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1. Introduction

The heat generation during laser-induced
thermotherapy can damage healthy tissue.
Therefore, it is necessary to predict the
temperature distribution and the possibility of
tissue damage due to temperature rise. To
determine the appropriate duration and intensity of
laser irradiation on the tissue, simulation tools can
be used to predict the thermal and mechanical
responses of the tissue. Skin is the largest sensory
organ that can respond to stimuli such as
temperature, touch, vibration, pressure, and pain.
During heating, mechanical stress is created due to
the thermal denaturation of the skin, which leads
to contraction. Then, mechanical and thermal
energy are transduced to an ionic current that
leads, in turn, to the sensation of pain. As a result,
thermal stress, thermal damage, and pain are
closely related.

In this research, temperature changes and
thermal stresses caused by the laser's heat on a
healthy and cancerous tissue of human skin, are
modeled using a numerical algorithm based on the
finite element method. It is necessary to mention
that the laser beams are considered in the Gaussian
form and the laser beam attenuation in the skin
layers is based on the Beer-Lambert law and the
deformation in all points of the element is
expressed by equilibrium equations.

Numerical solution results include the effect
of the laser wavelength, irradiation intensity, and
beam radius on the temperature distribution, von-
Mises stress, and also the impact of the blood
perfusion on the temperature distribution. The
thermal damages caused by the laser on the
cancerous tissue are also examined based on the
Arrhenius theory. Current results can be provided
for the physicians as basic information and to
provide an exact prediction of the occurrences
during the treatment for them.

2. Formulation and Governing Equations
At first, a cylindrical human skin element
consisting of the three layers of epidermis, dermis,

and a fat layer with the thickness of 0.05, 1.95, and
10 millimeters respectively (as shown in Figure 1)
is modeled in axial symmetric form and the
mechanical, thermal and the optical properties of
each layer are determined.

Figure 1. Two- and three-dimensional models of skin tissue
under laser irradiation

In the second step, a spherical tumor with a
radius of 3 millimeters is considered in the depth
of 6 millimeters in the tissue and with the exact
centrality of the tissue in the middle of the third
layer which is the fat layer.

Another hypothesis is that the approximately
uniform tissue is homogeneous and isotropic,
meaning that there is no difference in the thermal
and optical parameters in any layer. In addition to
that, the laser source is considered to be circular.
The surface between the tissue layers is also
considered to be smooth, and the heat transfer is
considered transient. To express the generated heat
in the tissue that is under the laser beam, Pence
equations are used. This equation is expressed as
follows

oT
pCE = V.(kVT)+prboab (Tb -T)+Qme‘ Quer (1)

Equilibrium equations, stress-strain equations,
and strain-displacement equations are expressed in
equations (2) to (8).
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To calculate the heat loss fraction of cells in
tumors and tissues, the Arrhenius equation is used
as equation (9).

Q= ln£ C(m)] = jA.exp(— E,

c(r0)) 3 RT

)dt 9)

3. Results and Discussion

The variation of von-Mises stresses in 600 seconds
in the wavelengths of 532 and 800 nanometers and
the radiation radius of 1 millimeter are derived and
compared to Pacharaporn and colleagues in Table
1. According to the Table 1, when the wavelength
increases, von-Mises stress is decreased in the
center of the tissue facing the direct beam. This is
because the absorption coefficient is higher in the
skin tissue in the wavelength of 532 nanometers
compared to the wavelength of 800 nanometers
which causes more heat absorption in the surface
and that comes along with higher stress.

Table 1. Comparison of maximum von-Mises stresses
obtained from the present study with that of Pacharaporn
etal. [25] in r=0 and z=0 for s=1mm and 1=2 W/mm?

A=532 nm A=800 nm

Wongchadakul et
al. [25] 0.0172 Mpa | 0.0128 Mpa
Present study 0.0071 Mpa | 0.0067 Mpa

The impact of the blood perfusion on the heat
distribution in the dermis layer of the skin is shown
in Figure 2. As shown, the amount of blood
perfusion is inversely related to the heat
distribution which means that if the blood
perfusion is increased, the maximum temperature
is decreased. It is because of the convection heat
transfer in the skin tissue and the increase in the
blood perfusion during the laser therapy.

The impact of heat on the tumor tissues is very
more intense compared to the healthy tissues. The
blood flow velocity in the healthy tissue increases
immediately when the temperature increases. But
in the tumors when the temperature is increased,
vascular occlusion occurs. The increase in the
blood speed can cause heat transfer during the
therapy but in the tumor, the heat transfer is low
because of the low blood speed and the vascular
damage. As a result, in the thermotherapy with the
laser, more damage is done to the tumor tissue
compared to the healthy tissue. Moreover, the
temperature is higher in the tumor in comparison
to the healthy tissue. As Figure 3 shows, a sudden
increase is observed in temperature distribution in
the longitudinal direction at o=1mm and
A=532nm. These two points are in the boundary of
the tumor and healthy tissue and this indicates the
temperature increase in the cancerous tumor in
comparison to the healthy tissue. Figure 3 shows

that in z=3mm to 9mm, which is the space that the
tumor exists on, there is no noticeable temperature
change and this is caused by the low blood speed
in the cancerous tissue.
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Figure 2. Temperature distribution in the dermis layer of
the skin in t=600s in two different blood perfusions at
1=2w/mm?, 6=2mm and A=532nm
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Figure 3. Variations of cancerous tissue temperature in the
longitudinal direction at s=1mm and A=532nm
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4. Conclusion

Results showed that the temperature distribution
and the laser penetration depth and the von-Mises
stress depend on the radiation time, wavelength,
laser irradiation intensity, laser beam radius, and
the amount of blood perfusion. The differences in
the thermal, optical, and mechanical properties
between skin layers during the thermotherapy
cause changes with greater intensity in the tissue in
upper levels (in the form of expansion and
contraction). The study showed that the control
and change in the effective parameters on laser
beam during the treatment is necessary and any
inaccuracy in the selection of these parameters
results in injury and pain.
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