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Effect of Temperature During Laser Welding of Tissue Between
Bioheat Model and Porous Media Model by Varying 3 Pattern
of Laser Movement: Single-Line, Line and Zigzag
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Abstract

This research investigates the development of a pulsed laser wound welding model using numerical calculations based on
the finite element method. The study examines three movement patterns: Line, Zigzag, and Single-line. The study compares
the Bioheat and Porous media models to examine the thermal effects during laser tissue welding and assess the accuracy of
both models. The results indicate that, when changing the movement pattern, the Single-line movement generates the
highest welding temperature, followed by the Line pattern, with the Zigzag pattern resulting in the lowest temperature.
However, the temperature distribution in the Zigzag pattern is the most variable, followed by the Line and Single-line patterns,
respectively. When comparing the accuracy of the Bioheat and Porous media models with experimental results from animal
tissue samples that are comparable to human skin, the Porous media model demonstrated closer alignment with the actual
experimental data than the Bioheat model. Nonetheless, while the animal tissue samples are similar to human tissue, they
lack the blood circulation present in living human tissue. In the future, comparing the results obtained from human tissue
studies will enhance the accuracy of the model. Furthermore, investigating how variations in pulse waveform affect the
temperature during laser tissue welding should be a focus of future research to improve model accuracy and its applicability
for real treatment planning.
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1. Introduction wound closure due to its low cost, simplicity, and speed.

Wound healing with minimal scar formation has gained
increasing importance in the medical and surgical fields.
Scarring results from excessive granulation tissue formation
during the healing process. Suturing is a popular method for
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However, it has drawbacks, including increased inflammation
in surrounding tissues, leading to larger-than-necessary scars,
and it is not feasible for very narrow areas.

The use of lasers for wound welding has begun to gain
popularity in research as a potential future treatment method.
Laser wound weld involves applying laser energy to the tissue
to generate heat, which subsequently stimulates the tissue to
produce proteins that facilitate wound adhesion. This method
offers several advantages, including faster healing, reduced
inflammation, and less scar formation compared to traditional
suturing techniques.

The technique of laser wound weld has been tested on
animal tissue samples, such as porcine skin, using various
treatment methods, yielding results that closely resemble
human tissue. However, these findings cannot be directly
compared to outcomes in human skin due to the lack of blood
circulation in the animal tissue samples, as well as differences
in tissue temperature from actual human skin.4 Additionally,
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experiments using lasers on laboratory mice have shown
promising results, but the application of these methods to
human treatment is still not feasible, as the tissue properties in
animal models differ from those in humans, and there is a lack
of diversity in the experimental subjects.l>*2

Another approach that closely resembles the actual
condition of human skin tissue involves using finite element
methods to create computer models of human skin. These
models simulate the real conditions of human tissue and the
patterns of heat distribution when heated by a thermal source.
Most modeling is conducted under the Bioheat theory
proposed by Pennes, which simulates blood flow throughout
the tissue.[®! While this method has proven effective, it still
does not closely approximate actual human tissue as it could
be.l*221 The physical characteristics of real tissues are
composed of cells and glands within the skin layer. Blood flow
results in particle interactions within the tissue and facilitates
heat exchange. Consequently, modeling using Porous media
theory has begun to be applied to create more accurate models
of human tissue, yielding results that are closer to actual
human skin than those produced by the Bioheat model. The
Porous media theory has been utilized in simulations for
various human organ treatments;>*28 however, it has yet to be
applied to modeling laser wound weld. If this technique were
adapted to create a model for laser wound weld, it would
enhance the accuracy of the simulations. Additionally, several
research studies have developed moving laser models to
increase the diversity of simulations, making them more
representative of real treatment scenarios.*=2 Nevertheless,
previous studies have not simulated treatments with a moving
laser by creating a skin tissue model as Porous material. A
recent study developed a Bioheat model for laser tissue
welding to investigate the thermal effects of varying the speed
and size of the laser used for wound closure. The results
indicated that increasing the laser speed and reducing its size
resulted in higher temperatures at the wound site. These
findings should be further explored to enhance the model's
accuracy in comparison to actual treatment outcomes by
incorporating a comparative analysis with the Porous media
model. Additionally, expanding the study to include various
laser movement patterns could improve the versatility and
applicability of the treatment methods.!

