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Temperature-Dependent Mechanical
Behaviors of Skin Tissue

F. Xu, K. A. Seffen,and T. J. Lu

Abstract — A variety of medical applications require the proper
characterization of the thermomechanical behaviors of skin
tissue. However, few quantitative studies have been conducted on
its temperature-dependent mechanical properties. This paper
reports the tensile, compressive and viscoelastic behaviors of skin
tissue under different temperatures, focusing on the influence of
temperature and the corresponding dermal collagen
denaturation. Differential scanning calorimetry (DSC) was used
to detect dermal collagen denaturation and to assess its thermal
stability. The DSC results under various heating rates were used
to derive the Arrhenius parameters for burn damage integration,
which were subsequently used to calculate the degree of
denatured collagen in the skin. The results of hydrothermal tests
show that temperature has a great influence on both the tensile
and compressive properties of skin, but the mechanisms are
different. The variation of skin tensile properties is caused by the
thermal denaturation of collagen with increasing temperature,
while the variation of skin compressive behavior is likely caused
by hydration change with thermal denaturation. Temperature
tests were also performed using a dynamic mechanical analyzer
(DMA) to evaluate changes in skin viscoelastic properties as a
function of collagen damage,; specifically, changes in skin storage
modulus (E') and loss factor (tand ) were assessed. The results
show remarkable changes in E', due possibily to the release of
water, but there is no significant influence of collagen damage on
tand . These results suggest that at fixed frequency the
denaturation of collagen molecules has little effect on skin
viscoelasticity.

Index Terms—SKkin tissue, thermal denaturation, compressive
behavior, tensile behavior, viscoelastic behavior.

I. INTRODUCTION

Skin, consisted in general of three distinct layers (epidermis,
dermis, and subcutaneous tissue), plays a variety of important
roles including sensory, thermoregulation and host defense etc.
Advances in laser, microwave and similar technologies have
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led to recent developments in thermal treatments of diseased
and injured skin tissue such as skin cancer and skin burn. The
aim is to induce thermal injury precisely within skin tissue
several millimeters below the surface but without affecting the
surrounding, healthy tissue. In spite of the widespread use of
heating therapies in dermatology, these nonetheless do not
draw upon the detailed understanding of the
bio-thermo-mechanical behavior of skin tissue, for none exists
to date, even though each behavioral facet has been well
established and understood. It is proposed therefore that a
detailed understanding of the coupled biological-mechanical
response under thermal loading will contribute to the design,
characterization and optimization of strategies for delivering
better treatment.

Since it is technically very difficult to measure
experimentally the bio-thermo-mechanical behavior of skin
tissue in physiological conditions, analytical and numerical
simulations are often used, for which the quantification of skin
mechanical properties is an essential step towards building
reliable computer simulations. So far, skin mechanical
properties under normal conditions have been studied
experimentally in vivo and in vitro ever since the study of
Langer in 1861. However, few studies have focused on skin
mechanical properties under hyperthermia conditions as well as
on the coupling effects between thermal and mechanical
behaviors.

A. Experimental characterization of skin mechanical

properties

Tests on skin mechanical behaviors can be broadly divided
into two categories, in vitro (ex vivo) and in vivo, where in
vitro tests involve testing the skin tissue after removal from the
living body, whereas in vivo tests examine the skin while it is
still on the living body. The only truly reliable method to
determine skin properties is through in vivo testing, since the
deformation may be strongly dependent on active processes. In
comparison, during in vitro testing, the skin is away from its
influential surroundings such as blood perfusion, lymphatic
drainage, metabolism, nervous and hormonal controls. For
example, during compressing, the resulting deformation is
largely a function of fluid interchange with the surrounding
unstressed skin [1]. The epidermal tissue used for in vitro
experiments was not perfused and thus lacked restorative
fluidic pressures, which could potentially have aided in
reducing the visible compression of the tissue after application
of pressure [2]. However, in vivo measurements are affected by
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both skin tissue itself and other structures it is attached to,
which means it is technically very difficult to obtain a uniform
strain field in the sample and control boundary conditions when
performing, thus in vitro tests are also widely used as in this
study.

