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The skin heat transfer models have attracted many researchers in recent years for improving the hyperthermia
techniques and for evaluating burn injuries. Nevertheless, many of these researchers, which used the one-layer skin heat
transfer model, could not provide useful information about the heat transfer in the laminar structure of skin tissue. Some
researchers, which used the multi-layer skin heat transfer model, have questionable results in some cases. Therefore, in
this study, we first developed a one-dimensional heat transfer model for a three-layer skin. Then, we investigated the
effect of blood perfusion in this heat transfer model under the conditions of thermal equilibrium and the conditions of
applying the external thermal pulse to the skin surface. For this work, we provided a direct solution for the conditions of
thermal equilibrium and an approximate solution using a finite-difference method (FDM) for the conditions of applying
an external thermal pulse. Finally, we evaluated the amount of thermal expansion and damage resulted from different
thermal pulses and blood perfusion rates. Generally, the results of this study revealed that the blood perfusion rate has a
large influence on the temperature distribution, thermal expansion and thermal damage, so that it significantly can lessen
the burn degree, especially of the dermis and subcutaneous fat layers. Nevertheless, skin surface temperature according
to the arterial blood temperature can completely reverse the effects of the blood perfusion rate in the temperature
distribution of skin tissue. These results also showed that different structural and thermal properties of skin layers,
especially thickness and thermal conductivity along with the blood vessels penetrated in the skin layers, can turn the skin
tissue into a special thermal insulator, which well disagrees with any change in temperature in the skin surface.
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INTRODUCTION

Skin is one of the most important
thermoregulation organs in the human body that
continuously regulates the temperature of internal
tissues by using different modes of heat transfer such
as conduction, convection, radiation and perspiration
[1]. Hence, understanding the heat transfer process in
the skin is a major challenge in the thermodynamic
studies to improve local hyperthermia techniques [2-
7] and also evaluate the burn injuries [8].

The main objective of local hyperthermia
techniques is also to raise the temperature of the
diseased tissue to a therapeutic value above the core
temperature, and then thermally destroy it [9-11].
Accordingly, the therapeutic value is a very
important factor in this therapy. However, there is no
consensus as to what is the safest or most effective
target temperature for hyperthermia. For example,
some researchers defined this value for the local
hyperthermia between 39.5 and 40.5°C [12] and
some others defined it between 41.8 and 42°C
(Europe, USA) to near 44°C (Japan, Russia) [13].
Furthermore, current studies have confirmed that the
heat transfer within the skin is a heat conduction
process coupled with physiological processes such as
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blood perfusion, gland activity, tissue metabolism
and sometimes heat losses of the hair [1, 14, 15], so
that these physiological processes can create different
self-regulation  activities by changing the
characteristics of each of the skin layers. Therefore,
finding an optimal thermal pattern for local
hyperthermia techniques and evaluating burn injuries
request comprehensive information for the heat
transfer mechanism of skin tissue.

