relaxa-
tion was considered as the change in force as a function of time. The
variation in stress relaxation as function of relaxation time was calcu-
lated according to Eq. (4). Fig. 7 shows the variation in stress relaxa-
tion, Rt versus the time of the relaxation process. As shown in the figure,
the expanded skin samples easily get relaxed, which obviously showed
their viscoelastic behavior. The figure also shows that Rt-time curves
increased exponentially and that the deviation between the two curves
increased with the increase in maintaining duration. The skin response
to a constant deformation depends thus on the skin sample. Otherwise,
it seems that the curves have trend to continuously increase without
stabilization, i.e. without a limiting value of force, which means, that
the relaxation time was insufficient for the complete stress relaxation of
the material, or there is another phenomenon responsible for this skin
behavior. We assumed that, in addition to its viscous behavior, the skin
accumulated damage with the increase in maintaining duration, i.e.
more the material is expanded more the failure of collagen fibers are
occurring (Arumugam et al., 1994). However, histological examination

is needed to validate this assumption and to quantify any damage due
to stress relaxation tests.

3.2.1. Numerical analysis
The identified material constants of the hyperelastic and linear

viscoelastic models obtained from the experimental data calibration
compared to some values from the literature are summarized in Table 1.
The material constants of the Ogden model are determined in Abaqus
through a nonlinear least-squares-fit procedure, and those of Yeoh
model are determined through a linear least squares fit for the reduced
polynomial (Abaqus, 2014). The comparison of the stress-relaxation
test data with numerical results is shown in Fig. 8. Yeoh model shows
an accurately prediction of the nonlinear behavior of the tested skin
(Fig. 8a). Fig. 8b shows the time-dependent behavior of the skin eval-
uated though a stress relaxation test at 25% strain. The viscoelastic
behavior of the material showed that the mechanical properties de-
graded in 2 h to reach about 60% of the initial values. It seems that,
according to the tendency of the experimental curve, the properties of
the material continue to degrade.

3.2.2. Strain rate effect on the stressed, relaxed skin
In order to investigate the strain rate effect on a skin previously

subjected to stress-relaxation test, a stress-relaxation test followed by a
cyclic tensile test were performed on a skin sample according to the
steps shown in Fig. 9 (type 4 of the tests). From the figure, it can be seen
that, the obtained hysteresis loops are almost confused which means
that the strain rate didn't have any effect on the material after a re-
laxation process. Similar results were found in Section 3.1.3. In addi-
tion, the three hysteresis loops, which are related to the dissipated
energy of the viscoelastic material, are narrow. We assume that the
material viscosity decreases with the increase in maintaining duration.
This may be due to a modification in the internal structure of the ma-
terial in time or with increasing hydration of the material. We assume
therefore that the viscous property of the skin was also influenced by
the stress relaxation process.

3.3. Cyclic-relaxation test

A cyclic tensile and a stress relaxation test were successively per-
formed on a skin sample (Fig. 10; type 5 of the tests). The normalized
variation in the maximum reaction force of the skin sample as a func-
tion of time cycling was calculated according to Eq. (1), and the nor-
malized variation in the reaction force as a function of the time of the
relaxation process was calculated according to Eq. (4). The obtained
results for the two tests were compared in Fig. 10. The results showed
an exponential increase of the normalized variation in the reaction
force as a function of the cyclic time as well as the relaxation time. A
strong stress relaxation was observed at the beginning of the relaxation
process. The two curves followed, therefore a similar evolution. It ap-
pears that the material was subjected to the same phenomenon in cyclic

Fig. 6. Two cyclic tensile tests were performed on a porcine skin sample according to the
following steps: (1) the sample was loaded-unloaded 72 consecutive times up to 25 mm
and at a strain rate of 0.5 mm/s. Only the first cycle and the 72th cycle are presented, (2)
the sample was then left in an unstressed phase for a resting period of two hours, (3) then,
the sample was loaded-unloaded again three consecutive times up to 25 mm, at three
different strain rates: 0.5 mm/s (the 73th cycle), 1 mm/s (the 74th cycle), 5 mm/s (the
75th cycle), respectively.