The biological structure of human skin tissue is composed
of numerous glands and cells, which are regarded as a solid
phase, and it also contains the surrounding blood, which is
regarded as a liquid phase. Simulating the biological
characteristics of skin tissue to closely resemble actual human
tissue is crucial for accurately predicting temperature effects
in studies. In laser wound welding techniques, the maximum
temperature generated must not exceed 65 °C, as higher
temperatures can damage the tissue. The model based on
Porous Media theory has been compared with previously
studied Bioheat theory models. The Porous media theory
provides a more accurate representation of the biological
structure of human skin. It is essential to investigate the
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resulting maximum temperature and the temperature
distribution during treatment. When comparing the laser
wound welding models based on Bioheat theory and Porous
media theory, determining which model yields results more
closely aligned with actual experimental outcomes is critical
for improving predictive accuracy in computer-based
modeling of treatments. Furthermore, actual wounds exhibit
varying characteristics; altering the laser movement patterns
may enhance temperature distribution throughout the tissue
during laser healing. This could potentially lower the
maximum temperature to appropriate levels, preventing
thermal damage to the tissue. Investigating the actual
temperature outcomes in these studies is imperative. If
successful, the findings would significantly benefit the
medical field, enabling physicians to plan treatments more
accurately and potentially reducing healthcare costs.

This research aims to develop a model of human skin tissue
using the finite element method to create a computer
simulation. The results of this simulation will be compared
between models based on the Bioheat theory and Porous
media theory, using experimental data from actual tissue
samples obtained from laboratory animals. The goal is to
determine which theoretical framework provides results for
laser wound welding that closely align with actual laboratory
experiments. Additionally, the study involves altering the laser
pulse movement patterns from a single-line approach over the
wound area to zigzag and line patterns. This modification aims
to compare the heat distribution and the resulting maximum
temperatures. If the temperatures exceed 65 °C, the skin tissue
may be damaged due to heat. Conversely, if the temperatures
are too low, it could result in inadequate tissue bonding.l* The
studied parameters are shown in Table 1 and Table 2.

Table 1. Laser parameters.

Welding parameters Symbols  Unit values
Laser Power P w 10
Welding speed v m/s 0.1
Spot radius p mm. 0.3
Welding time t S 1
Pulse frequency f kHz 10
Pulse duration ns 0.01

2. Experimental section

2.1 Mathematical model

This study compares the maximum temperatures generated
during laser welding by altering the movement patterns in
three configurations: single-line, zigzag, and line. The 3D
mathematical model developed includes two layers of skin:
the epidermis and the dermis, as illustrated in Fig. 1. This
figure shows the actual tissue layers of the skin, resembling
porous materials, with the epidermis and dermis having
thicknesses of 0.05 mm and 1.95 mm, respectively. A pulsed
laser serves as the heat source, and the study investigates the
thermal field when modifying the tissue layer modeling using
both Bioheat theory and Porous media theory.
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Fig. 1 Porous media layer of the skin tissue.

Table 2. Thermal properties, optical properties, and physical properties of tissue and blood.[*>#!!

Properties Symbols Unit Epidermis Demis
Thickness z mm. 0.05 1.95
Tissue density p kg/m?3 1,200 1,200
Specific heat of tissue Cp Jkg K 3,600 3,800
Thermal conductivity of tissue K W/(m K) 0.21 0.53
Absorption coefficient o 1/m 2,000 240
Scattering coefficient B 1/m 47,000 12,900
Ambient temperature Tm °C 25

Initial temperature To °C 36 36
Blood perfusion Wh s 0 0.0031
Blood temperature To °C 36

Blood density Db kg/m?3 1,058

Specific heat of blood Co Jkg K 3,960

Thermal conductivity of blood Kb Wim K 0.45

Heat convection coefficient h W/m? K 10

2.2 Modeling skin tissue

Human skin tissue consists of three primary layers. The
outermost layer, known as the epidermis, is characterized by a
constant turnover of cells, with new cells being produced
while older ones shed from the body. This layer contains
numerous hair follicles, sebaceous glands, and sweat glands.
The second layer, referred to as the dermis, comprises skin
cells, lymphatic glands, nerve endings, hair root follicles,
muscles, and a rich network of blood vessels. The innermost
layer is the subcutaneous fat, which primarily consists of fat
cells and varies in thickness among individuals, providing
insulation to the body.