Currently, various histological studies have been
done on body tissues, especially skin tissues.
Nevertheless, although these studies have provided
remarkable results about macroscopic parameters
such as the core temperature, these studies, due to
laboratory and technical limitations, could not
usually provide useful information about the
temperature distribution of skin layers. Hence,
researchers have often focused on mathematical
models based on Fourier’s heat transfer law for
understanding the heat transfer mechanism of skin
layers. In this regard, Pennes [16], who proposed a
bio-heat transfer equation based on this law, is one of
the researchers that have provided a general model
for evaluating heat transfer in different body tissues.
It is remarkable that this bio-heat transfer equation is
currently the basis of many studies in thermal
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diagnostics [17], thermal parameter estimation [18-
20] and burn injury evaluation [8, 21, 22] for
evaluating different modes such as different
boundary conditions and blood perfusion rates. For
example, Vyas and Rustgi [23] obtained an analytical
solution based on a cylindrically symmetric model
(in which the laser beam is traveling only in the z-
direction) to study the laser-tissue interaction.
Newman [24] investigated the thermal washout in
biological tissues by using Green’s function method.
Zhu and Weinbaum [25] applied the Green’s function
method to solve a series of steady-status bio-heat
transfer problems in which the Pennes’ perfusion
term was not included. Durkee and Antich [26, 27]
addressed the time-dependent Pennes’ equation in 1-
D multi-region Cartesian and spherical geometry.
Lagendijk et al. [28] also contributed to
understanding some specific heat transfer problems
during a tumor hyperthermia process. Kengne [29]
investigated the effect of the temperature-dependent
thermal conductivity on the nonlinear temperature
distribution by using the Taylor expansion method.
Deng [30] analyzed the Pennes bio-heat transfer
equation for one-layer skin influenced by various
heat sources. In [1, 14, 15] Xu et al. analytically
examined the biothermomechanic behavior of skin
tissue under various boundary conditions by using
the one-layer Pennes bio-heat transfer equation. They
also examined the biothermomechanic behavior in
the multi-layer Pennes by the bio-heat transfer
equation using the finite-difference method. Lin and
Chou [31] proposed a numerical scheme combined
with differential transform and finite-difference
methods for solving the Pennes bio-heat transfer
equation. They examined the one-layer skin heat
transfer model in the constant temperature surface.
Lai and Chan [32] developed a two-dimensional heat
transfer model for a 12-segment human body. They
stated that their model was validated for predicting
skin and body core temperatures under a wide range
of thermal conditions. Strakowska et al. also
evaluated the Pennes bio-heat transfer equation for a
skin tissue, in which each of the three layers had
different thermal parameters. These researchers
finally reported that there was a rate of significant
fitting between the temperature of the skin surface
estimated by the Pennes equation and temperature
recorded by a thermal camera from the skin surface
in a certain time interval [33].

Generally, although these studies provided
interesting results in some cases for improving the
therapeutic  applications, their results were
guestionable in some cases. For example, some of
these researchers [1, 14, 15] reported that an external
heat source in addition to the strain caused by thermal
expansion generates a mechanical strain, while a
thermal loading (external heat source) based on the
solid mechanics only generates thermal strain in the
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solid material. Some other researchers [1, 30], which
investigated the influence of blood perfusion rate on
the temperature distribution of skin tissue, also
considered that increasing the blood perfusion rate
generally decreases the temperature distribution of
skin tissue, while the temperature of skin tissue in
addition to the blood perfusion rate depend on air
temperature adjacent to skin surface. On the other
hand, the human skin consists of three layers: the
epidermis, the dermis and the subcutaneous layer.
The two internal layers, especially the subcutaneous
layer is primarily made up of fat and connective
tissue [34]. It is remarkable that the fat insulates the
body against both heat and cold. Therefore, the
thermal response of these layers to an external heat
source can turn from a conductor to an insulator and
conversely [34], because the fat layers act as a
thermal inductor against heat. This means that the
temperature distribution resulted from an external
heat source has special dynamics. Nonetheless, some
of these researchers [1, 14, 15], who examined the
heat transfer in the three skin layers, did not report
such dynamics. Furthermore, it is also amazing that
other researchers have reported their outcomes at
temperatures above 45°C regardless of the fact that at
temperatures above 45°C the skin changes due to the
burn. This is another questionable result of these
researches.

Therefore, in this study, we provided a one-
dimensional bio-heat transfer model based on the
Pennes equation that presented interesting results
about the dynamics of skin heat transfer and also the
thermal expansion and damage caused by an external
heat source on the three skin layers. The remainder of
this paper is organized as follows: Sections 2 and 3
present the heat transfer equations and boundary
conditions of the proposed model for three skin
layers. Section 4 provides equilibrium temperature
distribution in the three skin layers by solving the
equations of the proposed model under the condition
of thermal equilibrium of skin tissue. Section 5 shows
the total temperature distribution resulted from a
thermal pulse applied on the skin surface which
obtained from the solution the equations of the
proposed model by using the backward finite-
difference method (BFDM), which is also known as
the backward Euler method. Sections 6 and 7 provide
the thermal expansion and damage created by
different thermal pulses and blood perfusion rates.
Finally, section 8 presents a brief conclusion about
the results obtained in this research.

