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Abstract— The purpose of this study is to model and simulate
the biological heat transfer of human skin tissue at various
environmental temperatures, and to determine the
temperature distribution of each layer of skin tissue. The
purpose of this research is to model and simulate the one-
dimensional constant temperature distribution of human
skin tissue at various environmental temperatures. The one-
dimensional steady-state biological heat transfer equation is
solved by modifying the Pennes equation solved by FVM. In
this study, the temperature distribution of the skin tissue was
simulated with 5, 10, and 20 points of change. The FVM
results are verified with Deng, Z.S.'s analysis results. The
results show that it is successful to use FVM to model the one-
dimensional constant temperature distribution in human
skin tissue, so the temperature distribution of skin tissue is
often not analyzed under various environmental
temperatures. When using Deng for FVM verification, the
error rate of Z.S analysis results is only 0.9%, so the
temperature distribution of skin tissue under various
conditions is generally not analysed. Increasing the ambient
temperature (25 to 34 =C) will increase the temperature of
the skin's surface, making the gradient smaller. But this does
not affect skin tissue damage, because it activates the body's
metabolism.

Index Terms—Bioheat transfer, temperature distribution,
human skin tissue, finite volume method

I.  INTRODUCTION

The skin is the largest organ of the human body, and one
of its functions is to help regulate body temperature.
Human skin is composed of epidermis, dermis, and
subcutaneous tissue. The epidermis is 0.6-1 mm thick and
is the first and outer layer of the skin. It is the only skin
layer that can be seen with the naked eye. The 14mm thick
dermis is the second layer of skin after the epidermis. The
dermis acts as a protector for the body, and the
subcutaneous tissue contains the most fat to protect the
body and help the body adapt to the external temperature.
The thickness is 45 mm. [1, 2].

One of the functions of the skin is to regulate the thermal
balance (thermoregulation), so it must be kept constant at
around 37 <C, which is the balance point of the body's heat
production and dissipation. Extreme normal body
temperature can affect the function of biological tissues
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and the entire body system. If the body temperature drops
by 27<C and rises by 42<C, death may occur. Therefore,
the body temperature should be kept at around 37 <C. No
matter how the ambient temperature changes, the heat
transfer in the blood vessels also helps to maintain a
uniform core body temperature. Metabolism is another
important heat source, which is a chemical process that
occurs in organisms, maintains its structure, and maintains
their respective environments [3]. Sweat evaporation is
one of the effective parameters in the process of body
temperature regulation, and it is the only way to dissipate
heat when the ambient temperature is higher than normal
body temperature (36.1-37.2°C) [4].

In the field of biomedical research useful for human life,
knowledge of heat transfer is equally important. For one
hundred years, people have been studying the effect of
blood flow on heat transfer in living tissues. After Bernard
proposed an experimental study in 1876, doctors,
physiologists and engineers became interested in the
mathematical modeling of the complex thermal
interactions between the human vascular system. In 1948,
HH Pennes [5] proposed a simple linear mathematical
model based on experimental observations to describe the
heat flow in the network.

Many researchers have developed alternative models to
describe the perfusion rate and the difference between
arterial blood temperature and local tissue temperature.
Introduce the biological heat transfer equation model [5]
to explain the influence of metabolism and blood perfusion
on the energy balance of living tissues, as shown in
equation (1):

ar d?T
pC— = k= + wppyCp(Ty = Tox) + Q@ )
Where:
2
pcﬂ : heat storage; kd—: . thermal conduction;
dat dx

(wbpbcb(Ta—To(x))): heat dissipation through the
bloodstream; (Qm : heat generation
Several researchers modified the Pennes equation to

predict the temperature distribution of human skin,
including:
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Mathematical modeling is achieved through numerical
analysis of skin bio-heat transfer, focusing on heat transfer
through skin tissue [6, 7]. Studies have shown that
metabolic heat production rate and blood perfusion rate
will affect the increase in temperature. The temperature
distribution of the dermal tissue layer is caused by various
movements. Modified Pennes equation. In this study,
Pennes equation was modified and solved by the finite
element method [8, 9].

Uses the finite difference method to develop a
mathematical model of the Pennes bio heating equation to
estimate thermal damage caused by tissue crystallization
in human skin and the subcutaneous tissue layer [10]. The
results show that the thickness of the epidermis and dermis
has a significant effect on temperature, while the initial
temperature and blood perfusion have little effect. The
change of the finite element method of the one-
dimensional heat transfer model is based on the time-
independent sweat response [11, 12]. The analysis shows
that during the female luteal phase, when T oo is lower than
core body temperature, the tissue temperature is lower than
that of males.