This research constructs a three-dimensional model of skin
tissue divided into two layers: the epidermis and the dermis.
The epidermis is modeled with a thickness of 0.05 mm, while
the dermis has a thickness of 1.95 mm. However, the
subcutaneous fat layer is not included in the model due to its
considerable depth and negligible effect on external heat
absorption. The properties of the tissue are shown in Table 2.
The model dimensions are 20 x 20 mm, with the laser moving
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along the wound axis in the X-direction. The model developed
under the Bioheat theory simulates the entire tissue as being
fully surrounded by a liquid (blood), while the model based on
Porous media theory simulates the solid tissue interspersed
within spaces filled with liquid (blood). This approach is
reflective of the actual structure of human skin tissue, which
consists of a complex arrangement of cells and fluids, as
depicted in Fig. 2.

2.3 Heat transfer analysis

The heat transfer from a laser, which serves as the heat source,
to the skin tissue and the subsequent heat distribution across
various skin layers must pass through tissues with differing
thermal properties. The process is further influenced by blood
circulation, which acts as a mechanism for convective heat
transfer to other parts of the tissue, as well as by the
intercellular space, which has its own distinct thermal
characteristics. These factors collectively affect the efficiency
of heat conduction and the temperature generated during tissue
welding with laser-induced heat.
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Fig. 2 Schematic diagram of laser moves on Porus media tissue
model.

In this study, the laser heat source moves in various
patterns along the X-axis, transmitting heat to the surface of
the skin tissue. The uppermost layer of the tissue experiences
convective heat transfer with the surrounding air at a constant
rate of 10 W/mm?. The ambient air temperature around the
tissue is 25 °C, and the initial temperature of the tissue is
36 °C, as shown in Fig. 3. The following assumptions apply:
1. The thermal properties of the skin tissue are constant.

2. There is no phase change of the substances within the
porous skin tissue.

3. No chemical reactions occur within the porous skin tissue.
4. The porous skin tissue is homogeneous and exhibits uniform
heat distribution.

2.3.1 Bioheat equation

Computer modeling studies use the Bioheat modeling
equations developed by Harry Pennes in 1948.1"1 The
equations describe heat transfer within tissues through blood
flow, heat from external sources, and heat within the tissues
due to metabolic processes, as shown in Eq. (1).

aT
pCo = KV?T + ppChwp(Ta = Tp) + Qmer + Qe (1)
where p is density (kg/m?), C is the heat capacity of tissue

Energy Absorption of Lascr

2
(Cr=3]

(J/kg-°C), T is the tissue temperature (°C), K is the thermal
conductivity (W/m-°C), Oue is the metabolic heat source
within the tissue (W/m?), and O is the external heat source
(W/m?).

2.3.2 Porous media equation

Porous materials generally consist of three states of matter:
solid, liquid, and gas, which occupy the pore spaces. Based on
the structure of porous materials, they can be categorized into
two major types. In the first type, liquid or moisture moves
around the solid particles (solid matrix) within the pore spaces,
passing through without being absorbed by the solid particles.
This type is known as non-hygroscopic porous media. In the
second type, moisture is bound within the solid material
through chemical and physical bonds, causing the moisture to
remain stable within the structure. In this type of Porous
media, the solid particles are very small, measuring between
0-1 nanometers. This type is referred to as hygroscopic Porus
media.

2.3.2.1 Energy equation

The thermal processes occurring within porous skin tissue are
governed by a heat transfer equation in which the energy from
the laser is absorbed into the tissue and combined with the
energy within the tissue, causing the temperature within the
porous skin tissue to increase.* The governing equation
describing the heat transfer phenomenon is given by Egs. (2)-

4).
aT aT aT a%T = 9%y
PColers 5+ (pCo), (w5 +w35) = Korr (52 +55) +
Qmet + Qext (2)
(PCp)err = (1-D)(PCp)stD (pCp)v 3)

where & is tissue porosity, T is temperature (°C), p is (kg/m?),
K is thermal conductivity (W/m-°C), C, is specific heat
capacity (J/kg- °C), subscripts eff is the effective value,

P Go2) . g—tasn)
Q —a eZa?) . p—latb)z
laser Ino?

