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Characterization of Thermomechanical
Behaviour of Skin Tissue I1. Viscoelastic
Behaviour

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

Abstract—This paper presents the viscoelastic behaviour of
skin tissue under different thermal loadings and discusses the
effect of temperature and corresponding dermal collagen
denaturation on the mechanical viscoelastic properties of skin
tissue. Differential scanning calorimetry (DSC) has been used to
detect dermal collagen denaturation and to assess its thermal
stability. The DSC results under various heating rates are used to

derive the Arrhenius parameters (E,, A) in the burn damage

integration, which are then used to calculate the degree of
denatured collagen in the skin. Temperature tests have been
performed using a dynamic mechanical analyzer (DMA) to
evaluate changes in the skin viscoelastic properties as a function of
collagen damage, specifically, to assess the changes in the storage
modulus ( E'), and loss factor (tand ). The results show
remarkable changes in E', which is maybe due to the release of
water, but there is no significant effect from tan d . These results
suggest that at a constant frequency the denaturation of collagen
molecules has little effect on the viscoelasticity.

Index Terms—Skin tissue, thermomechanical
thermal denaturation, viscoelasticity.

behaviour,

I. INTRODUCTION

Skin is a viscoelastic material. Previous studies of the
viscoelasticity of skin tissue reveal that its stress-strain
relationship depends on strain rate, loading rate, the period of
loading and on the preconditioning stress history, and that it
exhibits considerable hysteresis in cyclic tests, as well as stress
relaxation under constant strain [1]-[3]. Most of these studies
were performed under quasi-static experimental conditions;
however, few researchers have described the dynamic
viscoelastic properties of skin tissue [4], [5].
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As the skin temperature increases, denaturation of collagen
takes place. There are not only structure changes, but the
hydration of collagen also changes with denaturation, which
may involve a liberation of water initially and, an absorption of
water later. Not surprisingly, thermal denaturation of a
collagenous tissue can lead to marked changes in its
viscoelastic properties. To the authors’ knowledge, there is no
published study on temperature-dependent skin viscoelasticity,
although other collagenous tissues have been studied, for
example, cartilage [6], [7] and bone [8], [9].

The objective of this investigation is to test the hypothesis
that collagen is a significant determinant of skin viscoelasticity,
and particular attention has been paid here to the
thermomechanical properties of skin under dynamic loading.
For this purpose, collagen in skin tissue is thermally denatured
to different degrees by applying heat. Differential scanning
calorimetry (DSC) measurement is used to detect the
denaturation of collagen and to measure its thermal stability.
The integrity of the collagen network is then analyzed using the
thermal damage integration. In addition, a dynamic mechanical
analysis (DMA\) is carried out to characterize the viscoelastic
properties of skin tissue as a function of temperature and
collagen damage.

1. QUANTIFICATION OF THERMAL DENATURATION AND
THERMAL DAMAGE

Thermal damage and thermal denaturation can be quantified
by the following calculations:

. (cO) E,
Q(t)_ln(—c(t)]_Jerxp( —RTjdt (1)

_C@O)-C() _ _ 3
Deg(t)_—c(o) =1-exp(—Q(t)) 2)

where t is the time after starting, Q is the dimensionless
indicator of thermal damage, “ Deg ” is the degree of thermal

damage (concentration of denatured collagen), C(0) and C(t)

are the initial and current concentrations of un-denatured
collagen, A is a material parameter (frequency factor), E, is
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the activation energy, and R =8.314 J/mol K is the universal
gas constant. The Arrhenius parameters (E, , A) are derived
experimentally from the DSC results in Section 4.1.

I1l. MATERIALS AND METHODS

A.Sample and sample preparation

The sample and its preparation have been described in detail
in our first paper, see [10].

B. Experimental procedure

Differential Scanning Calorimetry (DSC)

Differential scanning calorimetry has been used extensively
to characterize the thermal behaviour of collagenous tissues
[11], [12]. 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 skin tissue was assessed with a TA Instruments
DSC of type Q1000 T, scanning from 20 to 100 °C at four
different heating rates (2, 5, 10, 20 °C/min).

Dynamic Mechanical Analysis (DMA)

The viscoelastic properties of the skin tissue as a function of
temperature were measured with a Dynamic Mechanical
Analyzer (TA Instruments DMA Q800). The measurements are
carried out by bending a single cantilever at a frequency of
1 Hz, over a temperature range from 25 to 100 °C, subject to
different heating rates (2, 5, 10, 20 °C/min). The flexural
moduli are measured within the linear elastic region. The
deformation mode produces a combination of both flexural and
shear forces where, in short thick specimen, shear forces are
dominant and vice versa in long thin specimens. In our tests, the
length to thickness ratio of skin samples is greater than 10,
which favors flexure [7]. Note that all the tests are performed in
a test chamber filled with air.