Most in vitro skin experiments use a tensile method, and it is
now accepted that a biaxial mechanical test can better mimic
the sorts of deformation that in vivo skin experiences. However,
there exist many difficulties in performing biaxial tensile
experiments on soft biological tissues [3]. In view of these
problems, an unconfined compression test through the
thickness direction has been suggested as an approximation
which gives an averaged in-plane tensile response [4, 5]. If the
skin deforms with a constant volume, then the compression test
will have a similar effect to a biaxial test in the plane of the skin
(through thickness compression results in lateral in-plane
expansions). For example, Shergold [6] found that the Ogden
model calibrated from his compression tests of pig skin
provided a reasonable approximation to the tensile orthotropic
constitutive behavior measured by Ankerson et al. [7].
However, there are also problems associated with unconfined
compression testing, the critical one being the friction between
skin sample and compression plates, which will limit lateral
expansion. Fortunately, several methods can be adopted to
circumvent this issue, such as covering the moving platen with
a polytetrafluoroethylene (PTFE) sheet [8], using platens of
polished stainless steel [9], removing the epidermis layer from
skin sample [4], coating smooth compression plates with
lubricant or grease (margarine) [4, 5], and using lubricated
squeezing flow [10].

The extension of the results in compression to biaxial tension,
however, should be carefully made. Mechanically, skin is a
complex nonlinear composite, with collagen fibers serving as
the reinforcements. These fibers are very stiff in stretch, but
carry little load in compression. Under tension, the majority of
the load is carried by collagen fibers; while under compressive
loading, most of the load is carried by the tissue matrix - the
collagen fibers embedded in the tissue matrix are comparable to
hard inclusions in a composite in this case. Due to its complex
micro-structures, skin is expected to exhibit asymmetric
behavior in tension and compression [11]. For example, it was
found that the long-term stiffness of the skin is approximately
two times higher in compression [11] than that in tension
[12-14].

As for viscoelastic behavior, previous studies on skin tissue
reveal that its stress-strain relationship depends on strain rate,
loading rate, the period of loading and on the preconditioning
stress historyl; it has also been established that skin tissue
exhibits considerable hysteresis in cyclic tests, as well as stress
relaxation under constant strain [15-17]. Most of these studies
were performed under quasi-static experimental conditions:
only a few studies have investigated the dynamic viscoelastic
properties of skin tissue [18, 19].

B. Thermal denaturation of skin collagen
Collagen is the major component of skin, which accounts for

approximately 75% of skin dry weight and 18-30% of dermis
volume [20], and provides the principal structural and
mechanical support in skin tissue. Under thermal loading, with
the increase of skin temperature, the heat-labile intramolecular
crosslinks in collagen are gradually broken, and the collagen
undergoes a transition from a highly organized crystalline
structure to a random, gel-like state [21]. This process is termed
‘thermal denaturation’, which appears accordingly as thermal
shrinkage. Skin also contains a small mount of elastin (0.1% of
skin dry weight), which is thermally very stable [22], and
capable of surviving in boiling water for hours with no apparent
change. Therefore, when discussing the mechanical behaviors
of skin tissue under different thermal loadings, only collagen
will be addressed.

With the thermal denaturation of collagen, there are not only
structural changes, but also changes in collagen hydration
which may involve liberation of water initially and, absorption
of water later. Not surprisingly, thermal denaturation of a
collagenous tissue can lead to remarkable changes in the
mechanical, thermal, electrical, and optical properties.
However, despite the skin dermis being mainly composed of
collagen, there are comparatively few studies on skin thermal
denaturation [23-26], and there is no published study on the
temperature-dependent skin viscoelasticity, although other
collagenous tissues have been studied, for example, cartilage
[27, 28] and bone [29, 30].