Convective Boundary Condition

=1 (=KVT) = hau (T — Tam)

Laser

i

Continuity Boundary Condition
7 (ky Ty — kaVTy) = 0
T =Ta

+ X
Epidermis
dermis
Hypodermis Adiabatic Boundary Condition
Fpodemm —r - (—kVT) = 0

Constant Core Bod

T, = 36°C

y Temperature

Fig. 3 Boundary condition and the physical domain of Porus media modal.
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subscripts s is the solid and subscripts b is the blood phase.

2.3.2.2 Momentum equation

To describe the blood flow within porous tissue, the Brinkman
flow equation model is used, along with the continuity Eq. (5)
and the momentum Egs. (6) and (7) to model blood flow in

porous skin.
6u

or 5 =0 (5)

[ ] @2[ _+WZ =_Pb[ ] 6r2 ﬁ__ (6)
a[aw +é[ o TV az] pb [ ] 6r2 ZZZVzV -

T +9B(T~T.) )

where u and w are blood velocity along the axis within the
porous tissue (m/s), p is pressure (Pa), v=3.78x1077 m?/s is
the Kinematics viscosity, the coefficient of thermal expansion
B =1X104, 1/K is the coefficient of the thermal expansion,
and k is permeability (m?) the following equation.*!
__oa
175(1-0)2

where dj, = 1x10* m? is the diameter of the cell.

From Egs. (1) and (2) the external heat source (Qey¢) is a

®)

laser equation that uses Beer-Lambert law to create a heat
source equation, where the heat generated in tissue depends on
the optical properties of the tissue,*! as shown in the Eq. (9).

2

Qext = alye7e? - e77% )
where y = at+b, I (Z) intensity in the z-direction (W/m?), Iy
intensity incident light (W/m?), a is the absorption coefficient
(1/m), b is the scattering coefficient (1/m), z the depth within
the tissue (mm), and ¢ is the radius of the laser beam in laser
irradiation (mm).

2.3.3 Energy from laser heat source
The energy of the laser beam distributed within the tissue layer
at a depth along the direction z is equivalent to the laser power
incident on the tissue surface area. That is,

P = 2nl,0?
Substituting P in Eq. (10) gives the heat source Eq. (11)

(10)

e—(a+b)z

(11)
where P is a constant Power of laser (W).

The upper part of the skin layer loses heat by convection
from the outside air at 25 (°C) as shown in Eq. (12)

-1 (=kVT) = ham(T — Tam) (12)
where T,,, is the ambient temperature (°C) and hg,, the
ambient air heat transfer coefficient (W/m).

Each skin layer is closely connected with the others
without any thermal resistance between the skin layers, as
shown in Egs. (13) and (14).14¢

n- (k, VT, —ksVT;) =0
T, =Ty

(13)
(14)

2.4 Method

A computer model was developed using numerical simulation
and analyzed with COMSO Multiphysics software to simulate
skin tissue based on the Bioheat and Porous Media theories.
The model consists of a total of 60,352 elements, as
increasing the number of elements beyond this did not
improve the accuracy of the model, as shown in Fig. 4. The
movement of the laser was modified into three patterns: Line,
Zigzag, and Single-line, with the laser motion patterns
depicted in Fig. 5. The laser's position changes over time for
each motion pattern, as shown in Table 3. The laser heat source
is set to emit energy in the form of pulses, as illustrated in Fig.
6, with pulse parameters provided in Table 1. The simulation
results were then compared with experimental data from

50
49 4
48 4

s

Temperature (°C)
. -~ = - o~ ~ -~
— o [y = n = -

.
=1

2000 102000 202000

302000 402000 502000

No.of Elements

Fig. 4 Mesh independence.
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Fig. 5 laser movement pattern (a) Line, (b) Zigzag, and (c) Single line.

Table 3. Laser movement position.