Heat transfer equations of a three-layer skin

As stated, the heat transfer in the skin layers is a
heat conduction process coupled with blood
perfusion. Hence, this process is also dependent on
the size of the blood vessels. In addition, since the
thermal equilibration length of blood vessels (Leg)
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[35, 36] in the skin tissue is significantly shorter than
the length of the blood vessel in this tissue, i.e. about
2x10®° to 3x10° mm [1, 37], the temperature of
ejected blood through the vessels is approximately
equal to the temperature of the skin tissue. These
conditions also confirm that the Pennes bio-heat
transfer equation suffices to model the heat transfer
in the two internal layers of the skin [1, 38]. It is also
suitable to model the heat transfer in the outer layer
of the skin.

The Pennes equation is a derivation of Fourier’s
heat transfer equation and general bio-heat transfer
equation [16]. This equation is defined as follows:

or _ o°T
ﬂ:E:k&_g+Qmet+Qb(r) 1)
where p, ¢ and k are the density, specific heat and
thermal conductivity of the skin tissue, respectively.
Qnmet is the metabolic heat generation in the skin
tissue and Qy is the heat generated by vessels and is
expressed as follows:

Q, (T) = @,p,C, 1—1)(T, —T) (2)

where p, and cyp refer to blood. w, is the blood
perfusion rate. Toand T are the temperature of arterial
blood and skin tissue, respectively. p has been
usually considered equal to zero [1, 16, 31]. It also
seems that this parameter is a thermal friction
coefficient, which Pennes added to its equation and
considered that its value can be between 0 and 1.

Proposed model for three skin layers

In this work, we investigated the heat transfer in
one-dimension for three layers of the skin (see Fig.
1). This approximation is good when the heat is
propagated in the direction perpendicular to the skin
surface (e.g. during laser heating). As shown in Fig.
1, we assumed the skin tissue as three cubes with
infinite length and width, and finite depth. Therefore,
we simplified the Laplace operator in equation (1) for
each of the skin layers as equation (3). In other words,
we actually used a one-dimensional model as
outlined at the beginning of the next subsection.

2
ver =91 (3)
oz
Accordingly, by using equations (1) and (3) we

rewrote the heat transfer equations for each of the
three skin layers as follows:
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Notations e, d and f represent the epidermis,
dermis and subcutaneous fat layers, respectively. As
seen in the equation relevant to the epidermis layer,
we do not consider the blood perfusion term for this
layer, because the blood perfusion of this layer is
negligible. We also assumed that the heat wasted
through sweat glands and hairs is negligible and the
thermal properties of skin layers are homogeneous.
In the next section, we provided the boundary
conditions for each of the skin layers.

Heat source

First boundary 12» I ﬂﬂ ﬂ -
/ HEpidermis
Second boundary Blood perfusion Hoermis
Third boundary ~—7
Blood perfusion Hsubcutaneous fat
Fourth boundary \

Fig. 1. The corresponding idealized skin model
Boundary conditions of three-layer skin

As shown in Fig. 1, there are four boundaries in
the one-dimensional heat transfer model for three-
layer skin. The first boundary is related to the
temperature of the skin surface that is equivalent to
the temperature generated by the external heat source
on this surface. The second boundary is located
between the epidermis and dermis layers. Similarly,
the third boundary is located between the dermis and
the subcutaneous fat layer. Second and third
boundaries have the same temperature and heat flux
profiles. The last boundary is between the
subcutaneous fat layer and the internal layer (fat
layer). The temperature of this boundary is
approximately equal to the core temperature, i.e.
~37°C [39]. Therefore, we defined the boundary
conditions of the three skin layers as follows:
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C,: T, (0,t)=Q,()

C,: T,(H,t)=T,(0,t)
C3 : ke aTe(He,t) _ kd 8Td (O,t)

0z 0z (5)
C4: Td (Hd’t):Tf (O,t)

oT. (0,t
oz 0z
Ci: T,(H{t)=T,

where T¢ is the core temperature. In the next section,
we solved the equations of the proposed model under
the conditions of thermal equilibrium of skin tissue.