Fig. 7. Two skin samples were stretched up to 25 mm, at a strain rate of: 0.1 mm/s for the
first sample and 1 mm/s for the second sample. Each sample was then kept in the strained
condition for two hours. The variation in the reaction force at each instant t (i.e. F(t))
versus the reaction force at the instant t0 (i.e. F(t0)) was calculated and then normalized
by dividing it by F(t0). The obtained values (denoted Rt) for each sample are presented as
a function of the relaxation time.

Table 1
Summary of the identified material constants compared to some values from the litera-
ture.

Ogen Model Yeoh Model Prony series

Parameters μ α C10 C20 C30 g1 g2 τ1 τ2

This study 0.69 23.27 0.26 15.5 1.75 0.34 0.32 52.6 2606
(Flynn et al.,

2011)
0.0096 35.9 – – – 0.34 – 1.68 –

(Chanda et al.,
2015)

– – 0.95 4.94 0.01 – – – –

(Remache,
2013)

0.02 29 – – – – – – –

μ, gi and Ci are given in MPa, τi in second. ki=0.
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and relaxation tests. This particular test showed that, when a skin
sample is stretched up a constant value, the response of the material as
a function of time is the same in cyclic or relaxation tests. To our
knowledge, this kind of tests was performed on skin for the first time in

this study. Other studies are needed to validate this assumption.

4. Conclusion

Porcine skin was subjected to cyclic uniaxial tensile tests at large
and constant strain. The results showed that: (1) the force-displacement
curves continuously shifted down with the increase in the number of
cycles, (2) the initial mechanical response of the material was not time
recovered after a resting period of two hours, (3) the material was in-
sensitive to the strain rate after a certain number of cycles, and (4) the
material accumulated progressively an inelastic deformation over time
during cycling. Porcine skin was also subjected to stress-relaxation
tests. It was observed: (1) an exponential degradation in reaction forces
to the stress as a function of relaxation time, (2) the material was in-
sensitive to the strain rate after a certain maintaining time.
Furthermore, a cyclic tensile and stress relaxation tests were succes-
sively performed on a skin sample, and then the results were compared.
It was found that both tests gave similar results. It appears that the same
phenomenon occurred during continuous mechanical stress. Overall,
the results showed that the mechanical properties of the porcine skin
were strongly influenced by cyclic and stress relaxation tests. We as-
sumed that the material accumulated viscoplastic strain or damage
under continuous mechanical stress.

Acknowledgments

This work was supported by the Région Centre-Val de Loire (France)
in the framework of PLET project (Grant PLET APR Région Centre 2013,
No. 2013 00083147).

References

Abaqus, D., 2014. Abaqus theory manual. Dessault Systémes.
Agache, P., 2000. Physiologie de la peau et explorations fonctionnelles cutanées Pierre

Agache et al. Edition Medicale International.
Ahn, S., Kim, S., Lee, H., Moon, S., Chang, I., 2007. Correlation between a cutometer® and

quantitative evaluation using moire topography in age-related skin elasticity. Skin
Res. Technol. 13 (3), 280–284.

Arumugam, V., Naresh, M., Sanjeevi, R., 1994. Effect of strain rate on the fracture be-
haviour of skin. J. Biosci. 19 (3), 307–313.

Auriol, F., Vaillant, L., Machet, L., Diridollou, S., Lorette, G., 1993. Effects of short-time
hydration on skin extensibility. Acta Derm.-Venereol. 73 (5), 344–347.

Bischoff, J., Arruda, E., Grosh, K., 2002. A microstructurally based orthotropic

Fig. 8. Comparison between, numerical model and experimental test data; (a): tensile
phase, (b): stress-relaxation phase.

Fig. 9. A stress-relaxation test and a cyclic tensile test were successively performed on a
porcine skin sample according to the following steps: (1) the sample was stretched up to
25 mm at a strain rate of 1 mm/s, then maintained for a resting period of two hours, then
fully unloaded, (2) the sample was then loaded-unloaded three consecutive times up a
stretch of 25 mm, at three different strain rates: 0.1 mm/s (cycle 1), 1 mm/s (cycle 2),
5 mm/s (cycle 3), respectively.

Fig. 10. A cyclic tensile test and a stress-relaxation test were successively performed on a
porcine skin sample as follows: (1) the sample was subjected to cyclic tensile test for two
hours, with a peak displacement of 25 mm, and at a constant strain rate of 1 mm/s, then
(2) the sample was stretched up 25 mm at a constant strain rate of 1 mm/s, and then kept
in the strained state for a resting period of two hours. The normalized variation in the
maximum reaction force as a function of cyclic time and relaxation time, obtained from
the two successive tests, is presented. For the cyclic test, only the normalized variation in
the maximum reaction force of some cycles is presented.