Temperature distribution in muscle, tumor, fat, dermis,
and subcutaneous tissue is studied by numerical analysis
and analysis of various blood parameters and their
management [13]. At the same time, the biological heat
transfer equation with variable thermal conductivity is
analyzed by the Laplace transform method, and it is found
that the temperature of the network is significantly
obtained from the variable parameter of the thermal
conductivity, and the low score derived has a Laplace
domain analytical solution. The biothermal equation is
used to study the thermal damage of skin tissue during
hyperthermia. [14, 15]. Similarly, the analytical solution of
the hyperbolic biothermal equation under the strongly
moving heat source and the exact solution of the Arrhenius
equation in the Laplace transform domain, the hyperbolic
biothermal model is simplified to the parabolic biothermal
model when the thermal relaxation time is zero [16]. In
addition, [17] studied the temperature change and the
thermal damage to spherical tissues during hyperthermia,
using the fractional derivative to simplify the parabolic
biological heating model and the hyperbolic biological
heating model.

The one-dimensional transfer finite element method is
used to solve the biological heat transfer equation of the
temperature distribution of the biological heat in the
cylindrical living tissue, which is simple and accurate for
the thermal behavior of biological systems and can be
extended to the thermal behavior of biological systems.
Thermal measurement parameters, temperature field
reconstruction, and clinical treatment. and facial
temperature [14-18, 19]

The thermal stress analysis of the body's limb area
during periodic exercise and rest and the finite element
method are used to predict the temperature distribution of
the outer layer of the human body. Due to periodic physical
exercise, the limbs of the two-dimensional case are
thermally regulated [20, 21]. Although the analysis uses
the burn biological heating equation based on the finite
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element method, it is found that conduction heat transfer
causes greater damage to human tissues in radiation and
radiation transfer. From the analysis of treatment, it is
found that the fastest way to lower the body temperature is
to use ice cubes, and the slowest way is to use air
conditioners. The transferability of the biological heating
equation is stable [22, 23]. From the biological heat
transfer numerical model of human forearm active
thermoregulation, the sensitivity of temperature field to
metabolic heat production rate and arterial temperature is
studied. The blood temperature and the internal
temperature curve of the metabolic heat source [24, 25].

The Pennes biothermal equation is used to analyze the
influence of various ambient temperatures, tissue thermal
conductivity, metabolic rate, blood perfusion rate, and
thermal coefficient of various parameters on the
temperature distribution curve [26, 27]. Model and
simulate the thermoregulatory response of the cold
environment to predict and simulate the change in core
body temperature of a specific individual [28, 29]. Studies
have shown that heat exchange with the environment plays
a key role in the thermal state of the human body.

Therefore, many researchers use the Pennes equation to
describe skin heat transfer because it is simple and
analytically solvable, and can be programmed as a finite
difference method (FDM) model and a finite element
method (FEM). In the research, a finite volume method
(FVM) was proposed to study the temperature distribution
of human skin in a dimensionally stable state due to the
exposure of the outer surface of the skin to different
environmental temperatures. This study manages the
environmental temperature difference of human skin,
assumes that the environment is friendly and one-
dimensionally stable, and enters appropriate boundary
conditions. The human skin temperature distribution
obtained by FVM s an illustration of the thermal
interaction between human tissue and perfused blood and
its metabolic effects.

Il. METHODOLOGY

A. One-Dimensional Steady-State Biological Heat
Transfer Equation

The one-dimensional steady state of the human skin
biological heat transfer equation is shown in equation (2)
to predict the temperature distribution. Human skin tissue
is usually composed of three layers: epidermis, dermis, and
subcutaneous tissue [30], as shown in Fig. 1.

2
KD 4 0y ColTe =T+ Q=0 (2)

Here, p, ¢, k, and Qm represent the density, specific heat,
thermal conductivity, and metabolic heat generation rate in
the tissue, respectively. T (x) and Ta represent the
temperature of the tissue and arterial blood, respectively.
In addition, mb and cb are the mass flow of blood and the
specific heat of blood, respectively.
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Figure 1. The human skin

B. Boundary Condition

Due to heat loss from the outer surface caused by
convection, the boundary condition of the outer surface is
given by [23]:

Among

L

dxlx=0

them,

=h(T —Tj)

the environmental

®)

heat transfer

coefficient, Tt is the atmospheric temperature.

