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Abstract

Biothermomechanics of skin is highly interdisciplinary, involving bioheat transfer, burn damage, biomechanics and physiology. Com-
prehension of the phenomena of heat transfer and related thermomechanics in skin tissue is of great importance and can contribute to a
variety of medical applications. Due to the ‘‘lengthy” thermal relaxation time in biological tissue, non-Fourier thermal behaviour has
been experimentally observed, attracting increasingly more attention to this phenomenon. The aim of this study is to review previous
researches on the non-Fourier heat transfer process and to develop a computational approach to examine this non-Fourier process
and its influence on the mechanical response in skin tissue. The dual-phase-lag (DPL) model is first used to model bioheat transfer across
the tissue. Together with the thermal wave model, the non-Fourier thermomechanical behaviour of the tissue is analyzed under various
surface heating boundary conditions. For single-layer tissue model, exact solutions for temperature, thermal stress and thermal damage
fields are derived; for multi-layer structural models, numerical solutions are obtained with the finite difference method. Large discrepan-
cies are found to exist amongst the predictions of Pennes model, thermal wave model and dual-phase-lag model, while different DPL
bioheat transfer models give similar predictions.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Epidermis, dermis, and subcutaneous tissue are the main
compositions of skin (see Fig. 1a). In addition to sensing,
thermoregulation and host defense, the most important
role of skin is thermoregulation: skin functions as a gener-
ator, absorber, transmitter, radiator, conductor and vapor-
izer of heat. Thermoregulation makes the skin an
important barrier for the human body to various outside
conditions. However, in an extreme environment, people
may feel uncomfortable, or even pain, when there is
extreme heat or cold. Obviously, the skin fails to protect
the body when the temperature moves out of the normal
physiological range. On the other hand, in medicine, vari-
ous thermal based therapies are widely used to cure dis-
0017-9310/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.
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ease/injury involving skin tissue, where thermal injury is
induced precisely within the diseased skin tissue but with-
out affecting the surrounding healthy tissue. Thus, extreme
thermal behaviour can offer benefits, if controllable, but it
requires the following questions to be answered in some
way: why do human beings feel uncomfortable/pain, what
is happening to the human body, and how to protect the
human body in an extreme thermal environment? A
detailed understanding of the bio-thermo-mechanical
behaviour of skin tissue is therefore of great practical
importance.

Thermal behaviour, or, heat transfer, in skin is mainly a
heat conduction process coupled to complicated physiolog-
ical processes, including blood circulation, sweating, meta-
bolic heat generation, and, sometimes, heat dissipation via
hair or fur above the skin surface. In many situations, heat
conduction has been treated according to the classic Fou-
rier’s law, which assumes that any thermal disturbance
on a body is instantaneously felt throughout the body or,
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Fig. 1. (a) Skin structure [92] and (b) corresponding idealized skin model.
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equivalently, the propagation speed of thermal disturbance
is infinite. Although this assumption is reasonable in the
majority of practical applications, it fails in particular ther-
mal conditions or heat conduction media, where the heat
conduction behaviour shows a non-Fourier feature such
as thermal wave phenomenon, or hyperbolic heat conduc-
tion as defined mathematically.

Non-Fourier heat conduction behaviour has been exper-
imentally observed in engineering materials or heat con-
duction media operating at low temperatures, such as
liquid Helium II [1] and Al2O3 crystal [2], etc. Later, fol-
lowing developments in laser technology, non-Fourier ther-
mal behaviour was observed in short-pulse laser processing
of thin-film engineering structures [3,4]. A similar phenom-
enon has also been experimentally observed in materials
with non-homogeneous inner structure [5], such as H acid,
NaHCO3, sand, glass ballontini, ion exchange, and sand
with an irregular grain structure, which are similar in het-
erogeneity to biological tissues.
1.1. Non-Fourier heat conduction in non-homogeneous

materials

Although non-Fourier heat conduction in materials hav-
ing a non-homogeneous inner structure has been reported
by various researchers, this claim was initially rebutted
by Graßmann and Peters [6] and Herwig and Beckers
[7,8], for they observed no evidence of hyperbolic conduc-
tion in skin tissue. Different investigators however have
reported flaws in their experimental philosophy [9], where
one limitation was found to be the determination of ther-
mal diffusivity and relaxation time. Accordingly, Roetzel
et al. [9] carried out an experiment to simultaneously deter-
mine these parameters from a single experiment and their
results confirmed a hyperbolic behaviour of thermal prop-
agation, but smaller in extent compared to that reported in
the literature.

The non-homogeneous inner structure of biological tis-
sue suggests the existence of non-Fourier heat conduction
behaviour, as temperature oscillation (an unusual oscilla-
tion of tissue temperature with heating) and wave-like
behaviour are commonly observed. Temperature oscilla-
tion in living tissue was first observed by Richardson
et al. [10] and later by Roemer et al. [11], who subjected
canine thigh muscle to an abrupt application of microwave
heating at different power levels. Subsequently, Mitra et al.
[12] carried out four different experiments with processed
meat for different boundary conditions and also observed
the wave-like behaviour (temperature jumps which can be
regarded as the wave front): (1) tissue temperature rose
monotonically with time to an elevated steady state value
at low power levels; (2) temperature rose above a ‘critical
temperature’ before an abrupt increase in blood perfusion
was activated to reduce the temperature to a new steady
state value; (3) temperature responded as damped or self-
sustained large oscillations (jumps); (4) temperature
increased continuously at a rapid rate at high power levels.
On the other hand, Davydov et al. [13] experimentally
observed that heat transfer in a muscle tissue under local
strong heating exhibits substantial anisotropy, which can-
not be explained by the standard Fourier-theory based heat
diffusion model. Banerjee et al. [4] measured the thermal
response of meat under laser irradiation, and found that
the non-Fourier hyperbolic heat conduction equation is a
better approximation than the classical parabolic Fourier
heat conduction formulation.