D. Remache et al. Journal of the Mechanical Behavior of Biomedical Materials 77 (2018) 242–249

248

http://refhub.elsevier.com/S1751-6161(17)30392-2/sbref1
http://refhub.elsevier.com/S1751-6161(17)30392-2/sbref1
http://refhub.elsevier.com/S1751-6161(17)30392-2/sbref1
http://refhub.elsevier.com/S1751-6161(17)30392-2/sbref2
http://refhub.elsevier.com/S1751-6161(17)30392-2/sbref2
http://refhub.elsevier.com/S1751-6161(17)30392-2/sbref3
http://refhub.elsevier.com/S1751-6161(17)30392-2/sbref3
http://refhub.elsevier.com/S1751-6161(17)30392-2/sbref4


hyperelastic constitutive law. J. Appl. Mech. 69 (5), 570–579.
Bischoff, J.E., Arruda, E.M., Grosh, K., 2000. Finite element modeling of human skin using

an isotropic, nonlinear elastic constitutive model. J. Biomech. 33 (6), 645–652.
Brown, I.A., 1973. A scanning electron microscope study of the effects of uniaxial tension

on human skin. Br. J. Dermatol. 89 (4), 383–393.
Chanda, A., Graeter, R., Unnikrishnan, V., 2015. Effect of blasts on subject-specific

computational models of skin and bone sections at various locations on the human
body. AIMS Mater. Sci. 2 (4), 425–447.

Cheng, S., Clarke, E.C., Bilston, L.E., 2009. The effects of preconditioning strain on
measured tissue properties. J. Biomech. 42 (9), 1360–1362.

Cua, A., Wilhelm, K.-P., Maibach, H., 1990. Elastic properties of human skin: relation to
age, sex, and anatomical region. Arch. Dermatol. Res. 282 (5), 283–288.

Daly, C.H., 1982. Biomechanical properties of dermis. J. Investig. Dermatol. 79.
Diani, J., Fayolle, B., Gilormini, P., 2009. A review on the mullins effect. Eur. Polym. J. 45

(3), 601–612.
Diridollou, S., Black, D., Lagarde, J., Gall, Y., Berson, M., Vabre, V., Patat, F., Vaillant, L.,

2000. Sex-and site-dependent variations in the thickness and mechanical properties
of human skin in vivo. Int. J. Cosmet. Sci. 22 (6), 421–435.

Dombi, G.W., Haut, R.C., Sullivan, W.G., 1993. Correlation of high-speed tensile strength
with collagen content in control and lathyritic rat skin. J. Surg. Res. 54 (1), 21–28.

Dunn, M.G., Silver, F.H., 1983. Viscoelastic behavior of human connective tissues: re-
lative contribution of viscous and elastic components. Connect. Tissue Res. 12 (1),
59–70.

Edsberg, L.E., Mates, R.E., 1999. Mechanical characteristics of human skin subjected to
static versus cyclic normal pressures. J. Rehabil. Res. Dev. 36, 2.

Escoffier, C., de Rigal, J., Rochefort, A., Vasselet, R., Lévêque, J.-L., Agache, P.G., 1989.
Age-related mechanical properties of human skin: an in vivo study. J. Invest.
Dermatol. 93, 3.

Flynn, C., Taberner, A., Nielsen, P., 2011. Mechanical characterisation of in vivo human
skin using a 3d force-sensitive micro-robot and finite element analysis. Biomech.
Model. Mechanobiol. 10 (1), 27–38.

Fung, Y., 1993. Biomechanics: Mechanical Properties of Living Tissues. Springer-Verlag,
New York.

Fung, Y.-c., Perrone, N., Anliker, M., 1972. Biomechanics, its foundations and objectives.
In: Proceedings of the Symposium on Biomechanics, its Foundations and Objectives
(1970: University of California, San Diego). NJ, Prentice-Hall.

Giles, J.M., Black, A.E., Bischoff, J.E., 2007. Anomalous rate dependence of the pre-
conditioned response of soft tissue during load controlled deformation. J. Biomech.
40 (4), 777–785.