The core of the body is kept at a uniform temperature
Ta. Therefore, the boundary condition of the interior limit
isgiven by Ta (x =L) = 37°C.

C. Domain Discretization

The thickness of the human skin layer is measured
vertically from the outer surface of the human skin to the
core of the body. For one-dimensional modeling, Fig. 2 is
a schematic diagram of the human skin layer, divided into
16 parts [31].

Now the area of the skin is divided into 5, 10 and 20,
and the distance is x1, x2, x3, x4, x5; x1, x2, x3, x4, x5,
X6, X7, X8, X9, x10; x1, X2, x3, X4, x5, x6, X7, X8, x9, x10,
x11, x12, x13, x14, x15, x16, x17, x18, x19, x20. The
distance points of elements are nodes like shown in Fig. 2.
Assuming the thermal conductivity of the human skin
layer is constant

D. Finite Volume Method of the Bioheat Transfer
Equation

The first step of the Finite Volume Method (FVM) is the
integration of equation (2) over a control volume is shown
in equation (4):

Fone ZR9 A 1 [ w0, Gyl — T, (O] Adx + [, QAdx = 0 (4)

dx dx2 Adx Adx

Here A is the cross-sectional area of the control volume
face, AV is the volume differential.
dxwe dxpe

—+—{ [ —
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Figure 3. Boundary condition

By modifying equation (4) by entering the boundary
conditions in Fig. 3, equation (4) is obtained which can be
wont to obtain temperatures at X to Xn.1, simplicity,
obtained as shown in equation (5)

1 k
(k + ) T,
dxpg  dxwp dxwp

wpppCpTadx + Qdx — wyppCpTpdx

k
dxpg

Tg +
(®)

Meanwhile, to urge the temperature at x1 and Xn (Xs, X10,
and Xzo), integration is carried out, at point 1 which is
restricted by environmental conditions (convection
coefficient of heat transfer and ambient temperature), then
obtained as shown in equation (6)

k k
(E) Tp = =Ty + 0.Ty + (wpppCyTy +

k Ta
Qm)dx - wpppCpTpdx —MTP +k v

(6)

At point n (Xs, X10, and Xz0) Which boundary condition
of the arterial temperature (Tc=T,=37°C), was obtained
equation (7)

k k
Boaowom oa M () To = - Te + 0.Ty + (@pppCyTa + Q)dx —
2 Tp
§ | ‘ ‘ s wbprbTde - ?/ZTP + k?/z (7)
h(Ty-Tp) | Ta=37°C
1 | ‘ ‘ From equations (5), (6), and (7) was obtained as shown
Ta Tt Ta Ts Ts  Tc in Table I.
x=0 x=L
Figure 2. The distance points of each element
TABLE I. COEFFICIENTS OF Ay, Ag, Sp AND Sy
Points Aw Ag Ap Sp Sy
k k 2k k Ty
1 0 e <a + o + de) ‘(UbedeX?/Z (0pppCpTa + Qdx+k /2
k k k k
2ton-1 T e (a + o + wbprbdx> -y pp CpdX (wpppCp Ty + Q)dx
k k 2k K T
n o 0 (a + o + wbprbdx) - wp Py Cpy dX- ax/z (wpppCp Ty + Qu)dx+ k ﬁ
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I1l. RESULT AND DISCUSSION

In this study, the predicted temperature of human skin
was solved by the finite volume method using the
biological equation of heat transfer. The surface of the
human skin is defined as x = 0, and the nucleus of the
human body is at x = L. A previous study [9] showed that
the internal skin tissue temperature generally remains
constant at a short distance of 10 mm from the skin surface,
so the long domain L = 10 mm (0.01 m). For the analysis,
some estimates of the properties of the network are made
[9], as shown in Table II.