Equilibrium temperature distribution

As we know, the equilibrium temperature
distribution in the three skin layers can be obtained
through solving equations (4) at time t = 0.
Therefore, we can rewrite the heat transfer equations
of the three skin layers under the conditions of
thermal equilibrium as:

2
a. ke a TE(2910) +Qemet :0
oz, '
0T, (z,,0 (6)
br k [diz( zd )+wbpbcb(1‘ﬂ)(Ta ~T4(24,0))+Qq e =0
d
0°T, (z,,0)
kf o1 2 +a)bpbcb(l_:u)(Ta _Tf (Zf1o))+Qf‘me[ =0
f

Similarly, we rewrote the boundary conditions in
t = 0 as equations (7), with the exception that we
replaced the first boundary condition (C; in
equations (5)) with a new boundary condition (Cyin
equations (7)), because this boundary, due to Qex(0)
= 0 exchanges the heat of skin surface as the
convective. Therefore, this new boundary condition
is equivalent to heat flows exchanged between the
skin surface and the air. In these equations, T is the
air temperature in adjacent to the skin surface. hyr is
also the heat convection coefficient between the skin
surface and the surrounding air.
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Table 1. Values employed for the parameters of the
proposed model

Variant Value Unit
Blood density 1060 Kg/m?®
Blood specific heat 3770  J/Kg.°C
Density
Epidermis 1190 3
Dermis 1116 KoM
Subcutaneous fat 971
Skin specific heat
Epidermis 3600
Dermis 3300 V/KOC
Subcutaneous fat 2700
Thermal conductivity
Epidermis 0.235
Dermis 0.445 WimeC
Subcutaneous fat 0.185
Thickness
Epidermis (He) 0.1
Dermis (Hq) 15 mm

Subcutaneous fat (Hs) 4.4

Metabolic heat generation
Epidermis 368.1

Dermis 368.1 Wi m?
Subcutaneous fat 368.1
Thermal expansion coefficient
Epidermis le-4
Dgrmis le-4 1ec
Subcutaneous fat le-4
Body core temperature (T¢) 37 °C
Arterial blood temperature (To) 37 °C
Air temperature (Tair) 25 °C

Table 1 provides the values employed for the
parameters of the proposed model. According to
these values, the characteristic equation obtained
from the differential equations (6b) and (6¢) have a
delta greater than zero (A>0). Therefore, the general
solution of these differential equations is as follows:
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The particular solution of these equations by
using the boundary conditions provided in equations
(7) creates a system of linear equations as follows:

MW =P ©)
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k., O — kg% Ky Xq 0
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Solving this system of linear equations by using
the Gauss-Jordan elimination method [40] gets the
coefficients (A-F) of equations (8). Table 2
summarizes these coefficients for three different
blood perfusion rates at air temperature of 25°C and
40°C, which we calculated by the Gauss-Jordan
elimination method.

Fig. 2 shows the simulation results of equations
(8) by using these coefficients. As shown in Fig. 2,
the equilibrium temperature distribution in the three
skin layers depends on the blood perfusion rate (wp)
and the air temperature in the adjacent to the skin
surface (Tair), SO that if the air temperature is lower
than the arterial blood temperature, increasing the
blood perfusion rate exponentially enhances the
temperature of the three skin layers (Fig. 2a) and if
the air temperature is higher than the arterial blood
temperature, increasing the blood perfusion rate
exponentially reduces the temperature of three skin
layers (Fig. 2b). Therefore, the blood perfusion rate
is one of the effective self-regulatory activities in the
skin tissues for returning the skin temperature to the
arterial blood temperature. The air temperature also
plays an important role in this distribution, because
self-regulatory activities (brain and heart activities)
in the human body always try to hold 37°C for the
core temperature by changing the blood perfusion
rate.