Time(s) X_line Y_line X_zigzag Y_zigzag X_single line Y _single line
0 -10 1 -10 1 -10 0
0.01 -9 1 -9 -1 -9 0
0.02 -8 1 -8 1 -8 0
0.03 -7 1 -7 -1 -7 0
0.04 -6 1 -6 1 -6 0
0.05 -5 1 -5 -1 -5 0
0.06 -4 1 -4 1 -4 0
0.07 -3 1 -3 -1 -3 0
0.08 -2 1 -2 1 -2 0
0.09 -1 1 -1 -1 -1 0
0.1 0 1 0 1 0 0
0.11 1 1 1 -1 1 0
0.12 2 1 2 1 2 0
0.13 3 1 3 -1 3 0
0.14 4 1 4 1 4 0
0.15 5 1 5 -1 5 0
0.16 6 1 6 1 6 0
0.17 7 1 7 -1 7 0
0.18 8 1 8 1 8 0
0.19 9 1 9 -1 9 0
0.2 10 1 10 1 10 0
1.4 ]
1.2 ]
1
E 0.8
=3
2 0.6
0.4
0.2
o ]
0 1 2 3 4 5 6 7 8 9 10
Time(s) x 104

Fig. 6 Laser pulse waveforms.
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actual tissue samples to identify the model that most closely
resembles real-world conditions and produces the optimal
maximum temperature. The maximum temperature must not
exceed 65 °C, as higher temperatures can cause tissue damage
due to heat. The entire study process is shown in Fig. 7.

3. Results and discussion

3.1 Verification

The validation of the Bioheat modeling was carried out by
comparing it with the work of Saemathong et al.*71 , who
studied the use of lasers in dermatological treatments. By
setting the same parameters, but without the movement of the
laser, it was found that the results were comparable, as shown
in Fig. 8. Subsequently, a comparison was made with the
model by Ma et al.*], Who also studied the use of a moving
laser. It was found that the results were similarly close, with
the differences attributed to the variation in laser shape, as
illustrated in Fig. 9.

3.2 Temperature field
This section focuses on the temperature response of tissue

during thermal welding using a pulsed laser heat source. The
study analyzes the maximum temperature occurring during
laser heating for two tissue models: the Bioheat model and the
Porous media model. The temperature variation follows a
pulsed pattern, as shown in Fig. 10, where the temperature
increases in a stepwise manner corresponding to the on-off
cycling of the laser. The laser parameters include a power of
10W, a laser movement speed of 100 mm/s, a pulse frequency
of 10 kHz, a spot size of 0.6 mm, and a pulse duration of 0.01
ns. Three different laser movement paths were investigated:
Line, Zigzag, and Single-line. The laser movement paths are
illustrated in Fig. 5 and Table 3.

Figure 11 shows the laser trajectory at 0.9s during laser
tissue bonding, Figs. 11(a)-(b) illustrates the laser movement
in a Line pattern. Fig. 11(a) presents the model based on
Bioheat theory, showing a maximum temperature of 62.3 °C.
Fig. 11(b) depicts the Porous media model with a maximum
temperature of 49.3 °C. The heat distribution is concentrated
along the linear path of the laser movement and decreases as
the laser shifts along the Y-axis. The Porous media model
shows better temperature distribution than the Bioheat model.
Figs. 11(c)-(d) illustrates the laser movement in a Zigzag

START

INPUT PROPERTIES
»  Laser parameters (Table 1)

[

Mathematical model:

Define the heat equation
and boundary conditions.

INPUT POSITION

*  Laser parameters (Table 1)

»  Thermal properties, Optical properties
and physical properties (Table 2)

BIOHEAT MODEL

Setting Materials
*  Epidermis M
*  Dermis

)

Generate and check element

*  Element type (tetrahedral)
¢ Total number of element

¢—1

Time-dependent Solve

Convergence

Update Time-dependent

Temperature field

»  Thermal properties, Optical properties
and physical properties (Table 2)

Setting Materials

* +  Epidermis
*  Dermis

i

Generate and check element

*  Element type (tetrahedral)
¢+ Total number of element

I—$

Time-dependent Solve

Update Time-dependent

Temperature field

—o| Results and summary |o—

END

Fig. 7 The flow diagram of calculation laser welding skin tissue.
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Fig. 8 Comparison of the depth temperature distribution with the study of Saemathong et al.*7}

pattern. This movement results in the most extensive heat
distribution across the tissue bonding area, with heat spreading
evenly throughout the bonding zone. However, this movement
pattern produces a lower maximum temperature compared to
other methods, which may not be suitable for bonding
processes that require higher heat. Fig. 11(c) represents the
Bioheat model, while Fig. 11(d) shows the Porous media
model. From the figures, it can be observed that

100

thetemperature distributions are similar, but the Porous media
model exhibits a smaller temperature range compared to the
Bioheat model, and the maximum temperature is also lower in
the Bioheat model. Figs. 11(e)-(f) depict single-line
movement, where the laser travels directly over the incision.
This type of movement reflects the traditional method of laser
welding for incisions, which has been widely studied in the
past. This movement pattern yields the highest temperatures,

- = =Present Study

20 - —Maeral.