As with engineering materials, there are different view-
points on the non-Fourier behaviour of biological materi-
als. For example, Tilahun et al. [14] and Herwig and
Beckert [8] questioned the experimental results of Mitra
et al. [12]; the former tried to reproduce Mitra’s experiment
[12] with processed meat but did not observe any non-Fou-
rier behaviour. In turn, they cited several issues associated
with the Mitra’s experiments that might have caused the
observed temperature jumps. Herwig and Beckert [8] also
found no evidence of non-Fourier heat conduction effects,
and they pointed out that the thermal lag effect can be
explained by the Fourier heat conduction rather than by
the wave behaviour. Unfortunately, it was not possible to
reconcile the conflicting measurements of Mitra with Tila-
hun, and Herwig and Beckert, for the experiments were
performed differently and there was no information in
either study about the processed meats [15].
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Although a wave-like heat transfer behaviour in living
tissue is intriguing, no ultimate conclusion can be drawn
at present due to the complexity of biological systems
[16]. Theoretically, treating the non-homogeneous biologi-
cal material as a porous medium under the same boundary
conditions as in one of Mitra’s experiments, Xu and Liu
[17] found that the wave-like thermal behaviour in the meat
may be caused by the convection of water inside the tissue.
This aspect was thought to be induced in the experiments
of Mitra et al. [12] by pressing the meat samples together
at the start of each experiment and by the subsequent
development of temperature gradients across the samples.
The temperature jumps were attributed to the arrival of
warm water at the measurement locations in the colder
samples before the effect of ‘‘pure conduction” became
noticeable at these locations. However, Xu and Liu [17]
did not directly compare their predictions with measure-
ments. Davydov et al. [13] also attributed their observation
of anomalous heat transfer behaviour in muscle tissue to
the flow of interstitial liquid as a result of non-uniform
heating. Despite the resemblance between the findings of
Mitra et al. [12] and Xu and Liu [17], to interpret the exper-
iments of Mitra in the context of convection rather than
‘‘pure conduction” requires additional study.

Alternatively, the temperature oscillation phenomenon
has been attributed to blood perfusion oscillation due to
heating [11,17–20]. However, this explanation was subse-
quently questioned by others [16,21]. Using an artificially
simulating construction similar to a bioheat transfer sys-
tem, Liu et al. [22,23] carried out a series of experiments
and found that the temperature oscillations can be well fit-
ted with the thermal wave analysis.

1.2. Importance in thermal therapies

Advances in laser, microwave and similar technologies
have led to recent developments of thermal treatments
for diseased and injured skin tissue, such as skin cancer
and skin burn. The objective is to induce thermal injury
precisely within tissue structures located several millimeters
below the surface but without affecting the surrounding,
healthy tissue. The success of these thermal therapies
depends on the precise prediction and control of tempera-
ture, damage and stress distributions in the tissue.

From a therapeutic viewpoint, the high-intensity short
duration heating scheme can efficiently produce an appro-
priate and precise dose of heat during thermal therapies.
In addition, reducing the overall treatment time is impor-
tant, especially when the treatment target volume is large.
A rapid heating scheme with a good strategy is therefore
essential for an effective thermal therapy. However, the pos-
sible non-Fourier nature of heat transfer in living tissue may
play an important role during rapid heating, such as
thermal ablation/thermal surgery, when a high-intensity
thermal source such as focused laser, ultrasound or radio-
frequency is used. For example, it has been shown that
the thermal relaxation of tissue will delay the appearance
of peak temperature during thermal treatments, leading to
a lower thermal dose level [24]. Furthermore, damage to
human tissue from thermal agitation is an exponential func-
tion of temperature [25], so even small improvements in the
prediction of temperature can strongly influence the predic-
tion of damage. Knowledge of temperature distribution is
also essential for the understanding of the corresponding
thermomechanical behaviour.

In spite of the widespread use of heating therapies in
dermatology, they do not draw upon the detailed under-
standing of the bio-thermo-mechanical behaviour of tissue,
for none exists to date, even though each behavioral facet is
well established and understood. A detailed understanding
of the coupled biological–mechanical response under ther-
mal agitation can contribute to the design, characterization
and optimization of strategies for delivering better treat-
ment. Consequently, in this study different non-Fourier
heat conduction models are explored to investigate the
relationship between thermal relaxation times and the ther-
momechanical response in skin tissue. However, this work
does not seek to prove one model is better (or not) than
others; rather, it attempts to address whether non-Fourier
models merit additional study. The paper is organized as
follows. In Section 2, different non-Fourier heat transfer
models for skin thermal behaviour are developed. The
methods for quantifying the resulting thermal damage
and thermal stress are presented separately in Sections 3
and 4; the corresponding solutions are presented in Section
5. In Section 6, case studies are examined to compare the
predictions from different models.

2. Heat transfer models

2.1. Fourier heat equation

For bioheat transfer, the Pennes equation [26] is well-
known. The conduction term in this equation is based on
the classical Fourier’s law, postulated in the publication
of Fourier’s studies concerning heat conduction:

qð r*; tÞ ¼ �krT ð~r; tÞ ð1Þ
where q is the heat flux vector representing heat flow per
unit time, per unit area of the isothermal surface in the
direction of the deceasing temperature; k is the thermal
conductivity which is a positive, scalar quantity; $T is
the temperature gradient; r

*
stands for the position vector.

The general bioheat transfer equation is given as:

qc
oT
ot
¼ �rqþ -bqbcbðT a � T Þ þ qmet þ qext ð2Þ

where q, c, k are the density, specific heat and thermal con-
ductivity of skin tissue, respectively; qb, cb are the density
and specific heat of blood, -b is the blood perfusion rate;
Ta and T are the temperatures of arterial blood and skin
tissue respectively; qmet is the metabolic heat generation
in the skin tissue and qext is the heat source due to external
heating.
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2.1.1. Pennes bio-heat transfer equation

By combining Eqs. (1) and (2), we can get the Pennes
bioheat transfer equation:

qc
oT
ot
¼ kr2T þ -bqbcbðT a � T Þ þ qmet þ qext ð3Þ
2.1.2. Problems with Fourier’s law

Although the Fourier assumption has been employed
extensively and successfully, some doubts have been cast
on its completeness [27]. In the Fourier law, it is assumed
that any temperature disturbance or thermal wave will
propagate at an infinite speed through the medium.
However, this assumption has been shown to be physically
unrealizable since, in reality, any equilibrium state in ther-
modynamic transition needs time to establish [8,28]. Fou-
rier’s law has been shown to fail during the short
duration of an initial transient, or when the thermal prop-
agation speed of thermal wave is not high [3], as observed
in micro laser heating of thin metal films and in laser sur-
gery techniques [29–31]. Liu and Lu [32] and Lu et al.
[33,34] reported that some thermal wave effects of changing
power on bioheat transfer in tissue cannot be described by
the Pennes’ equation.
1 The penetration time is the period between the appearance of the
temperature jump (thermal wave front) and start of heating at a
measurement point.
2.2. Hyperbolic heat equation