Griffin, M., Premakumar, Y., Seifalian, A., Butler, P.E., Szarko, M., 2016. Biomechanical
characterization of human soft tissues using indentation and tensile testing. J. Vis.
Exp.: JoVE(118).

Groves, R.B., Coulman, S.A., Birchall, J.C., Evans, S.L., 2013. An anisotropic, hyperelastic
model for skin: experimental measurements, finite element modelling and identifi-
cation of parameters for human and murine skin. J. Mech. Behav. Biomed. Mater. 18,
167–180.

Hendley, A., Marks, R., Payne, P., 1982. Measurement of forces for point indentation of
the stratum corneum in vivo: the influences of age, sex, site delipidisation and hy-
dration. Bioeng. Skin. 3, 234–240.

Hendriks, F., Brokken, D., Oomens, C., Baaijens, F., 2004. Influence of hydration and
experimental length scale on the mechanical response of human skin in vivo, using
optical coherence tomography. Skin Res. Technol. 10 (4), 231–241.

Holzapfel, G.A., 2000. Nonlinear Solid Mechanics. Vol. 24. Wiley Chichester.
Hutton, W., Burlin, T., Ranu, H., 1975. An apparatus for measuring the effects of radio-

therapy on the elastic properties of human skin in vivo. Med. Biol. Eng. Comput. 13
(4), 584–585.

Jacquemoud, C., 2007. Caract´erisation m´ecanique et mod´elisation du comporte-
mentjusqu’a` rupture de membranes biologiques fibreuses: application a` la peau
humaine. Institut National des Sciences Appliqu´ees de Lyon Ph.D.thesis. http://
documents.irevues.inist.fr/handle/2042/16592.

Jemec, G., Serup, J., 1989. Epidermal hydration and skin mechanics. The relationship
between electrical capacitance and the mechanical properties of human skin in vivo.
Acta Derm.-Venereol. 70 (3), 245–247.

Kang, G., Wu, X., 2011. Ratchetting of porcine skin under uniaxial cyclic loading. J. Mech.
Behav. Biomed. Mater. 4 (3), 498–506.

Khatyr, F., Imberdis, C., Varchon, D., Lagarde, J.-M., Josse, G., 2006. Measurement of the
mechanical properties of the skin using the suction test comparison between three
methods: geometric, timoshenko and finite elements. Skin. Res. Technol. 12, 24–31.

Lanir, Y., 1979. The rheological behavior of the skin: experimental results and a structural
model. Biorheology 16 (3), 191.

Lanir, Y., Fung, Y., 1974. Two-dimensional mechanical properties of rabbit skin-II. ex-
perimental results. J. Biomech. 7 (2), 171–182.

Lanir, Y., Manny, V., Zlotogorski, A., Shafran, A., Dikstein, S., 1993. Influence of ageing
on the in vivo mechanics of the skin. Skin Pharmacol. Physiol. 6 (3), 223–230.

Lim, J., Hong, J., Chen, W.W., Weerasooriya, T., 2011. Mechanical response of pig skin
under dynamic tensile loading. Int. J. Impact Eng. 38 (2), 130–135.

Liu, Z., Yeung, K., 2008. The preconditioning and stress relaxation of skin tissue. J.
Biomed. Pharm. Eng. 2 (1), 22–28.

Minns, R., Soden, P., Jackson, D., 1973. The role of the fibrous components and ground
substance in the mechanical properties of biological tissues: a preliminary in-
vestigation. J. Biomech. 6 (2), 153–165.

Mullins, L., 1969. Softening of rubber by deformation. Rubber Chem. Technol. 42 (1),
339–362.

Munoz, M., Bea, J., Rodríguez, J., Ochoa, I., Grasa, J., Pérez del Palomar, A., Zaragoza, P.,
Osta, R., Doblaré, M., 2008. An experimental study of the mouse skin behaviour:
damage and inelastic aspects. J. Biomech. 41 (1), 93–99.

Ní Annaidh, A., Bruyère, K., Destrade, M., Gilchrist, M.D., Otténio, M., 2012.
Characterization of the anisotropic mechanical properties of excised human skin. J.
Mech. Behav. Biomed. Mater. 5 (1), 139–148.