TABLE Il. THERMOPHYSICAL PARAMETER VALUES

Tissue Properties Symbols Values Unit
Thermal cor}ducthlty of K 05 W/meC
the tissue
Heat convection
coefficient between skin ho 10 W/m#C
& surrounding
Surrounding air T 25; 28; <
temperature f 31;34
The arterial temperature Ta 37 <<
Body Core temperature Tec 37 °C
Metabolic heat generation Qm 420 W/m?3
Specific heat of the tissue Cc 4200 Jikg <
Specific heat of blood Ch 4200 Jikg T
Density of tissue P 1000 kg/m®
Density of blood P, 1000 kg/m?
The Blood perfusion w, 0.0005 ml/s/ml

The one-dimensional steady state of the human skin
biological heat transfer equation is solved using the Finite
Volume Method (FVM), and the condition values and
network attributes are input (Table I11). The discretization
process obtains the equations of each node 1 to 5, as shown
in Fig. 3. Substituting numerical values gives Ax = 0.01 /
5 =0.002, so each discretization coefficient is sufficient.
It's easy to decipher. These values are given in Table II.
The skin tissue surface temperature (TA) is obtained using
equation (3): h (Tr - Ta) = k ((Ta-Ta)) / dx). Four
environmental temperatures [9] were selected, namely:
cold temperature (Ts = 25°C), normal temperature (T =
28°C) and warm temperature (T¢+ = 31°C), and hot

temperature of (T = 34°C) to obtain the temperature
superficial. of the skin tissue, are respectively Ta =
35C, Ta = 35,5C, Ta = 36°C and Ta = 36.5C.
Substitute the values of the thermophysical parameters
in Table I1'in Table I, and the results are shown in Table
I1.

TABLE Ill. THE COEFFICIENT OF EACH DISCRETIZED EQUATION

N0(_1es aw ag Su Se ap
point
1 0 250 | 17500 -500 750
2 250 | 250 | 156,24 -4.2 504.2
3 250 | 250 | 156,24 4.2 504.2
504.2
4 250 | 250 | 156,24 4.2
5 250 | 0 18626’2 5042 | 7542

From Table 111, the resulting set of algebraic equations
and maybe rearranged become as shown in Fig. 3.

[750 —250 0 0 0 [ 17500
—250 5042 —250 0 0 Tz [15624]
0 —-250 5042 —-250 O 156.24
0 0 —250 5042 —250 | 15624 |
L o 0 0 —250 7542J[ l18656.24/

Figure 4. The algebraic equation

Fig. 4 shows the algebraic equation to obtain steady-
state temperature distribution in each situation. For Ta =
35°C and T¢ = Ta = 37°C (arterial temperature), we can
obtain: T; = 35.216°C; T, = 35.648°C; T3 = 36.055°C; T4
= 36.442°C and Ts = 36.816°C. In the same way, the
temperature distributions of various ambient temperatures
are obtained (T = 28, 31 and 34°C). In this study, the
temperature of human skin tissue is also calculated through
the 10 and 20 node points. In the same way, use 5 nodes to
get the human skin tissue temperature, as shown in Fig. 4.

A. Model Verification

Model verification is performed by comparing the FVM
results with the analysis results [32], as shown in equation
(11), using the values of the thermophysical parameters in
Table 11

TG =T, + om (Tc—Tb “’bp - )(x/_cosh(\/—x)+—smh(\/—x)) %(Tf—rb_wb‘?pbc )smh(\/_(L x)) ®
b wpppep \/_cosh(\/_L)+?smh(\/_L) \/Zcosh(\/_L)+75mh(\/_L)

Wlth A= wbpbcbk_l.

Fig. 5 (a) is the expression of the temperature 33733
distribution, using the precise values of the relevant ;’365 R ¢
parameters to understand the changes in ambient 2 36 5 v
temperature. By comparing the FVM model with the $35.5 &
results of the analysis, the extent of the FVM model used g 35 <
to predict the precise temperature distribution in a variety 2345
of settings is analyzed [13]. It can often be seen from Fig. s 34
5 (b) that there is an honest agreement between the analysis 3 0 0.002 0.004 0.006 0.008 0.01
_results and t|T6|FVI\tAr1' in%ig%}ing that the percentage of error Skin Thicknesses (m)
is very small, less than 0.9%.

Y <© 5 Nodes 10 Nodes 20 Nodes analysis
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Figure. 5 (a) Comparison of FVM with Deng, Z.S [29] analysis
solutions (b) % error comparing FVM with Deng, Z.S [29] analysis
solutions

B. Steady-State Analysis of Human Skin Tissue
Temperature Distribution

The skin tissue temperature distribution is derived from
the steady-state FVM of different ambient temperatures (T
= 25; 28; 31; 34°C) and convection coefficient (hs = 10
W/m?K)), as shown in Figs. 6 (a), 6 (b) and 6 (c).