IV. RESULTS AND DISCUSSION

A.DSC results

A typical DSC thermogram of a pig flank skin sample is
shown in Fig. 1. The measured specific heat capacity, c,,

compares well with published results [11], [13]. 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, 66.83 °C and
then decreases. It is also observed that the denaturation
endotherm characteristics are heating rate dependent but are not
shown here for they offer a similar trend.
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Table | Experimental results of Arrhenius parameters (E,, A)

Sample Slope Intercept E, (105 J/m0|) A (s’l)
Back skin -63200.78 176.21 5.255 2.126 x 10%
Belly skin -47323.37 129.83 3.935 1.151 x 10%
Ear skin -70568.67 200.03 5.867 5.240 x 10%
Face skin -56647.50 156.36 4,710 4,575 x 107
Flank skin -48259.16 132.38 4.012 1.501 x 10%

In this study, the collagenous tissue is heated from an initial
value at a constant heating rate, r . According to the
thermodynamic and Arrhenius equation, the following relation
between the parameters, E, and A, and the peak temperature

of thermal denaturation, T__ , can be obtained as [14]-[16]:

max !

rE E
—2—=exp| ——2 3
ART?Z p( RTmax] ®)
Thus, the following equation becomes apparent,
In rEaz =In| exp| — E,
ART, RT, .

= In{_l_z J:—%%—In(%JHn(A)

max

(4)

The value of activation energy E, can be obtained from the
slope of the plot of In(r/T7, ) versus 1/T,, , while the value

of A can be derived from the intercept value. A characteristic
plot for flank skin sample is given in Fig. 2 and for separate
tests with belly, back, ear and face skin, the Arrhenius
parameters are presented in Table I. As shown in our early

study [17], there is a linear relationship between In(A) and
E, given by, after curve fitting:

E, = 21149.324+ 2688.367 In(A) (5)

The present results compare favourably with this equation.
Accordingly, the thermal damage and the degree of thermal
denaturation of skin collagen for a given heating history can be
found using Eg.(1) and Eq.(2).

B. DMA results

The viscoelastic properties of skin are obtained from the
DMA tests. During each DMA experiment, the storage
modulus (E"), loss modulus (E"), and the loss factor (tan o ),
are 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; loss factor yields the
ratio between the mechanical energy lost and stored during a
givencycle, tans = E"/E", effectively measuring the damping
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performance of the sample.

The storage modulus and the loss factor are given in Fig. 4,
and Fig. 5, respectively as a function of temperature. The
storage modulus increases with increasing temperature: the
skin gets stiffer at higher temperatures and the increasing rate
increases with heating rates. The loss factor, however, is
independent of temperature but increases marginally with the
rates of heating: temperature has little effect on the viscous
property of skin or the damping of the sample is not affected by
temperature. The value of loss factor in our results is about 0.14,
similar to the result measured by the method of surface wave
propagation at room temperature [18].

It has been generally accepted that, under quasi-static
conditions, collagen is responsible for the viscoelastic
properties and the stiffness of skin tissue [19] , suggesting that
collagen plays an important role in determining the overall
mechanical properties of skin tissue. Thus, it seems reasonable
to assume that collagen may play 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 of thermal damage and
thermal denaturation degree, as given in Fig. 6-9. These results
show that the effects of thermal damage and thermal
denaturation degree are similar to that of temperature above; in
other words, the change of the interval structure of collagen
during thermal denaturation does not affect the storage
modulus and the 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 the result of
water loss and of changes in the intrinsic molecular structure of
the material with heating [7]. Furthermore, weight loss of skin
samples has also been observed during the test. Thus, the
variations in our tests may be due to due to the release of water
by the denaturation of collagen molecular during heating.

V.CONCLUSION

To our knowledge, this study first characterizes the effect of
temperature and corresponding thermal denaturation of skin
collagen on skin viscoelastic properties. The results show that
the storage modulus is temperature sensitive, which is possibly
due to dehydration. However, the loss factor does not show a
significant dependency on either temperature or thermal
denaturation. These results suggest that at a constant frequency,
the denaturation of collagen has little effect on skin
viscoelasticity.

Further study should focus on identifying the relative
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contribution of water loss and thermal denaturation. Although
not explored in this study, it is expected that the test frequency
plays a role. In future, more extensive studies using a wide
range of frequencies should be performed.
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