(=)}
=
1

Temperature (°C)
=
=

20 ~
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Time (5)

Fig. 9 Comparison of the model with the research of Ma et al.[*®!
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Fig. 10 Temperature increases by pulsed laser.
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reaching 51.6 °C as shown in Fig. 11(f). These temperatures
are higher than those observed in other movement patterns.
The heat distribution is concentrated along the straight line in
the laser's path, making this movement pattern suitable for
straight incisions without complex shapes. Both models show
similar temperature distributions, but the Bioheat model
exhibits higher temperatures than the Porous media model.
Figure 12 shows the temperature distribution along the Y-axis
of the tissue welded by a laser with line movement, comparing
the Bioheat and Porous media models at position X = -4 mm
at 0.9 seconds. It was found that the Bioheat model exhibited
a higher maximum temperature at position Y = 1 mm
compared to the Porous media model. Meanwhile, the region
between X = 0 mm to X = -2 mm represents the temperature
of the previously welded area that the laser has already passed
over. The temperature gradient of the Porous media model is
less steep than that of the Bioheat model, indicating that the
Porous media model dissipates heat more effectively, resulting

with the Bioheat model reaching a maximum temperature of in a lower maximum temperature compared to the Bioheat
69.2 °C as shown in Fig. 11(¢), and the Porous media model model.

10 10

5

(@)

10 10

(e)
Fig. 11 compares the movement patterns of the Bioheat and Porous media models: (a) Bioheat model with a line movement
pattern, (b) Porous media model with a line movement pattern, (c) Bioheat model with a zigzag movement pattern, (d) Porous
media model with a zigzag movement pattern, (¢) Bioheat model with a single-line movement pattern, and (f) Porous media
model with a single-line movement pattern.
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Fig. 12 Temperature in the Y-axis when the laser moves in a Line
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Fig. 13 Temperature in the Y-axis when the laser moves in a
Zigzag pattern.

Figure 13 shows the temperature distribution along the Y-
axis during laser welding of tissue at position X = -4 mm at
0.9 seconds, where the laser moves in a zigzag pattern,
comparing the Bioheat and Porous media models. It was found
that at position Y = 1 mm, the Bioheat model exhibited a
maximum temperature of 45 °C, which is higher than the
Porous media model's maximum temperature of 40.3 °C at
position Y = 0.5 mm. However, the Porous media model has
a wider temperature distribution range, leading to less
temperature variation in the surrounding area near the laser
point compared to the Bioheat model.

Figure 14 shows the temperature profiles of the Bioheat
and Porous media models when the laser moves in a single-
line pattern, a traditional movement pattern widely studied in
previous laboratory experiments. At position X = -4 mm and
time 0.9s, it was found that the temperature distribution
patterns were similar, as there was no change in the welding
direction along the Y-axis, with the laser repeatedly moving

10| Eng. Sci., 2025, 33, 1335

along the same path at Y = 0 mm. However, the maximum
temperature in the Bioheat model was higher than in the
porous media model.

60
] Bicheat-Single
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55 = = = Porous media-
Single line
o
o 50 4
g ]
845 1 A
o 1\
[l P
40 A j l\
35 T T T
-10 -5 0 5 10

Y (mm)
Fig. 14 Temperature in the Y-axis when the laser moves in a

Single line pattern.