The shrinkage of collagen due to macro scale thermal
denaturation can be used as a convenient continuum metric of
thermal damage [31, 32]. Diller & Pearce [32] pointed out that
the dimensionless indicator of damage (Q) is, in fact, the
logarithm of the relative concentration of “reactants”
(un-denatured collagen) in the collagen denaturation process:

_in[ €@
Q(t) = |n(c(t)j @

where C(0) is the initial concentration and C(t) is the
concentration of un-denatured collagen remaining at time t.
Then, the degree of thermal denaturation Deg(t) , defined as
the fraction of denatured collagen, can be calculated as:

CO-Cc®

Deg(t) = co

=1-exp(—Q(t)) 2)

As for the calculation of thermal damage, the Arrhenius burn
integration proposed by Henriques & Moritz [33] is widely
used. They proposed that skin damage could be represented as a
chemical rate process, which could be calculated by using a
first order Arrhenius rate equation, whereby damage is related
to the rate of protein denaturation (k ) and exposure time (t) at
a given absolute temperature (T ). The measure of thermal
injury Q was introduced and its rate k was postulated to
satisfy:
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dQ E,
kU)=E=AeXp(— RT] 3)

or, equivalently:

Q= '[Ot Aexp(— 5_?_ jdt 4

where t is the time after the starting of heating, A isamaterial
parameter (frequency factor), E, is the activation energy, and

R =8.314 J/mol K is the universal gas constant. In the present
study, Arrhenius parameters (E,, A) for pig skin are derived

experimentally from DSC results in Section IIl.

C. Aim and scope

This study aims to test the hypothesis that collagen is the key
determinant of skin mechanical properties as well as thermally
induced changes in these properties. For this purpose,
differential scanning calorimetry (DSC) measurements is used
to detect the denaturation of collagen and to measure its thermal
stability. The integrity of the collagen network is then assessed
using the thermal damage integration method. Hydrothermal
tensile and compressive experiments are subsequently
performed. In addition, in order to characterize the viscoelastic
properties of skin tissue as a function of temperature and
collagen denaturation, a dynamic mechanical analysis versus
temperature (DMA) are carried out.

Il. MATERIALS AND METHODS

A. Samples

The ethical and immunological issues associated with testing
human skin demand a proper substitute. Pig skin is chosen due
to its high degree of structural and functional similarities to
human skin [5]. In addition, repetitive tests can be realized for
the same animal because of its large size, which reduces the
variation in results [34]. In the present series of experiments,
skins of UK domestic pigs were used, which were obtained
from a local slaughter house near Cambridge at Dalehead
Foods, Linton.

B. Samples preparation

Samples of pig skin to a depth of subcutaneous fat at
different body sites were procured daily, ten minutes post
mortem by block dissection. They were fast-chilled following
the standard organ procurement protocol to 4°C in a pre-gassed
(95%0,, 5%C0O,) Krebs-Henseleit Ringer (KHR, pH7.4). In
the laboratory, samples were separated from the subcutaneous
fat by wet/fast-dissection on a bed of ice and KHR at 4°C. The
skin samples were tested within a few hours from slaughter, in
order to minimize degradation of the tissue structure. Before
each tensile or compressive test, the skin sample was
preconditioned so that a reproducible response could be

obtained from nominally identical tests. The preconditioning
was completed in KHR solution at 37 °C.

C. Experimental system and test procedure

Differential Scanning Calorimetry (DSC)

Differential scanning calorimetry has been used extensively
to characterize the thermal behavior of collagenous tissues [35,
36]. DSC detects thermodynamic changes by measuring the
flow of heat between a sample and a reference, from which the
effect of thermal history on the heat capacity can be
determined, enabling different parameters to be interrogated,
such as the thermal denaturation temperatures of skin collagen,
reaction Kinetics, etc. In this study, the thermal stability of
collagen in pig skin was assessed with a TA Instruments DSC
of type Q1000 T,eo, Scanning from 20 to 100 °C at four
different heating rates (2, 5, 10, 20 °C/min).