Since the experimental observation of a finite thermal
wave speed in liquid helium [1], the fundamental wave
behaviour in heat conduction has been argued from vari-
ous physical view points [35–37]. The necessity of a finite
heat propagation speed has also been demonstrated from
a microscopic point of view [38,39]. Using the concept of
a finite heat propagation velocity, Cattaneo [36] and Ver-
nott [37] independently formulated a modified unsteady
heat conduction equation, which is a linear extension of
the unsteady Fourier equation, where additional sq is
added to Eq. (1) in order to account for the thermal wave
behaviour not captured by Fourier’s theory:

qð r*; t þ sqÞ ¼ �krT ð r*; tÞ ð4Þ

where sq ¼ a=C2
t is defined as the thermal relaxation time

with a being the thermal diffusivity, and Ct being the speed
of thermal wave in the medium [12,40]. The reciprocal of
the relaxation time, f = 1/sq, is the critical frequency above
which the thermal wave behaviour occurs [38]. Since both
sq and a are intrinsic thermal properties of the medium,
the resulting thermal wave speed Ct is also an intrinsic
property [41].

The first order Taylor expansion of (4) gives:

qð r*; tÞ þ sqoqð r*; tÞ=ot ¼ �krT ð r*; tÞ ð5Þ

Due to its similarity with the acoustic wave, the proposed
wave-like propagation of thermal signals is termed the
‘‘second sound wave” [1,38].
A direct integration of (5) leads to [42]:Z t

0

qð r*; tÞ þ sqoqð r*; tÞ=ot
h i

dt ¼
Z t

0

½�krT ð r*; tÞ�dt

) qð r*; tÞ ¼ � k
sq

exp � t
sq

� �Z t

0

exp
t
sq

� �
rT ð r*; tÞdt

ð6Þ

According to this equation, the heat flux qð r*; tÞ at a certain
time t depends on the entire history of the temperature gra-
dient established from time 0 to t. In other words, the heat
flux now has a memory that keeps track of the time-history
of temperature gradient due to the appearance of sq [5,43].
The thermal wave theory ensures a strong path dependency
for the temperature gradient rather than the point value de-
picted by Fourier’s law [42,44].

2.2.1. Physical meaning and experimental determination of

thermal relaxation time

Various physical points of view have been proposed for
the physical meaning of thermal relaxation time sq [43]: sq

results from the rate equation within the mainframe of the
second law in non-equilibrium, irreversible thermodynam-
ics; mechanically, sq arises due to the phase-lag between the
heat-flux vector and temperature gradient in a high-rate
response; when considering diffusion behaviour and wave
propagation, sq is the physical constant at which the intrin-
sic length scales merge together.

The value of relaxation time for homogeneous materials
can be calculated theoretically [45,46], which is, however,
not suitable for materials having non-homogeneous inner
structures such as skin tissue. There is, at present, no direct
experimental method exists for determining sq. It has been
suggested that sq can be determined by fitting experimental
temperature data with theoretical predictions from the
hyperbolic equation, by using sq as a variable parameter
[47–51]. By using the equation, sq ¼ a=C2

t , sq for non-
homogenous materials can also be determined based on
the measurement of the thermal wave speed Ct, which
can derived from the penetration time1 and the distance
of this point to the heat source, and the measurement of
the thermal diffusivity a.

Kaminski [5] proposed that sq represents the interaction
of different inner structural elements of material during
heat transfer. For homogeneous materials, this interaction
is at the molecular or crystal lattice level and sq has a value
in the range of 10�8–10�14 s. For heterogeneous materials,
the structural heat transfer interaction takes place at a dif-
ferent size level and sq characterizes thermal inductance,
defined as the time needed for accumulating the thermal
energy required for propagative transfer between different
elements internally. Accordingly, it may take a much larger
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value (in the range of 10�3–103 s) in heterogeneous materi-
als [52].

Most biological materials that contain cells, superstruc-
tures, liquids, and solid/soft tissue are non-homogeneous,
resulting in higher thermal relaxation times compared to
engineering materials. Vedavarz et al. [30] found that sq

for some biological tissues lies in the range of 10–1000 s
at cryogenic temperature and 1–100 s at room temperature.
Brazhnikov et al. [49] and Kaminski [5] found sq = 20–30 s
for meat products; Mitra et al. [12] found that the sq for
processed meat was about 15.5 s while Roetzel et al. [9]
found it to be 1.77 s. As for skin tissue, no data about
the thermal relaxation time has been reported although it
has been determined for important cutaneous structures
[53], and are detailed in Table 1. From the table we can
see skin tissue has a ‘‘lengthy” relaxation time, which
means it is desirable to develop a computational approach
to examine the non-Fourier heat transfer process and the
resulting mechanical response in skin tissue.

2.2.2. Thermal wave model of bioheat transfer

Substituting the bioheat conduction equation (2) into
the thermal wave theory, Eq. (5), we can get thermal wave
model of bioheat transfer:

sqqc
o

2T
ot2
¼ kr2T � -bqbcbT � ðsq-bqbcb þ qcÞ oT

ot

þ -bqbcbT b þ qm þ qext þ sq
oqm

ot
þ s

oqext

ot

� �
ð7Þ

The above equation is known as a hyperbolic bioheat equa-
tion because there appears a two double-derivative term
(called the wave term) that modifies the parabolic Fourier
heat equation [54] into a hyperbolic partial differential
equation.

2.2.3. Application of the model

The above equation without blood perfusion terms was
introduced by Luikov [52] to chemical and process engi-
neering. It was subsequently advanced to heat transfer pro-
cesses that take place in dissipative and dispersive systems
where Fourier’s heat equation fails to predict accurate tem-
peratures. More details on the development of thermal
wave theory in heat conduction can be found in Ozisik
and Tzou [42].
Table 1
Thermal relaxation times of important cutaneous structures [53]

Structure Size (lm) Thermal relaxation time
(approximate)

Melanosome 0.5–1 1 ls
Cell 10 300 ls
Blood vessel 50 1 ms

100 5 ms
200 20 ms
For biological materials, Mitra et al. [12] found that
their experimental results can be well predicted by the
hyperbolic heat conduction model. This model has also
been applied to the measurement of blood perfusion rate
[21,55,56], the prediction of temperature transients and
thermal stresses in skin during cryopreservation [57], the
prediction of temperature/thermal dose distributions in liv-
ing tissue during thermal therapies [24], and the explana-
tion of temperature oscillations [58].