Mmoo w >

Table 2. Coefficients of equations (8) under three different blood perfusions

Tar o A B c D E F
o 001 86238 3513  -014  -165 002  -1.29
s 0001 71054 3335 014 382 112 427
0.0001 66605 3283 335  -838 668  -11.19
~ 001 2148 3748 003 041  -001 0.32
= 0001 17570 37.94  -008 080 033 102
0.0001 -164.21  38.07 138 151  -2.24 225
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Fig. 2. Effect of blood perfusion rate and air
temperature on the equilibrium temperature distribution
of the skin layers: a) Tair = 25°C, b) Tair = 40°C
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Fig. 3. Finite-difference mesh used for three skin
layers

Temperature distribution resulted from an external
heat source

Temperature distribution in the three skin layers
generally consists of the equilibrium temperature
distribution and the temperature distribution resulted
from an external heat source. Therefore, this
distribution can be calculated by solving the bio-heat
transfer equations (4) under the boundary conditions
provided in equations (5). Nevertheless, although the
general solution of these partial differential
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equations is available, the particular solution of these
equations by using the boundary conditions provided
in equations (5) is inaccessible with the current
science. We accordingly solved these partial
differential equations by using the backward finite-
difference method (BFDM) [41, 42], which is
usually known as the backward Euler method. The
following equations present the approximate
differential equations obtained from equations (4)
and (5) by using the BFDM:

[ 2% k
. pece+ e:| peice-l- e T

eij At ei.H_ATez ei+l,j+Tei—1‘j]:Qe‘mel

A Az

._pdcd 2k, PyCy ky
b: _Tt+AT§_wbpbcb(l_ﬂ) di‘j_TtTdujfl_Aiijdm.j+Tdi71,j]

= Qd‘met ~ @, P,Cy (1 - :u)Ta

VIS PiC Ky ]
C: W+E_%pbch(1_ﬂ) Tfi‘j_W f”’l_AT? 1i+1‘j+T1H‘j

= Qd‘met = 0, PyC, (1_ ﬂ)Ta
------------------------------------- (10)
Cl Tel.j Qext]
Cz,s: le‘j:Teend—l‘j
Cis: Tll‘j:Tdend—l,j
Cs: T'end.j:TC

where i and j are the unit vectors of the z-axis and
the t-axis in finite-difference mesh, respectively. Fig.
3 provides the finite-difference mesh employed in
this study. As shown in the figure, we used the
approximate bio-heat transfer equations (a-c) for
points located into the skin layers, and the
approximate equations of boundary conditions for
points located on boundaries. In other words, we
computed an equation for each of the points located
on the finite-difference mesh by using equations
(10). Finally, we solved the system of linear
equations generated by these equations by using the
Gauss-Jordan elimination method, and got the
temperature of each of the mesh points.

Fig. 4 indicates the effect of two different blood
perfusion rates on the temperature distribution
resulted from a thermal pulse of 0.25 s (Q(t)) applied
on the skin surface. As seen in this figure, comparing
the patterns together generally shows that increasing
the blood perfusion rate in the internal layers
amplifies the amount of heat absorption, because the
temperature of the thermal pulse is higher than that
of arterial blood (Fig. 2). Lower temperature
distribution in inner layers, especially the
subcutaneous fat layers, confirms this issue. These
distributions also show that two internal layers,
especially the subcutaneous fat layers, like a thermal
inductor always disagree with any change in the
thermal flow. Areas marked with the red and yellow
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arrows in these patterns confirm this issue that the
internal layers recoil the heat at the beginning of the
thermal pulse and absorb the heat after removing the
thermal pulse. In other words, since thermal flow is
increased and decreased in the rising and falling
edges of the thermal pulse, the internal layers,
especially the subcutaneous fat layers, as a thermal
inductor disagree with it in these times. Therefore,
this means that the thermal response in the skin
tissue against an external heat source can become
from a conductor an insulator and conversely, due to
changing the heat flow. This property of internal
layers, in addition to reducing the amount of stress
entered on internal tissues, also leads to the gradual
expansion and contraction of skin tissue, which are
effective processes for reducing thermal damage,
especially at low temperatures. In other words, the
gradual expansion and contraction slowly convert
thermal energy into kinetic energy, which result in
less thermal damage. In the next section, we
calculated the thermal expansion of the skin.

6 { b = 0.0001 ml/s/ml

RN

: : 0.6 0.8
(b) t(s)

G45 F i~

= | |[«025-> AQm il
S
T(0.0)

0 02 04 06 08 1
© t(s)

Fig. 4. Effect of two different blood perfusion rates on
temperature distribution resulted from a thermal pulse: a)
0.0001 ml/s/ml, b) 0.01 ml/s/ml, c) the thermal pulse.