Tensile and Compressive Tests

These tests were performed using purpose-built
hydrothermal tensile and compressive testing systems, as
shown schematically in Fig. 1 and Fig. 2. Details of the test
procedure have been reported elsewhere [37, 38], and hence
only a brief introduction is given below. A specimen was put
inside the test chamber and the liquid in the high temperature
reservoir was heated to a chosen temperature between 30 and
100 °C, while the low temperature reservoir contained liquid at
room temperature. A valve in the test chamber was opened to
allow the hot (or cold) liquid to fill the test chamber and the
sample was fully immersed in the liquid, while a thermocouple
near the sample was used to inform a software, via a PC, the
exact time at which the experiment started. A mechanical load
was then applied to the skin sample. Temperature and applied
displacement, strain, and loads were recorded subsequently.

Dynamic Mechanical Analysis (DMA)

Various techniques have been wused to characterize
engineering viscoelastic materials, including Dynamic
Mechanical Analysis (DMA), resonant method [39, 40],
non-resonant method [41, 42] and wave propagation method
[43-45]. Amongst these, DMA is the most commonly used due
to its commercial availability and suitability for investigating
the viscoelastic properties of polymers in a wide range of
temperatures and mechanical loading frequencies [46, 47].

In the present study, the dynamic viscoelasticity of pig skin
was therefore investigated by DMA Q800. The principle of
DMA is based on the fact that strain (stress) in a viscoelastic
material in response to stress (strain) has a time course. In the
case of a sinusoidal oscillation, the response of the material is
of the same form as the input (sinusoidal with the same
frequency) but has different amplitudes and a phase shift due to
viscous behavior.

The measurements were carried out with a single cantilever
bending testing mode at the fixed frequency of 1Hz and
different heating rates ( r, =2, 5 10 °C/min), with the

temperature varying from 25 to 80 °C. To accurately determine
mechanical properties, the deformation of a test sample must be
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based on displacement amplitudes within the linear viscoelastic
region to ensure that the material behavior is independent of the
magnitude of deformation [28]. In this study, the flexural
storage moduli were measured within the linear elastic region.

The deformation of a single cantilevered beam specimen
produces a combination of both flexural and shear forces. In
short, thick specimens, shear forces are dominant while in long,
thin specimens, flexural deformation is the dominant mode. In
our tests, the length to thickness ratio of skin samples was
greater than 10 and, at this ratio level, the deformation mode is
purely flexural [28]. It should be noted here that all the tests
were performed in a test chamber filled with air.

Before testing, the length, width and thickness of each
sample were measured using a micrometer. The specimen was
clamped between the movable and stationary knife-edges, and
then enclosed in the thermal chamber. The frequency,
amplitude, and a temperature range appropriate for the material
being tested were specified. The Analyzer applied an
oscillation of fixed frequency of 1 Hz to the specimen while
slowly moving through the specified temperature range.
Although it is expected that the loading frequency may also
play a role, the study of the possible influence of frequency is
beyond the scope of the present study. Each loading condition
was tested three times and the averaged values of test data were
used.
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Fig. 1 Schematic of hydrothermal tensile testing system
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Fig. 2 Schematic of hydrothermal compressive testing system

I1l. RESULTS AND DISCUSSION

A. DSC results

A typical DSC thermogram of a pig back skin sample is
shown in Fig. 3. The measured specific heat capacity, c,,
compares well with existing results [33, 35]. For a stress-free
skin sample, denaturation is characterized by a sudden increase
in the energy absorption endotherm, starting at about 60 °C:
with further heating, the endotherm reaches its maximum value
at the denaturation temperature of 67.39 °C and then decreases.
It has also been established that the denaturation endotherm
characteristics are heating rate dependent, although the results
are not shown here for they offer a similar trend.