The wave-like behaviour of bioheat transfer, occurring
in skin tissue under different heating conditions, was stud-
ied by Liu et al. [16,59]: they compared the temperature
and thermal damage distributions predicted separately by
the thermal wave and Pennes models, and found they
showed great deviation in all cases. They also found that,
for heating with a high flux under an extremely short dura-
tion, the thermal wave model provides more realistic pre-
dictions. Similar results have also been reported by Ma
et al. [60], who analyzed the non-Fourier effect of laser irra-
diation in human skin, and found that the rates of temper-
ature rise at different depths of skin were comparatively
slow due to the non-Fourier effect.
2.2.4. Problems with thermal wave model

Although the thermal wave model has explained many
interesting phenomena [44] and the relaxation behaviour
has been shown to be admissible within the framework of
the second law of extended irreversible thermodynamics
[43], its validity can be questionable. For example, it is
not based on the details of energy transport in the material;
material properties may not be regarded as constant, e.g.
the relaxation time sq is generally temperature-dependent
[43]; although the thermal wave model can capture the
microscale response in time [40,42], the wave concept does
not capture the microscale response in space [61,62] and the
thermal wave model introduces some unusual physical
solutions [46,63,64]; due to the assumption of a macro-
scopic behaviour averaged over many grains, the validity
of the thermal wave model becomes debatable in view of
the fast-transient response with microstructural interaction
effects [65].
2.3. Dual-phase-lag (DPL) model

In order to account for deviations from the classical
approach involving Fourier conduction and to consider
the effect of microstructural interactions in the fast tran-
sient process of heat transport, an effect absent in the ther-
mal wave model, a phase lag for temperature gradient, sT,
is introduced [40,42,65]. Together with sq, the correspond-
ing equation is called the dual-phase-lag (DPL) equation,
and is stated as:

qð r*; t þ sqÞ ¼ �krT ð r*; t þ sT Þ ð8Þ

where sq and sT can be interpreted as periods arising from
‘‘thermal inertia” and ‘‘microstructural interaction”,
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respectively [66]: specifically, sq is the phase-lag in estab-
lishing the heat flux and associated conduction through a
medium, while sT accounts for the diffusion of heat ahead
of sharp wave fronts that would be induced by sq, and is
the phase-lag in establishing the temperature gradient
across the medium during which conduction occurs
through its small-scale structures. Thus, Eq. (8) states that
the gradient of temperature at a point in the material at
time t + sT corresponds to the heat flux vector at the same
point at time t + sq [67]. The Eq. (8) reduces to the thermal
wave model by setting sT = 0 and reduces to Fourier’s heat
equation by also setting sq = 0.

Through the first and second order Taylor expansions,
the DPL model can be developed into several pertinent
models, which are now summarized.

2.3.1. Type 1 DPL model of bioheat transfer (DPL1MBT)

The simplest example of DPL model is its first order
expansions for both q and T, given as:

qð r*; tÞ þ sq
oqð r*; tÞ

ot
¼ �k rT ð r*; tÞ þ sT

orT ð r*; tÞ
ot

" #
ð9Þ

Substituting the bioheat conduction equation (2) into this
equation we obtain the so-called type 1 DPL model of bio-
heat transfer:

sqqc
oT 2

ot2
¼ kr2T þ sT kr2 oT

ot
� -bqbcbT

� ðsq-bqbcb þ qcÞ oT
ot

þ -bqbcbT a þ qmet þ qext þ sq
oqmet

ot
þ sq

oqext

ot

� �
ð10Þ

The DPL1MBT model without blood perfusion terms has
been shown to give good agreement with experiments
across a wide range of length and time scales for engineer-
ing materials [66,68]. Antaki [15] pointed out that the DPL
model combines the wave features of hyperbolic conduc-
tion with a diffusion-like feature not captured by the hyper-
bolic case. By fitting the experimental data of Mitra et al.
[12] to the prediction of DPL1MBT without blood perfu-
sion terms, it was found that sq = 16 s, sT = 0.043 s for
experiment I2 and sq = 14 s, sT = 0.056 s for experiment
III.3

2.3.2. Type 2 DPL model of bioheat transfer (DPL2MBT)

Applying first-order and second-order Taylor series
expansion for q and T, respectively, we have
2 The experiments were designed to show that heat waves take a finite
time to reach a particular point inside the sample contrary to the
instantaneous heat propagation as predicted by the Fourier model: two
identical meat samples at different initial temperatures were brought into
contact with each other.

3 The experiments were designed to show wave superposition: one thin
sample is sandwiched by two larger ones.
qþ sq
oq
ot
¼ �k rT þ sT

orT
ot
þ s2

T

2

o2rT
ot2

� �
ð11Þ

Substituting the bioheat conduction equation (2) into this
equation we obtain the type 2 DPL model of bioheat
transfer:

sqqc
oT 2

ot2
¼ kr2T þ sT kr2 oT

ot
þ k

s2
T

2

o2

ot2
r2T

� -bqbcbT � ðsq-bqbcb þ qcÞ oT
ot

þ ð-bqbcbT a þ qmet þ qext þ sq
oqmet

ot
þ sq

oqext

ot
Þ

ð12Þ
2.3.3. Type 3 DPL model of bioheat transfer (DPL3MBT)

Applying second-order Taylor series expansion for both
q and T, respectively, we have

qþ sq
oq
ot
þ

s2
q

2

o
2q

ot2
¼ �k rT þ sT

orT
ot
þ s2

T

2

o
2rT
ot2

� �
ð13Þ

Substituting the bioheat conduction equation (2) into this
equation we obtain the type 3 DPL model of bioheat
transfer:

s2
q

2
qc

o
3T
ot3
¼ kr2T þ ksT

o

ot
r2T þ k

s2
T

2

o
2

ot2
r2T

þ ð�-bqbcbÞT þ ð�sq-bqbcb � qcÞ oT
ot

þ �
s2

q

2
-bqbcb � sqqc

 !
o

2T
ot2

þ
 

-bqbcbT b þ qm þ qext þ sq
oqm

ot
þ sq

oqext

ot

þ
s2

q

2

o
2qm

ot2
þ

s2
q

2

o
2qext

ot2

!
ð14Þ
3. Thermal damage

Presently, the Arrhenius burn integration, proposed by
Henriques and Moritz [25,69], is widely used. They assert
that skin damage can be represented as a chemical rate pro-
cess, which is calculated by using a first-order Arrhenius
rate equation, whereby damage is related to the rate of pro-
tein denaturation, k, and exposure time, t, at a given abso-
lute temperature, T. The dimensionless measure of thermal
damage, X, is introduced and its rate, k, is postulated to
satisfy:

kðT Þ ¼ dX=dt ¼ A expð�Ea=RT Þ ð15Þ

or, equivalently:

X ¼
Z t

0

A expð�Ea=RT Þdt ð16Þ



Table 3
Parameters for one-layer model

Parameters Value References

Thermal expansion coefficient k (�10�4/�C) 1 Assumption
Poisson’s ratio (–) 0.48 [86]
Young’s modulus (MPa) E 102 [87]
Skin density (kg/m3) 1190.0 [84]
Skin thermal conductivity (W/m K) 0.235 [88]
Skin specific heat (J/kg K) 3600.0 [69]
Metabolic heat generation (W/m3) 368.1 [89]
Thickness (m) 0.006 [90]
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where A is a material parameter equivalent to a frequency
factor, Ea is the activation energy, and R = 8.314 J/mol K
is the universal gas constant. Eq. (15) indicates that a reac-
tion proceeds faster with larger values of T or A for the
same Ea, or with smaller values of Ea for the same A.
The constants A and Ea are obtained experimentally.

In the study of Moritz and Henriques [25], the integra-
tion of (16) was carried out over the time range where
the basal layer temperature was greater than or equal to
44 �C, which was the threshold temperature for thermal
damage to skin. According to different levels of tissue dam-
age and heating modes, Henriques [70] proposed different
thresholds: (1) threshold A, the shortest time at which con-
stant predetermined cutaneous surface temperature pro-
duces transepidermal necrosis (denoted by X = 1); (2)
threshold B, the longest time at which constant predeter-
mined surface temperature could be tolerated without
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Fig. 2. Cross-plot of Arrhenius parameters (A, Ea) with regression fit
(scattered points: values are taken from Refs. [69,93–100] which are
indicated; line: best fit line by least squares).
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Fig. 3. Schematic of multi-layer skin for thermal stress analysis.

Table 2
Thermophysical properties of blood

Parameters References

Blood density (kg/m3) 1060.0 [84]
Blood specific heat (J/kg K) 3770.0 [85]
Arterial blood temperature (�C) 37
Core temperature (�C) 37
causing irreversible transepidermal injury (denoted by
X = 0.53); (3) threshold C, the shortest time at which cir-
Table 4
Four-layer model

Parameters Value References

Thermal expansion
coefficient
(�10�4/�C)

Stratum
corneum

1 Assumption

Epidermis 1 Assumption
Dermis 1 Assumption
Subcutaneous fat 1 Assumption

Poisson’s ratio (–) Stratum
corneum

0.48 [86]

Epidermis 0.48 [86]
Dermis 0.48 [86]
Subcutaneous fat 0.48 [86]

Young’s modulus (MPa) Stratum
corneum

1998.0 [87]

Epidermis 102 [87]
Dermis 10.2 [87]
Subcutaneous fat 0.0102 [87]

Skin density (kg/m3) Stratum
corneum

1500.0 [84]

Epidermis 1190.0 [84]
Dermis 1116.0 [84]
Subcutaneous fat 971.0 [84]

Skin thermal conductivity
(W/m K)

Stratum
corneum

0.235

Epidermis 0.235 [88]
Dermis 0.445 [88]
Subcutaneous fat 0.185 [69]

Skin specific heat (J/kg K) Stratum
corneum

3600.0

Epidermis 3600.0 [69]
Dermis 3300.0 [69]
Subcutaneous fat 2700.0 [69]

Metabolic heat generation
(W/m3)

Stratum
corneum

368.1

Epidermis 368.1 [89]
Dermis 368.1 [89]
Subcutaneous fat 368.3 [89]

Thickness (m) Stratum
corneum

0.00002 Assumption

Epidermis 0.00008 Assumption
Dermis 0.0015 [91]
Subcutaneous fat 0.0044 Assumption
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cumambient and circumradiant heat of measured intensity
caused transepidermal necrosis.

Many researchers have proposed other models, but most
of them have similar format, where the only differences are
in the coefficients used in the burn damage integral, arising
from the different experimental databases used to define the
models and the different emphasis when analysing the burn
process. The available Arrhenius parameters (A,Ea) used
to calculate thermal damage for skin tissue from the litera-
ture has been reviewed, and is fitted with the method used
by Wright [71], as shown in Fig. 2. The results of Fig. 2
clearly suggest a linear relationship after a least-square fit
between the Arrhenius parameters for skin tissue, given by:

Ea ¼ 21149:324þ 2688:367 lnðAÞ ð17Þ

It should be noted here that the coefficients A and Ea are
determined from experimental measurements based on
the first-order Arrhenius rate equation (15), which involves
a local skin temperature. This means that the experiments
used to determine these parameters must account for the
hyperbolic conduction so that they can be used in the con-
text of hyperbolic heat conduction (as done in the later part
of this paper) [72, 73]. However, there is no such data avail-
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Fig. 4. Verification of numerical model for temperature results: (a) variation
distribution along skin depth at t = 5 s; (d) distribution along skin depth at t
able in the literature and hence the test data from Fig. 2 are
used in this study although they are based on the Fourier
heat conduction.