Thermal expansion in three skin layers

Strain according to Hooke’s Law in 1D is defined
as follows [43]:

E=¢&y té&; (11)

where ev and et are strains resulted from the
mechanical and thermal loading. Since we have only
a thermal loading on the skin tissue (AT), the term
relevant to mechanical strain was zero. Therefore,
the strain is:

0 = 5 ) = AT = 220 (12)

where os iS the linear coefficient of thermal
expansion and & is thermal expansion. According to
this equation, we can calculate total thermal
expansion as follows:

(1) = D, ar AT, (DA (1) (13)

Fig. 5 provides a part of finite-difference mesh in
Fig. 3 that visually describes equation (13). Since we
considered the temperature of internal tissue equal to
the core temperature (T¢) and also, since oair is much
larger than os, equation (13) is an acceptable
estimation for thermal expansion created in the skin.

AS{(t) = A ATi(t)Axi(t)

Axit)
Internal )
. Air
tissue
I T D ——
i--. a Y
Skin layers

Fig. 5. A part of finite-difference mesh in Fig. 3
employed for calculating the thermal expansion of skin
layers.

Fig. 6 illustrates the thermal expansion resulted
from the temperature distribution in Fig. 4a. As
shown in this figure, total thermal expansion has a
gradual increase during applying the thermal pulse,
and a gradual decrease after removing the thermal
pulse, so that the time constant of the contraction
phase is larger than that of the expansion phase in the
skin layers. Comparing the thermal expansion of the
two internal layers with total thermal expansion
generally shows that the cause of a larger time
constant in the contraction phase is the subcutaneous
fat layer. The cause of the smaller time constant in
the expansion phase is the dermis layer.

Besides, although the amount of total thermal
expansion is negligible at low temperatures and the
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kinetic energy generated by these temperatures
cannot disrupt the molecular bonds of proteins, the
amount of total thermal expansion at high
temperatures due to the excessive Kinetic energy can
disrupt the molecular bonds of proteins. Fig. 7 shows
the total thermal expansion resulted from the thermal
pulses of 0.25 s with different amplitudes (Aqg). As
seen in this figure, increasing the temperatures
exponentially increases the amount of thermal
expansion. Therefore, this amount of thermal
expansion coupled with its equivalent kinetic energy
at high temperatures can simply disrupt the
molecular bonds of protein. This discontinuity
changes the nature of materials, and its result is
thermal damage. In the following section, we
investigated the thermal damage generated by a
temperature distribution in the skin.

4 — ®b =0.0001 ml/s/ml
| Expansion
<—> ,
Contraction
3 -
— Epidermis
Dermis
Fat
Total
AQ(t) =45°C
O~ . . i
0 20 40 60 80 100
t(s)

Fig. 6. Thermal expansion in the skin layers

. o ®b =0.0001 ml/s/ml
10

AQ(1)=700C
gl AQ("iwoC
AQ(I)—SO C
A_ =45°C
2 6 QW >
S
[Ze} yal
4\ am
/
/
2t/
//
0= :
0 0.2 0.4 0.6 0.8 1

Fig. 7. Thermal damage resulting from thermal pulses
of 0.25 s with different amplitudes (see Aqg) in Fig. 4) in
three skin layers.
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Total thermal expansion resulted from the

thermal pulses of 0.25 s with different amplitudes (o
= 0.0001).

Thermal damage in three skin layers

It is obvious that the temperature is a very
important factor to enhance the rate of successful
collisions between the particles of a reactant.
Therefore, increasing the temperature in the skin
tissue amplifies the Kinetic energy and causes that
the molecules vibrate rapidly and violently. This
vibration in the molecules also increases the rate of
protein denaturation, which outcome at long term is
the thermal damage. So, the thermal damage () in
the skin tissue generally depends on the rate of
protein denaturation (k) and exposure time (t) at a
given temperature. Henriques and Moritz [44, 45]
have accordingly proposed that the thermal damage
in a tissue can be measured by the Arrhenius
equation [46] as follows:

Ea
k(T(Z)) _ dg;EZ) — Ae R[T (z)+273.15] (14)
or, equivalently:

Ea
O(z) = J‘; Ae RIT(2)+27315] 4t (15)

where R = 8.314 J.mol*K? is the universal gas
constant. A is collision frequency, which has a non-
linear relationship with activation energy (Ea) [47].
E. = 21149.324 + 2688.367 In(A).