In this study, the collagenous tissue was heated at a constant
heating rate, r . According to thermodynamics and the
Arrhenius equation, the following relation between the
Arrhenius parameters, E, and A, and the peak temperature of

thermal denaturation, T__ , can be obtained as [48-50]:

max !

max

rE E
2 ex| — a 5
ARTnfax p( RT ] ©)

which leads to:

(6)

The activation energy E, can be obtained from the slope of
the plot of In(r/T2,) versus YT, , while the material

constant A can be derived from the intercept. A characteristic
plot for pig back skin sample is given in Fig. 4, whilst the
Arrhenius parameters obtained from separate tests with belly,
flank, ear and face skin are presented in Table I. As shown in an
earlier study [51], there exists a linear relationship between

In(A) and E,, given by (upon curve fitting):
E, = 21149.324 + 2688.367 In(A) @)

The present results of pig skin compare favourably with
Eq. (7), as shown in Fig. 5. Accordingly, the degree of thermal
denaturation of skin collagen and thermal damage for a given
heating history can be calculated from Egs. (2) and (4),
respectively. It should be noticed that Eq. (7) also correlates
well with existing test data for other animal tissues [38].
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Table | Experimental results of Arrhenius parameters (E,, A)

Sample | E_ (10°J/mol) A (s)
Back skin 5.255 2.126 x 10%
Belly skin 3.935 1.151 x 10%
Ear skin 5.867 5.240 x 10*
Face skin 4,710 4575 x 10"
Flank skin 4.012 1.501 x 10%

B. Tensile behavior

Uniaxial tensile tests of ear skin under different temperatures
have been performed; the corresponding stress versus strain
curves are presented in Fig. 6. Note that there exixt two distinct
regimes for all the curves. In the first regime, where & <50% ,
the curves corresponding to different temperatures almost
overlap. In this low modulus region, skin deformation is
accommodated principally by the stretching of elastin, which is
thermally stable and invariant to small temperature changes.
The differences amongst the curves can be attributed to the
gradual straightening of an increasing fraction of wavy
collagen fibers. In the second region, ¢ >50% , the stress
increases almost linearly with strain, and the gradient of the
stress-strain curve decreases with increasing temperature. This
is caused by the stretching and slippage of collagen molecules
within crosslinked collagen fibers as well as collagen fibril
slippage; with increasing temperature, the highly organized
crystalline structure of collagen changes to a random, gel-like
state, which results in a decreasing stiffness. Another possible
effect stems from collagen dehydration which can be linked to
thermal damage. For example, Fig. 7 and Fig. 8 show that,
when T >60°C, collagen in the dermis is fully denaturized
almost instantaneously, whilst at T= 45 and 50 °C,
denaturation is slow. Thus, this divergence in behavior around
T =60°C seems to fit well with experimental observations.
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T (°C)
—37

0845
$oHe 50
= 0660
S [0
(7, 2 | 80
B 04l
-
ey
n

02}

0.0

0 20 40 60 80 100

Strain £ (%)

Fig. 6 Hydrothermal tensile stress-strain relation at different
temperatures
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C. Compressive behavior

The hydrothermal compressive stress-strain curves of pig
back skin are plotted in Fig. 9 for different temperatures.
Similar to tensile response, all the curves display two distinct
regions: a toe region of low stiffness at low strain, and a region
of high stiffness at high strain, with the transition from low to
high stiffness occurring around strain levels of 0.1~0.3. Results
similar to those of Fig. 9 have been reported for the
compressive behavior of skin tested at room temperature [52].
It is interesting to note that, contrary to the tensile tests, the
compressive stiffness increases with increasing temperature,
although both the thermal damage and the degree of thermal
denaturation also increase, as shown in Fig. 10 and Fig. 11. One
key difference is that the compressive tests were performed
through the thickness of skin samples, in a direction
perpendicular to the principal orientation of collagen and
elastin fibers. Even though there may exist dehydration effects
and denaturation of collagen, similar to tensile response, the

compressive behavior is governed by the mechanical properties
of the gel-like ground substance, within which the fibers are
embeded [53, 54]. Very little is known about the mechanical
properties of the ground substance, which therefore should be
the subject of future work; at present one can only speculate
that its stiffness increases with increasing temperatures.
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Fig. 9 Hydrothermal compressive stress-strain relations at

different temperatures
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Pig ear skin, strain rate: 0.1%/g
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D. DMA results