Equation (2) illustrates the influence of blood
metabolism on the temperature distribution of human skin
tissue. So the temperature distribution of the network is a
bit different. For steady-state analysis, taking into account
the influence of convection, it is generally necessary to
determine the surface temperature of the skin tissue. Figs.
6(a), 6(b) and 6(c) show the steady-state temperature
distribution in the skin tissue of each node. This shows that
the temperature of the skin surface is around 35<C, which
is suitable for humans. After entering the body tissue, due
to internal metabolic heat and perfusion, the temperature
further rises, consistent with equation (1). But the core
temperature remains constant at 37 <C [4,7,9,10].

375
37
36.5
36
355
35
345

34
0

Nodal Temperature (C)

0.002 0.004 0.006

Skin Thicknesses (m)

0.008 0.01

OTf=25COTf=28CATf=31CXTf=34C

Figure 6 (a). Temperature distribution in human skin tissue various
environmental temperatures to 5 nodes point

© 2022 Int. J. Mech. Eng. Rob. Res

103

37.5
37
36.5
36
355
35
345

34
0

PO ==

Nodal Temperature (C)

0.002 0.004 0.006

Skin Thicknesses (m)
Tf=28C Tf=31C

0.008 0.01

OTf=25C Tf=34C

Figure 6 (b). Temperature distribution in human skin tissue various
environmental temperatures to 10 nodes point
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Figure 6 (c). Temperature distribution in human skin tissue various
environmental temperatures to 20 nodes point

Ambient temperature plays an important role in the
temperature distribution in the human body. Since
evaporation occurs in the body at high temperatures,
keeping other parameters fixed, take a temperature
between 25 and 34<C to observe the effect of ambient
temperature on skin tissue [14]. Therefore, core
temperature and skin temperature are the two most
important indicators of the thermophysiological response
of the human body [8]

Several temperature curves are observed in Figs. 6 (a),
6 (b), and 6 (c). The main ambient temperature has the
temperature of the skin tissue surface is much higher than
the low ambient temperature. These figures indicate that
the temperature value in the partial layer of the dermis
increases with increasing atmospheric temperature [8,9].
This shows that if the atmospheric temperature is lower
than the core temperature of the body, the body
temperature decreases from the center of the body to the
surface of the skin [23]. This indicates that metabolism and
blood perfusion effects will cause the temperature in the
dermis and subcutaneous tissue to increase, which is the
result of blood energy transfer. This temperature rise is
regulated by the dermis, so it will not kill the skin tissue
[4.9]

At cold room temperature (Tf = 25 - 28°C), the body
temperature is almost always higher than room
temperature, and the heat is always lost through the skin,
causing The surface temperature of skin tissue can reach
35<C. Therefore, inside the body, the temperature
difference between the fat of the skin and the skin itself is
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indeed very large, for example, 37<C sectioning is
performed at a room temperature of 25<C. The surface
temperature of human skin may also vary from place to
place. Skin tissue is extremely sensitive to the effect of
tissue temperature, which is very different from the
temperature of 37<C. Therefore, even if the ambient
temperature changes drastically, the body will try to
process the heat of the blood. This is usually achieved by
maintaining a balance between the heat lost by the body
and the heat received by the body from external changes in
the body [10, 14].

For humans whose ambient temperature is around 25 -
34<C, the skin surface temperature fluctuates around 35 -

36.5<C, while the core temperature fluctuates around 37 <C.

Therefore, the gradient between the core temperature and
the skin temperature is sufficient to remove active Excess
metabolic heat in the tissue. When the ambient temperature
decreases, the gradient between the skin temperature and
the ambient temperature increases (as shown in Figures
6(a), 6(b), and 6(c)), which leads to an increase in heat
dissipation through thermal convection, resulting in a
decrease in skin temperature [ 9,11,12].

IV. CONCLUSION

This research successfully established a biological heat
transfer model that uses the basic Pennes equation to solve
the finite volume method, which describes the temperature
distribution in human skin tissue. The model was validated
using the results of the analysis and FVM, and a very small
percentage of error (<0.9%) was obtained. This shows that
the created model can be used to calculate the temperature
distribution of human skin tissue at various ambient
temperatures. The finite volume method has been used to
simulate the temperature distribution in skin tissue with 5-
node, 10-node, and 20-node changes. The increase in the
ambient temperature in the skin tissue leads to an increase
in the surface temperature of the skin and does not affect

the healthy tissue due to the metabolism of the active tissue.
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