With the Eq. (17), the reaction rate of the thermal dam-
age process follows as:

kðT Þ ¼ exp½ðEa � 21149:324Þ=2688:367� expð�Ea=RT Þ
ð18Þ

If the temperature is constant and Ea specified, the thermal
damage can be calculated as:

X ¼
Z t

0

kðT Þdt ¼ kðT Þt ð19Þ

Assuming that X = 1.0 denotes the beginning of irrevers-
ible damage, we can calculate the time for the appearance
of irreversible damage at temperature T as specified by
threshold A, as:

tX¼1 ¼ 1=kðT Þ
¼ 1=ðexp½ðEa � 21149:324Þ=2688:367� expð�Ea=RT ÞÞ

ð20Þ
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4. Thermal stresses

As previously discussed, skin has a complicated multi-
layer structure (see Fig. 1a). Whilst the thermal properties
of the layers have the same order of magnitude, see Table
4, so that a one-layer continuum model for heat transfer
may be assumed, the mechanical properties vary greatly
by up to three orders of magnitude from one layer to
another. Consequently, in order to obtain the distribution
of heat-induced stresses, the skin must be treated as a
laminated composite structure, with each layer assumed
to be uniform with linear, orthotropic thermoelastic
properties, as shown in Fig. 3. The thermomechanical
behaviour of skin tissue is simplified to be a ‘sequen-
tially-coupled’ problem, in other words, the mechanical
behaviour has no influence on thermal behaviour and
vice versa. The temperature field in skin tissue is first
obtained from solving the governing equations of biolog-
ical heat transfer, which is then used as the input to the
thermomechanical model, from which the correspond-
ing thermal stress field is obtained. Note that the skin
surface is positioned at z = H/2, where H is the thickness
of skin and z is measured from the mid-plane of skin
structure.

Details of the derivation procedures for thermal stress
distributions in skin layers have been reported elsewhere
[74]. For brevity, only the closed form solutions are pre-
sented here. The in-plane stresses parallel to the skin sur-
face in each layer (Fig. 3) can be obtained as:
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where Ca, Cb, Cd are material constants that depend on the
relative thickness of each layer [74], E ¼ E=ð1� m2Þ, and
�k ¼ ð1þ mÞk; E, m and k are the Young’s modulus, Poisson
ratio and linear coefficient of thermal expansion,
respectively.

The above method is applied to single-layer skin model
and multi-layer skin model, respectively. The solutions are
summarized below.

(1) One-layer model
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In these equations, the subscripts ‘‘sc”, ‘‘e”, ‘‘d” and ‘‘f”
denote stratum corneum, epidermis, dermis and fat layer,
respectively.
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5. Solutions

5.1. Analytical solutions for one-layer skin model

With closed-form solution of temperature of thermal

wave model under boundary condition
T ¼ T1; z ¼ 0
oT=oz ¼ 0; z ¼ H




and initial condition
T ¼ T i; t ¼ 0
oT=ot ¼ 0; t ¼ 0



obtained by Liu

et al. [16], and analytical solution of thermal stress as
obtained in Section 4, the corresponding closed-form solu-

tion of stress can be obtained as: when 1� sqqbxbcb
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where skin surface is at z = 0.
These closed-form solutions of temperature and thermal

stress can be used to check the accuracy of predictions
using numerical tools.

5.2. Numerical solutions

Since the structure of skin is very complicated and can-
not normally be treated as a single homogeneous layer, the
finite difference method is used to solve Eqs. (3), (7), (12),
(14) and (16). Once the temperature profiles are obtained,
the corresponding thermal stresses can be calculated from
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the analytical results for multi-layer skin model, given in
Eqs. (23)–(26).
6. Case study

6.1. Description of the problem

The skin is initially cooled by natural convection using
environmental air (Te = 25 �C, h = 7 W/m2 K). At t = 0,
the skin surface is suddenly taken into contact with a hot
source of constant temperature 100 �C such as boiling
water; after contacting for 15 s, the hot source is removed
and the skin is cooled by use of water ice mixture of 0 �C
for 30 s.
6.1.1. Treatment of skin

According to the real structure of skin (Fig. 1a), the skin
is modeled as a layered structure, as shown in Fig. 1b. For
the heat transfer process, the skin is divided into three lay-
ers with different properties: epidermis with thickness of
0.1 mm, dermis with thickness of 1.5 mm, and subcutane-
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Fig. 7. Comparison of predictions of thermal damage from different models
interface; (c) distribution along skin depth at t = 15 s; (d) distribution along skin
DPL: dual-phase lag model).
ous fat with thickness of 4.4 mm. Blood perfusion is only
considered in the dermis layer while metabolic heat gener-
ation is considered in all three layers. For the thermal stress
calculation, our previous study [75] and other studies
[76,77] have shown that the thin stratum corneum plays
an important role in skin thermomechanical behaviour
due to its comparatively large Young’s modulus and can-
not be ignored; thus, the four-layer skin model is adopted.
The relevant parameters used for both heat transfer and
thermal stress analyses are summarized in Tables 2–4.
6.1.2. Calculation of burn injury

The skin burn injury is calculated using the burn inte-
gration of (19), with the frequency factor A = 3.1 � 1098

and the ratio of activation energy to universal gas constant
Ea/R = 75,000 (see [70]).
6.2. Results and discussion

The above problem is solved by using different models:
Pennes model, thermal wave model and three types of
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: (a) variation with time at ED interface; (b) variation with time at DF
depth at t = 45 s (PBHTE: Pennes model; TWMBT: thermal wave model;
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dual-phase lag models (DPL1MBT, DPL2MBT and
DPL3MBT). The results and discussion are given in the
following sections.
6.2.1. Verification of numerical model

For one-layer skin model, Figs. 4 and 5 compare the
analytical and numerical predictions. The results demon-
strate excellent agreement for both temperature and stress
fields; more details of the numerical approach are described
below.
6.2.2. Comparison of different bioheat transfer models

For the multi-layer skin model, the comparison between
predictions of different bioheat transfer models is shown in
Fig. 6 for temperature, in Fig. 7 for thermal damage, and in
Fig. 8 for thermal stress. The temperature, thermal damage
and thermal stress distributions in the skin at the end of
heating (t = 15 s) and cooling (t = 45 s) are shown sepa-
rately in in Figs. 6c–d, 7c–d and 8c–d, whilst Figs. 6a, b
and 7a, b plot the corresponding temperature and burn
damage at the ED interface and DF interface as functions
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Fig. 8. Comparison of predictions of thermal stress from different models: (a) v
(c) distribution along skin depth at t = 15 s; (d) distribution along skin depth
dual-phase lag model).
of time, respectively. Since the nociceptors emerge from
superficial dermal nerve plexuses running beneath the
epidermis into epidermis [78] as low as 50 lm from the
skin surface [79], attention is focused on thermal stress at
the skin surface and ED interface, as shown in Fig. 8a
and b.