Ogden, R., 1972. Large deformation isotropic elasticity-on the correlation of theory and
experiment for incompressible rubberlike solids. Proc. R. Soc. Lond. A. Math. Phys.
Sci. 326 (1567), 565–584.

Remache, D., 2013. Contribution a` l’´etude exp´erimentale et num´erique du compor-
tement hyper´elastique et anisotrope de la peau humaine. Universit´e de
FrancheComt´e Ph.D. thesis. https://tel.archives-ouvertes.fr/tel-01124430.

Remache, D., Pauchot, J., Chambert, J., Capek, L., Jacquet, E., 2011. Experimental and
numerical analysis of a V-Y advancement flap on human skin ex vivo. Comput.
Methods Biomech. Biomed. Eng. 14 (sup1), 137–138.

Ryu, H.S., Joo, Y.H., Kim, S.O., Park, K.C., Youn, S.W., 2008. Influence of age and re-
gional differences on skin elasticity as measured by the cutometer®. Skin. Res.
Technol. 14 (3), 354–358.

Shergold, O.A., Fleck, N.A., Radford, D., 2006. The uniaxial stress versus strain response
of pig skin and silicone rubber at low and high strain rates. Int. J. Impact Eng. 32 (9),
1384–1402.

Silver, F.H., Seehra, G.P., Freeman, J.W., DeVore, D., 2002. Viscoelastic properties of
young and old human dermis: a proposed molecular mechanism for elastic energy
storage in collagen and elastin. J. Appl. Polym. Sci. 86 (8), 1978–1985.

Takema, Y., Yorimoto, Y., Kawai, M., Imokawa, G., 1994. Age-related changes in the
elastic properties and thickness of human facial skin. Br. J. Dermatol. 131 (5),
641–648.

Vescovo, P., 2002. Contribution a` l’´etude des propri´et´es m´ecaniques de la peau hu-
maine,mise au point d’une m´ethodologie pour l’exp´erimentation ex vivo, concep-
tion et r´ealisationd’un dispositif d’essais en traction-compression in vivo. Ph.D.
thesis, Universit´e Universiti´ede Franche-comt´e.

Vogel, H., 1972. Influence of age, treatment with corticosteroids and strain rate on me-
chanical properties of rat skin. Biochim. Biophys. Acta (BBA)-Gen. Subj. 286 (1),
79–83.

Vogel, H., Denkel, K., 1985. In vivo recovery of mechanical properties in rat skin after
repeated strain. Arch. Dermatol. Res. 277 (6), 484–488.

Xu, F., Lu, T., 2011. Introduction to Skin Biothermomechanics and Thermal Pain.
Springer.

Yeoh, O., 1993. Some forms of the strain energy function for rubber. Rubber Chem.
Technol. 66 (5), 754–771.

Yilmaz, E., Borchert, H.-H., 2006. Effect of lipid-containing, positively charged nanoe-
mulsions on skin hydration, elasticity and erythema - an in vivo study. Int. J. Pharm.
307 (2), 232–238.