Figure 15 compares the temperature along the Y-axis when
using three different laser movement patterns, Line, Zigzag,
and Single-line, for both the Bioheat and Porous media models.
It was observed that the Bioheat model with Single-line
movement generated the highest temperature compared to
other patterns, while the Porous media model with Zigzag
movement exhibited the lowest temperature. The Single-line
movement involves repeatedly passing over the same path,
leading to greater heat accumulation, whereas the Zigzag
movement allows the laser to alternate along the weld line,
distributing heat more evenly across the area, resulting in a
lower maximum temperature. When considering the heated
area, it was found that the Single-line movement caused heat
distribution along the Y-axis from Y =-1 mm to Y = 1 mm,
giving a heat spread radius of only 2 mm, which is smaller
than the other movement patterns that spread heat from Y = -
2 mm to Y =2 mm. This is due to the fact that the Single-line
movement does not alter the laser path along the Y-axis,
resulting in heat accumulation along the same line, which
leads to high temperatures and potential thermal damage to the
tissue. The Line movement produced the second-highest
maximum temperature, after the Single-line pattern, but had
better heat distribution along the Y-axis. This makes the Line
movement suitable for treatments that require high
temperatures with broader heat distribution to cover a larger
area of the wound. The Zigzag movement resulted in the
lowest temperature during laser tissue welding but provided
the most uniform heat distribution compared to the other
movement patterns. The Zigzag laser movement is ideal for
treatments where high temperatures are not desired, helping to
minimize heat damage to surrounding tissue. This movement
also ensures consistent heat distribution across the weld area,
resulting in uniform treatment outcomes throughout the entire
treatment region.
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Fig. 16 Comparison of the effect of maximum temperature when changing the laser movement pattern.

Figure 16 compares the maximum temperatures generated
in Bioheat and Porous media models during laser tissue
welding, considering three different laser movement patterns:
Line, Zigzag, and Single-line. The results indicate that the
Bioheat model with Single-line movement exhibited the
highest maximum temperature, followed by the Bioheat model
with Line movement, which showed a similar maximum
temperature. In contrast, the Porous media model with Zigzag
movement resulted in the lowest temperature. From animal
tissue sample studies, it was found that the optimal

temperature for wound welding should not exceed 65 °C, as
temperatures higher than this threshold can cause thermal
damage to the skin tissue. Conversely, temperatures below
45 °C are insufficient for proper tissue bonding. The ideal
temperature for effective tissue welding is approximately
55 °C. Based on Fig. 16, the Bioheat model with Zigzag
movement produced a maximum temperature closest to 55 °C,
making it the most suitable for laser tissue welding. However,
the temperature during welding also depends on the laser
energy applied during the process.
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Fig. 17 Comparing the results of the study with the experiments on animal tissue samples by Mueux et al.,*! it was found that the
Porus media model was more similar to the real experiments than the Bioheat model.
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When the simulation results were compared with
experimental results on real animal tissue, which is
comparable to human skin tissue as studied by Mueux et al.,*’]
as shown in Fig. 17, the parameters were adjusted to closely
match the experimental conditions in the laboratory, it was
found that the Porous media model produced temperatures
closer to those observed in the real animal tissue than the
Bioheat model. The animal tissue used in the experiments by
Mueux is similar to human tissue; however, it does not include
blood circulation, as is the case with living human tissue. Due
to ethical constraints in experimental settings, this comparison
may not fully represent the actual outcomes when applying
this treatment method to living humans with active blood
circulation. Nevertheless, the experimental findings can serve
as a foundational basis for future studies aimed at improving
accuracy to better reflect human tissue conditions.

4. Conclusion

This study focuses on developing a laser wound welding
model. The 3D skin tissue simulation, based on the Bioheat
and Porous media models, was conducted using a pulse laser
heat source and three different movement patterns: Line,
Zigzag, and Single Line. The results provide insights into
constructing simulation models that more closely resemble
real laboratory experiments. If successful, this research could
reduce costs and resources for researchers studying laser
wound welding, as accurate modeling will allow for faster and
more precise research planning. In the future, this work could
be further developed to aid in treatment planning. The results
indicated that the Porous media model exhibited lower
welding temperatures compared to the Bioheat model when
the laser followed the same movement pattern. Among the
movement patterns, the Single-line pattern resulted in the
highest temperature, followed by the Line pattern, while the
Zigzag pattern produced the lowest temperature. When
comparing the accuracy of the models with real experiments,
the Porous media model showed temperature values closer to
the actual experimental results than the Bioheat model. In this
study, a Rectangular Pulse Waveform was used for laser
energy delivery. Future studies could explore the effects of
different Pulse Waveforms, such as Triangular, Sawtooth, or
Sine Pulse Waveforms, to further optimize the maximum
temperature resulting from each laser movement pattern and
tailor it to the specific characteristics of the wound being
welded with the laser.
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