The results of Fig. 6a–d demonstrate that tissue temper-
ature calculated from different bioheat transfer models can
deviate substantially under constant surface temperature
heating. With the thermal wave model, the tissue tempera-
ture inside the body was undisturbed during the initial
stage of heating before jumping instantaneously
(Fig. 6b); this may be viewed as the wave front emerging
from the finite propagation of the thermal wave or the
existence of the relaxation time sq. The unchanged tissue
temperature initially may be attributed to the nonthermal-
ly consumption related biological activities [16]. The results
from the three DPL models exhibit similar behaviours, and
all differ from the results of both Pennes model and ther-
mal wave model. Unlike thermal wave model, no wave
behaviour is observed in the DPL models as expected,
but a non-Fourier diffusion-like behaviour exists due to
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the second thermal relaxation time sT whose effect is to
weaken the thermal wave, thereby destroying the sharp
wave front. It is noticed that a sudden temperature drop
for heating or a step for cooling at the skin surface is asso-
ciated with the DPL models, as shown in Fig. 6c and d. It
should be noted that there is a cross over of the solution
beyond t = 33 s between the solutions of DPL1MBT,
DPL2MBT and DPL3MBT. This is because in the
DPL1MBT, the surrounding temperature is higher than
those of DPL2MBT and DPL3MBT, as can be seen from
Fig. 6d, which results in the slower decrease of temperature
at the ED interface. Another interesting phenomenon is
the increase of temperature at the DF interface after
t = 32 s. This is attributed to the wave front feature of
the thermal wave model. During the cooling process, the
cooling thermal wave front arrives at the DF interface at
about t = 32 s, causing a sudden decrease of the tempera-
ture to a very low value, as can be seen from Fig. 6b. After
that, the DF interface is heated by the surrounding tissue
at a higher temperature. Similar phenomenon can also be
observed in Fig. 9b.

There is a reason that the various orders of sT and sq

may yield close results, and the authors are encouraged
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to provide mathematical/numerical reasoning for it. The
‘‘closeness” of the DPL solutions can be explained mathe-
matically. Eqs. (9), (11), (13) can be rewritten as:
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The large differences amongst the predicted temperatures
between the models can cause significant deviations in burn
evaluations. For example, the thermal damage predicted by
thermal wave model at the end of heating for the ED inter-
face is the largest, about three orders larger in magnitude
than that from Pennes model and about seven orders larger
than those from DPL models. A wave front for thermal
damage is also observed for thermal wave model, which ap-
pears in Fig. 7b as a steep profile. As for the thermal dam-
age distribution along the skin depth, Pennes model and
thermal wave model give similar results, which are much
larger in magnitude than those from DPL models.

Although the thermal stresses developed due to non-uni-
form temperature distributions are confined near the sur-
face, see Fig. 8c and d, both the skin surface and ED
interface are subjected to large tensile stresses, >10 MPa,
see Fig. 8a and b, during both heating and cooling pro-
cesses. This implies higher thermal damage occurring in
these locations, consistent with the results of Fig. 7a and
b. Note that the large tensile stresses predicted by the
multi-layer skin model are in sharp contrast with those
obtained with the one-layer model, Fig. 5. Furthermore,
the magnitude of stress at the skin surface obtained with
the DPL models is much larger than that with other mod-
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Fig. 10. Influence of sq on thermal damage results from thermal wave mode
interface; (c) distribution along skin depth at t = 15 s; (d) distribution along s
els, although the same boundary condition is applied. This
is caused by the sudden temperature drop at skin surface,
Fig. 6c.

The mean mechanical threshold of nociceptors in the
skin is in the range of about 0–0.6 MPa and mainly
between 0.1 and 0.2 MPa [80]. Our results (Fig. 8a and b)
show that the thermal stress is significantly larger than
the threshold for all the three different kinds of models.
This clearly indicates that, in addition to heating, thermal
stress may also contribute to thermal pain. Other sup-
porting evidence shows that, for the same level of nocicep-
tor activity, a heat stimulus evokes more pain than a
mechanical stimulus, and that the deformation of tissue
due to heating and cooling may explain the origins of pain
[81,82].

6.2.3. Thermal wave model of bioheat transfer

The calculation with the thermal wave model has been
carried out for four different cases, where sq = 0.0, 0.1,
1.0, and 10.0 s, with sq = 0 corresponding to the Pennes
model. The skin temperature distribution at the end of
heating, t = 15 s, and cooling, t = 45 s, is shown separately
in Fig. 9a and b, while Fig. 9c and d plot the correspond-
ing temperature profiles at the ED and DF interfaces,
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respectively. Skin thermal damage and thermal stress are
plotted in Figs. 10a–d and 11a–d, respectively.

As shown in Fig. 9a and b, the thermal relaxation time
sq tends to induce an abrupt step in the temperature, intro-
ducing a wave-front, which separates the heated surface
area from the unheated inner area. As it appears, when
sq > 1.0 s, the magnitude of sq has an important effect on
temperature prediction and, thus, on thermal damage and
thermal stress evaluations; conversely it makes little differ-
ence when sq 6 0. s. This can be easily observed from the
temperature history at the DF interface, as shown in
Fig. 9(b). The appearance of the wave front for sq = 1.0 s
occurs at t � 5 s, while for sq = 10 s it occurs much later
at t � 14 s. Since the thermal wave speed Ct is correlated
with sq from Ct ¼

ffiffiffiffiffiffiffiffiffi
a=sq

p
, a smaller sq leads to a larger

Ct for a fixed a with a being the thermal diffusivity.
A wave-like behaviour can also be observed in the results

of thermal damage. For example, at the ED interface, little
or no damage appears before t � 3 s for sq = 10 s, whilst a
sudden jump happens thereafter and the resulting damage
is about three orders larger than the cases when sq is smaller.
However, there is almost no thermal damage at the DF
interface during the entire heating process.
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Fig. 11. Influence of sq on thermal stress results from thermal wave model: (a)
(c) distribution along skin depth at t = 15 s; (d) distribution along skin depth
Thermal stress output shows a similar behaviour except
for the peak values, where a larger sq results in a higher
peak. Once again, the value is larger than the threshold
of nociceptors.
6.2.4. Dual-phase-lag model of bioheat transfer

Since different DPL models give similar results, as
shown above, onlythe first model, DPL1MBT, is discussed
here. The calculation of DPL1MBT has been carried out
for nine cases: sq = 0.1, 1.0, 10.0 s and sT = 0.1, 1.0,
10.0 s; for comparison, the results corresponding to the
case sq = sT = 0 are also included. The results for temper-
ature distributions are presented in Figs. 12–15. The trends
of thermal damage and thermal stresses are similar to those
exhibited by temperature and hence, for brevity, are not
included below.
6.2.5. Effect of sq

The effect of sq on temperature evolution at sT = 0.1 s is
shown in Fig. 12. Note that the results are similar to those
of thermal wave model, especially for smaller sq: obvious
wave-fronts can be observed, and the wave-front at the
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same place appears earlier for a smaller value of sq. With
increasing sq, the temperature is generally lower during ini-
tial heating but higher during cooling.