D. Remache et al. Journal of the Mechanical Behavior of Biomedical Materials 77 (2018) 242–249

249

http://refhub.elsevier.com/S1751-6161(17)30392-2/sbref4
http://refhub.elsevier.com/S1751-6161(17)30392-2/sbref5
http://refhub.elsevier.com/S1751-6161(17)30392-2/sbref5
http://refhub.elsevier.com/S1751-6161(17)30392-2/sbref6
http://refhub.elsevier.com/S1751-6161(17)30392-2/sbref6
http://refhub.elsevier.com/S1751-6161(17)30392-2/sbref7
http://refhub.elsevier.com/S1751-6161(17)30392-2/sbref7
http://refhub.elsevier.com/S1751-6161(17)30392-2/sbref7
http://refhub.elsevier.com/S1751-6161(17)30392-2/sbref8
http://refhub.elsevier.com/S1751-6161(17)30392-2/sbref8
http://refhub.elsevier.com/S1751-6161(17)30392-2/sbref9
http://refhub.elsevier.com/S1751-6161(17)30392-2/sbref9
http://refhub.elsevier.com/S1751-6161(17)30392-2/sbref10
http://refhub.elsevier.com/S1751-6161(17)30392-2/sbref11
http://refhub.elsevier.com/S1751-6161(17)30392-2/sbref11
http://refhub.elsevier.com/S1751-6161(17)30392-2/sbref12
http://refhub.elsevier.com/S1751-6161(17)30392-2/sbref12
http://refhub.elsevier.com/S1751-6161(17)30392-2/sbref12
http://refhub.elsevier.com/S1751-6161(17)30392-2/sbref13
http://refhub.elsevier.com/S1751-6161(17)30392-2/sbref13
http://refhub.elsevier.com/S1751-6161(17)30392-2/sbref14
http://refhub.elsevier.com/S1751-6161(17)30392-2/sbref14
http://refhub.elsevier.com/S1751-6161(17)30392-2/sbref14
http://refhub.elsevier.com/S1751-6161(17)30392-2/sbref15
http://refhub.elsevier.com/S1751-6161(17)30392-2/sbref15
http://refhub.elsevier.com/S1751-6161(17)30392-2/sbref16
http://refhub.elsevier.com/S1751-6161(17)30392-2/sbref16
http://refhub.elsevier.com/S1751-6161(17)30392-2/sbref16
http://refhub.elsevier.com/S1751-6161(17)30392-2/sbref17
http://refhub.elsevier.com/S1751-6161(17)30392-2/sbref17
http://refhub.elsevier.com/S1751-6161(17)30392-2/sbref17
http://refhub.elsevier.com/S1751-6161(17)30392-2/sbref18
http://refhub.elsevier.com/S1751-6161(17)30392-2/sbref18
http://refhub.elsevier.com/S1751-6161(17)30392-2/sbref19
http://refhub.elsevier.com/S1751-6161(17)30392-2/sbref19
http://refhub.elsevier.com/S1751-6161(17)30392-2/sbref19
http://refhub.elsevier.com/S1751-6161(17)30392-2/sbref20
http://refhub.elsevier.com/S1751-6161(17)30392-2/sbref20
http://refhub.elsevier.com/S1751-6161(17)30392-2/sbref20
http://refhub.elsevier.com/S1751-6161(17)30392-2/sbref21
http://refhub.elsevier.com/S1751-6161(17)30392-2/sbref21
http://refhub.elsevier.com/S1751-6161(17)30392-2/sbref21
http://refhub.elsevier.com/S1751-6161(17)30392-2/sbref21
http://refhub.elsevier.com/S1751-6161(17)30392-2/sbref22
http://refhub.elsevier.com/S1751-6161(17)30392-2/sbref22
http://refhub.elsevier.com/S1751-6161(17)30392-2/sbref22
http://refhub.elsevier.com/S1751-6161(17)30392-2/sbref23
http://refhub.elsevier.com/S1751-6161(17)30392-2/sbref23
http://refhub.elsevier.com/S1751-6161(17)30392-2/sbref23
http://refhub.elsevier.com/S1751-6161(17)30392-2/sbref24
http://refhub.elsevier.com/S1751-6161(17)30392-2/sbref24
http://refhub.elsevier.com/S1751-6161(17)30392-2/sbref24
http://documents.irevues.inist.fr/handle/2042/16592
http://documents.irevues.inist.fr/handle/2042/16592
http://refhub.elsevier.com/S1751-6161(17)30392-2/sbref26
http://refhub.elsevier.com/S1751-6161(17)30392-2/sbref26
http://refhub.elsevier.com/S1751-6161(17)30392-2/sbref26
http://refhub.elsevier.com/S1751-6161(17)30392-2/sbref27
http://refhub.elsevier.com/S1751-6161(17)30392-2/sbref27
http://refhub.elsevier.com/S1751-6161(17)30392-2/sbref28
http://refhub.elsevier.com/S1751-6161(17)30392-2/sbref28
http://refhub.elsevier.com/S1751-6161(17)30392-2/sbref28