In the present study, the burn injury in the skin is
calculated by using the burn integration of 15, with
the collision frequency A = 2.1x10% (E, = 75005
J.mol). Note that it is now widely accepted that Q
= (0.53, first degree burn; Q = 1, second degree burn;
Q= 10% third degree burn [15].

a © © o, =0.0001 mi/s/ml
k ¢ 3th degree
4

— 0,

% Agy=T70°C
- 0,

Agy =66 °C

2thdegree | ) _ggoc

Q)
JE— - 0,
AQ(l) =52.8°C
— 0
AQ(l) =51.7"°C

log, (@)

Or Agy =50 °C
\ 1th degree
2N \\
-4 4
0 1 2 3 4 5 6

z (mm)
Fig. 8. Thermal damage resulting from thermal pulses
of 0.25 s with different amplitudes (see Aqw in Fig 4) in
three skin layers.
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Fig. 8 presents the thermal damage resulted from
thermal pulses of 0.25 s with different amplitudes for
three skin layers. To better display the status of
thermal damage in each of the skin layers, we
reported its logarithmic values. The curves of Fig 8
actually indicate that a thermal pulse of 0.25 s in a
narrow temperature band (51.8°C to 52.8°C) can
create a first-degree burn on the two external layers
of skin, especially the epidermis layers.
Interestingly, the most severe type of this burn,
which occurs in Q= 1 (T = 52.8°C), only involves a
very small part of dermis layers, while the second-
degree burn, which is generated by a thermal pulse
of 0.25 s in a wider temperature band (52.8°C to
66.8°C), involves a significant part of dermis layers.
Hence, the symptoms of this burn often are blisters
and severe pain. But the most serious type of skin
burn, i.e. the third-degree burn, which is generated
by thermal pulses above 66°C, burns the epidermis
and dermis layers and a significant part of the
subcutaneous fat layer. Hence, this burn leads to the
destruction of the sensory nerve endings of the outer
layers. Nevertheless, although the results of Fig. 8
reported a critical condition for skin at high
temperatures, the blood vessels in the two internal
layers can reduce the amount of thermal damage by
regulating the blood perfusion rates. Fig. 9 shows the
effect of different blood perfusion rates on the
thermal damage resulted from thermal pulses of 0.25
S.

¢ 3th degree

!

2th degree

a o, =0.001 ml/s/m|
5 ®, =0.01 ml/s/ml
—
g ®, =0.03 ml/s/ml
- o, =0.07 ml/s/ml
5 1th degree , = 0.1 ml/s/ml
4H _ -
0 1 2 3 4 5 6

z (mm)

Fig. 9. Effect of different blood perfusion rates on the
thermal damage led by thermal pulses of 0.25 s in the
three skin layers.

As shown in this figure, increasing the blood
perfusion rate significantly decreases the thermal
damage in the dermis and subcutaneous fat layers. In
other words, the blood vessels with more heat
absorption in the higher blood perfusion rate try to
hold the skin temperature at the blood temperature
(37°C). This process in the vessels leads to reduction

of the thermal damage at 0.25 s. In the next section,
we presented a brief conclusion about the results
obtained in this research.