6.2.6. Effect of sT

The effects of sT on temperature profile are given in
Fig. 13 for sq = 0.1 s and in Fig. 14 for sq = 10 s.
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As can be seen from Fig. 13, no obvious wave-fronts
can be found, which is attributable to the stronger dissipa-
tion from the mixed derivative term (sTk$2oT/ot), as
shown in Eq. (12). The results are almost the same for
different values of sT, except for sT = 10.0 s where the tem-
perature is lower during initial heating but higher under
cooling.
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When sq = 10.0 s, as shown in Fig. 14, a wave behaviour
is observed for all cases in spite of the different values of sT,
which demonstrates that sq, rather than sT, dominates the
mechanism of thermal wave propagation in skin tissue.
However, the sharp wave-fronts due to sq are smoothed
by the promoting conduction of sT, and the effect is more
0 5 10 15 20 25 30 35 40 45
0

20

40

60

80

100 ED interface

t (s)

             τ
q
     τ

T

 0.0   0.0  
 0.1   0.1
 0.1   1.0
 0.1   10.

End of heating

T
 (

ºC
)

0 5 10 15 20 25 30 35 40 45
10-6

10-2

102

106

1010

Ω

ED interface

t (s)

             τ
q
     τ

T

 0.0   0.0  
 0.1   0.1
 0.1   1.0
 0.1   10.

End of heating

0 5 10 15 20 25 30 35 40 45

-20

-10

0

10

20

30

σ 
(M

P
a)

Skin surface

t (s)

             τ
q
     τ

T

 0.0   0.0  
 0.1   0.1
 0.1   1.0
 0.1   10.

End of heating

a b

c d

e f

Fig. 13. Influence of sT on temperature results from type I dual-phase lag mo
interface; (b) temperature variation with time at DF interface; (c) thermal dam
time at DF interface; (e) thermal stress variation with time at skin surface; (f)
noticeable with increasing values of sT, leading to the
non-Fourier diffusion-like conduction. This result agrees
well with the non-Fourier behaviour observed for engineer-
ing materials [31,40,62]. However, despite different values
of sq, the absolute value of thermal stress for sT = 10.0 s
is much larger at skin surface but much lower at ED inter-
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del (DPL1MBH) at sq = 0.1 s: (a) temperature variation with time at ED
age variation with time at ED interface; (d) thermal damage variation with

thermal stress variation with time at ED interface.
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face (not shown here for brevity). This arises because the
thermal stress is influenced by temperature change along
the whole skin depth, as shown in Eq. (23).

6.2.7. Effect of sq/sT

Tzou [40] has suggested that the ratio sq/sT dominates
the lagging behaviour of heat transfer, i.e., the thermal
responses are identical for a specified value of sq/sT. To
check the suitability of this assertion in the cases here, com-
parisons of temperature distributions under the same sq/sT

ratio are performed for three different cases, sq/
sT = 0.1,1.0, 10, as shown in Fig. 15. It is clear, from our
results that there is no concurrency of behaviour for tem-
perature, as well as thermal damage and thermal stress,
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in the three cases studied, which implies that the lagging
thermomechanical behaviour in skin tissue depends on
the absolute magnitudes of sT and sq, in addition to the
ratio of sq/sT. A similar conclusion has been obtained for
engineering materials [83]. The difference between our
and Tzou’s observations are due to the different problems
tackled. Tzou [40] derived analytically the thermal lagging
behaviour in a semi-infinite solid without instantaneous
surface heating, which is different from the problems tack-
led in this work. The tangling behaviour of the real and
apparent heat sources in our work as shown in Eq. (10),
for example, may very well yield a lagging temperature that
depends on the individual values of sT and sq rather than
their ratio.
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7. Conclusions

The thermal relaxation time for biological tissue is typ-
ically large, leading to the non-Fourier thermal behaviour
of bioheat transfer. In this paper, the dual-phase-lag model
is employed to study bioheat transfer in skin tissue, for it
has the ability to characterize microstructural interactions
in heat transport. Together with the Thermal Wave model
of bioheat transfer, the non-Fourier thermo-mechanical
behaviour of skin tissue is analyzed under surface heating
boundary conditions. Exact solutions for temperature,
thermal stress and thermal damage fields for single-layer
skin model were presented. For multilayer models, to coun-
ter the mathematical difficulties induced by the mixed spa-
tial and time derivatives and blood perfusion terms,
numerical simulations with the finite difference method
were used. The main conclusions are: (1) substantial dis-
crepancies exist among the predictions by PBHTE,
TWMBT and DPLMBT whilst different DPL models give
similar results; (2) both types of relaxation time, sT and sq,
have a significant influence on the temperature, thermal
damage and thermal stress fields; (3) it is sq, not sT, which
dominates the thermal wave propagation, with sq inducing
a sharp wave-front that is smoothed by sT; (4) under the
conditions studied in the paper, it is the absolute magni-
tudes of sT and sq, not the ratio sq/sT, which decides the
thermomechanical behaviour of skin tissue; (5) in addition
to heating/cooling, skin thermal stresses may also contrib-
ute to thermal pain.

Our results demonstrate that non-Fourier feature may
play an important role in thermal behaviour of skin tissue
in some cases. However, no such experiments have been
performed hitherto and there is no reported data of the
exact relaxation times of skin tissue. Further experimental
verification is therefore necessary to measure the transport
of energy in living systems at the micro-scale level, from
which detailed data on relaxation times of tissue may be
obtained. Besides, it should be pointed out that, in the
analysis hitherto, it has been assumed that the thermal
and mechanical properties of the skin layers are constant,
i.e., independent upon thermal denaturation (shrinkage,
damage). Existing test data on the effects of temperature
and damage on the physical properties of skin are scarce,
and will be the subject of future studies.
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