The viscoelastic properties of skin were obtained from DMA
tests. During each DMA experiment, the storage modulus
(E"), loss modulus ( E") and loss factor (tano ), were
measured as a function of the temperature history. The storage
modulus is related to the stored elastic energy in the
viscoelastic cycle, and can be considered analogous to a
stiffness measurement of a monotonic test; the loss factor yields
the ratio between the mechanical energy lost and stored during
a given cycle, tans=E"/E', effectively measuring the

damping performance of the sample.

The storage modulus and loss factor are given separately in
Fig. 12 and Fig. 13 as a function of temperature. The storage
modulus increases with increasing temperature: the skin
becomes stiffer at higher temperatures, with the rate increasing
with heating rates. The loss factor, however, is insensitive to
temperature change but increases marginally with heating rate.
In other words, temperature has little effect on the viscous and
damping property of skin tissue. The measured value of the loss
factor is about 0.2, similar to the result measured with the
method of surface wave propagation at room temperature [55].

It has been generally accepted that, under quasi-static
conditions, collagen is responsible for the viscoelastic
properties and stiffness of skin [56], suggesting that collagen
plays an important role in determining the overall mechanical
properties of skin. Thus, it seems reasonable to assume that
collagen plays a major role in the viscoelastic nature of skin
tissue under thermal loadings. In order to investigate this
hypothesis, the storage modulus and loss factor are plotted as a
function in Figs. 14 to 17 of thermal damage and thermal
denaturation degree. These results show that the effects of
thermal damage and thermal denaturation degree on skin
viscoelastic behaviour are similar to that of temperature above.
In other words, changes in the interval structure of collagen
during thermal denaturation do not affect storage modulus and
loss factor at the test frequency used in this study. It has been

shown elsewhere that the mechanical changes observed using
dynamic mechanical analysis are caused by water loss and
changes in the intrinsic molecular structure of the material with
heating [28]. Furthermore, weight loss of skin samples has also
been observed during the test. Thus, the variations observed in
our tests may be attributed to the release of water due to
denaturation of collagen molecules during heating.
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IV. CONCLUSION

The tensile, compressible and viscoelastic behaviors of pig
skin tissue were measured under different temperatures. To our
best knowledge, this is the first systematical study to
characterize the effect of temperature and the corresponding
thermal denaturation of skin collagen on skin mechanical
properties. The main findings are: 1) DSC results show that the
transition temperature of collagen in our skin samples is about
66.8 °C. 2) Under tensile loading, the stiffness of skin decreases
with increasing temperature due to thermal denaturation of skin
collagen. 3) Under compressive loading, the stiffness of skin
tissue decreases with increasing thermal damage degree, with
strain rate sensitivity observed at different damage levels.
However, the denaturation of collagen should not be the main
mechanism, since the compressive tests are performed through
the thickness of skin and similar strain sensitivity has been
observed at all damage levels. The rate sensitivity and
decreased stiffness with thermal damage are caused mainly by
hydration changes. 4) As for dynamic skin viscoelasticity,
DMA results show that the storage modulus is highly
temperature dependent, due to the release of loosely and
strongly bound water. However, the loss factor does not exhibit
a significant dependency on either temperature or thermal
denaturation. These results suggest that, at fixed frequency, the
denaturation of collagen triple-helical molecules may have
little effect on skin viscoelasticity.

More experiments are needed to better understand these
phenomena and to quantify the variation of skin properties with
temperature and collagen denaturation, so that these properties
can be considered reliably in future models.
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