DISCUSSION AND CONCLUSION

As stated, some of the researchers [1, 30]
generally reported that increasing the blood
perfusion rate only reduces the temperature of skin
layers, while analytical studying the one-
dimensional heat transfer model developed in this
work for three-layer skin showed that the
thermomechanical responses generated by the
laminar structure of skin tissue coupled with the
blood vessels penetrated in skin layers extremely
depend on the skin surface temperature (Fig. 2). In
fact, this temperature can completely reverse the
effects of the blood perfusion rate, so that if the skin
surface temperature is lower than the arterial blood
temperature, increasing the blood perfusion rate
exponentially enhances the temperature of skin
layers (Fig. 2a). Conversely, if the skin surface
temperature is higher than the arterial blood
temperature, increasing the blood perfusion rate
exponentially reduces the temperature of three skin
layers (Fig. 2b). This means that the heat adsorption
and desorption performed by the blood vessels
depend on the temperature gradient between the
arterial blood temperature and the temperature of
each point from the skin tissue. Furthermore, the
temperature of each point from the skin tissue is
proportional to the boundary conditions, especially
the skin surface temperature. Therefore, the blood
perfusion rate has not the same effect on all the
points of skin tissue. The temperature distributions
of the three skin layers for two different blood
perfusion rates in Fig 4 confirm this issue. These
temperature distributions also confirm that thermal
and structural properties (Table 1) due to their
special arrangement in different skin layers give
special flexibility to the skin against heat. For
example, as shown in Table 1, the thermal
conductivity of the subcutaneous fat layer (0.185
W/m°C) is less than that of the dermis layer (0.445
W/m°C). This difference in the thermal conductivity
of the two layers leads to gradual spreading of the
heat in the subcutaneous fat layer and quick
spreading of the heat in the dermis layer. This heat
transfer process has a direct effect on the amount of
heat absorbed by the blood vessels. In other words,
the subcutaneous fat layer, due to its greater
thickness (4.4 mm) absorbs more heat than the
dermis layer. Therefore, the dermis layer
experiences a higher temperature than the
subcutaneous fat layer (Fig. 4). This means that the
dermis layer converts more thermal energy into
kinetic energy. Consequently, the thermal expansion
of the dermis layer exceeds that of the subcutaneous
fat layer (Fig. 6). This thermal expansion along with
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its equivalent kinetic energy at low temperatures can
be eliminated by the blood vessels, but the kinetic
energy generated by the high temperatures cannot be
eliminated by the blood vessels. Hence, the
unabsorbed kinetic energy exponentially increases
the distance (and motion) between constituents of
matter, whose outcome is a thermal expansion (Fig.
7). This critical status disrupts bonds between the
constituents of materials and changes the nature of
materials. The result of this change in the tissue is
thermal damage, which usually appears as an injury
(Fig. 8).

Interestingly, the epidermis layer, despite having
a lower thermal conductivity (0.235 W/m°C) than
the dermis layer, tolerates high temperature due to
the low thickness and proximity to the skin surface
(Fig. 4). This high temperature in the epidermis layer
creates thermal expansion, which is relatively less
than that of other layers. Nevertheless, this
expansion compared with the thickness of the
epidermis layer (0.1 mm) is remarkable, so that
usually creates the most damage in the burning
conditions, i.e. high temperature and exposure time
at this temperature. Fig. 8 well confirms this issue.
This figure also confirms that the burn degree in all
of the skin layers is directly proportional to the
temperature applied to the skin surface and can be
reduced by increasing the blood perfusion rate (Fig.
9). Some of the researchers [1, 14, 15] nonetheless
reported that the blood perfusion rate has little
influence on burn damage; while they considered
that this rate has a high influence on the temperature
distribution in the skin. It is remarkable that these
researchers used equation (13) for calculating the
burn damage, in which there is a direct proportion
between the temperature and the thermal damage.
Therefore, this direct proportion does not confirm
the outcome reported by these researchers.

There are also limitations in our paper. First, we
have assumed constant properties for each of the
skin layers, while these properties are usually non-
constant, especially at the boundary of layers.
Second, we have considered the present model as
one-dimensional one, but the skin is a spatial object.
Third, our model includes three layers. Accordingly,
we assumed the boundary condition between the
subcutaneous fat layer and the fat layer equal to the
core temperature, while the internal layers (fat,
muscle and bone) have a non-stationary temperature
distribution.

Nevertheless, although the elimination of each of
the limitations will be an interesting start point for
future works, the results reported in the previous
section show that the present model has an adequate
ability to model the heat transfer and to evaluate the
burn injuries in multi-layer skin. Therefore, this
model can be very interesting for improving medical
applications such as the local hyperthermia
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techniques and for evaluating the burn injuries. The
outcomes obtained from this model can be also
validated and employed in laminar insulations used
in building facilities, in which heating installations
usually penetrate in some layers.
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