http://refhub.elsevier.com/S1751-6161(17)30392-2/sbref29
http://refhub.elsevier.com/S1751-6161(17)30392-2/sbref29
http://refhub.elsevier.com/S1751-6161(17)30392-2/sbref30
http://refhub.elsevier.com/S1751-6161(17)30392-2/sbref30
http://refhub.elsevier.com/S1751-6161(17)30392-2/sbref31
http://refhub.elsevier.com/S1751-6161(17)30392-2/sbref31
http://refhub.elsevier.com/S1751-6161(17)30392-2/sbref32
http://refhub.elsevier.com/S1751-6161(17)30392-2/sbref32
http://refhub.elsevier.com/S1751-6161(17)30392-2/sbref33
http://refhub.elsevier.com/S1751-6161(17)30392-2/sbref33
http://refhub.elsevier.com/S1751-6161(17)30392-2/sbref34
http://refhub.elsevier.com/S1751-6161(17)30392-2/sbref34
http://refhub.elsevier.com/S1751-6161(17)30392-2/sbref34
http://refhub.elsevier.com/S1751-6161(17)30392-2/sbref35
http://refhub.elsevier.com/S1751-6161(17)30392-2/sbref35
http://refhub.elsevier.com/S1751-6161(17)30392-2/sbref36
http://refhub.elsevier.com/S1751-6161(17)30392-2/sbref36
http://refhub.elsevier.com/S1751-6161(17)30392-2/sbref36
http://refhub.elsevier.com/S1751-6161(17)30392-2/sbref37
http://refhub.elsevier.com/S1751-6161(17)30392-2/sbref37
http://refhub.elsevier.com/S1751-6161(17)30392-2/sbref37
http://refhub.elsevier.com/S1751-6161(17)30392-2/sbref38
http://refhub.elsevier.com/S1751-6161(17)30392-2/sbref38
http://refhub.elsevier.com/S1751-6161(17)30392-2/sbref38
https://tel.archives-ouvertes.fr/tel-01124430
http://refhub.elsevier.com/S1751-6161(17)30392-2/sbref40
http://refhub.elsevier.com/S1751-6161(17)30392-2/sbref40
http://refhub.elsevier.com/S1751-6161(17)30392-2/sbref40
http://refhub.elsevier.com/S1751-6161(17)30392-2/sbref41
http://refhub.elsevier.com/S1751-6161(17)30392-2/sbref41
http://refhub.elsevier.com/S1751-6161(17)30392-2/sbref41
http://refhub.elsevier.com/S1751-6161(17)30392-2/sbref42
http://refhub.elsevier.com/S1751-6161(17)30392-2/sbref42
http://refhub.elsevier.com/S1751-6161(17)30392-2/sbref42
http://refhub.elsevier.com/S1751-6161(17)30392-2/sbref43
http://refhub.elsevier.com/S1751-6161(17)30392-2/sbref43
http://refhub.elsevier.com/S1751-6161(17)30392-2/sbref43
http://refhub.elsevier.com/S1751-6161(17)30392-2/sbref44
http://refhub.elsevier.com/S1751-6161(17)30392-2/sbref44
http://refhub.elsevier.com/S1751-6161(17)30392-2/sbref44
http://refhub.elsevier.com/S1751-6161(17)30392-2/sbref45
http://refhub.elsevier.com/S1751-6161(17)30392-2/sbref45
http://refhub.elsevier.com/S1751-6161(17)30392-2/sbref45
http://refhub.elsevier.com/S1751-6161(17)30392-2/sbref46
http://refhub.elsevier.com/S1751-6161(17)30392-2/sbref46
http://refhub.elsevier.com/S1751-6161(17)30392-2/sbref47
http://refhub.elsevier.com/S1751-6161(17)30392-2/sbref47
http://refhub.elsevier.com/S1751-6161(17)30392-2/sbref48
http://refhub.elsevier.com/S1751-6161(17)30392-2/sbref48
http://refhub.elsevier.com/S1751-6161(17)30392-2/sbref49
http://refhub.elsevier.com/S1751-6161(17)30392-2/sbref49
http://refhub.elsevier.com/S1751-6161(17)30392-2/sbref49

	The effects of cyclic tensile and stress-relaxation tests on porcine skin
	Introduction
	Tools and methods
	Samples preparation
	Experimental procedure
	Experimental tests
	Analytical method
	Variation in the peak reaction force
	Variation in skin's tangent modulus
	Residual strain accumulation
	Variation in reaction force during stress relaxation

	Numerical approach

	Results and discussion
	Cyclic tensile tests
	Cyclic tensile effect on skin's tangent modulus
	Residual strain accumulation
	Strain rate effect

	Stress relaxation tests
	Numerical analysis
	Strain rate effect on the stressed, relaxed skin

	Cyclic-relaxation test

	Conclusion
	Acknowledgments
	References




