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Simulation Effect of Laser Moving Speed and Spot Size on
Maximum Temperature in Laser Welding Human Skin Tissue
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Abstract

This paper presents a study focused on the development of computer simulation. The research involves the application of a
moving laser onto a three-dimensional model of human skin tissue, which comprises three layers. This study focuses on how
the speed of the laser moving and the spot size of the laser beam affect the maximum temperature after welding biological
tissues. The critical point of concern is when the temperature exceeds 65 °C, as this level of heat can lead to damage to the
skin tissue. The results of the study showed that when changing the speed of the laser moving from 50 mm/s to 250 mm/s in
increments of 50 mm/s, the maximum average temperature after tissue welding with the laser was found to be 63 °C, 67.1 °C,
70.7 °C, 70.1 °C, and 70.9 °C, respectively. Similarly, altering the laser radius from 0.1 mm to 0.5 mm in increments of 0.1 mm.
The average temperatures after biological tissue welding of 71.4 °C, 69.4 °C, 62.9 °C, 55.7 °C and 52 °C respectively. A larger
radius of the laser spot results in a lower maximum temperature. Comparison with previous tissue studies revealed similar
trends in temperature curves. The findings of this study can be further explored in the future by changing the laser's
movement patterns to reduce the impact of thermal induced damage.
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resulting from surgeries.
Laser welding is a promising alternative to traditional

1. Introduction
Treating a wound involves letting the tissues of an organ to

fuse at the cellular level by generating proteins that fortify the
wound. However, excessive protein production can lead to
larger scars. There are various methods for wound closure,
such as stitches or using adhesive tapes, but these techniques

can increase tissue inflammation, delaying the healing process.

This can cause distress to patients and result in larger scars,
which may not be suitable for certain cases that require rapid
wound healing, reduced infection risk, minimal inflammation,
and smaller scars. The examples include treating battlefield
injuries, post-surgical wound care, and managing wounds
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suturing for wound closure. It offers several advantages,
including reduced healing time, less inflammation, minimal
scarring, and the ability to treat areas that are difficult to access.
In recent years, several studies have investigated different
laser welding techniques for wound healing. In 2019, Cong Li
et al.Mused a Nd:YAG fiber laser to weld porcine skin samples
coated with BSA. Porcine skin is similar to human skin in
terms of its structure and optical properties. The test specimens
were 30x20x2 mm in size and were immersed in saline
solution to increase light absorption. Three different laser
scanning patterns were tested: segmentation, continuous wave,
and pulsed. The results showed that the segmentation pattern
produced the strongest welds. In 2020, Jun Huanh et al™
investigated four different laser scanning patterns: toothed
path, circle path, Peane path, and heartbeat path. The results
showed that the Peane path pattern produced the most uniform
welds with minimal thermal damage. In 2020, Cong Li and
colleagues determined suitable parameters by setting damage
thresholds to 1 using the Arrhenius equation.®! They tested
these parameters by laser welding actual wounds and
compared the results. Their calculations yielded parameters:
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Power = 2.502 watts, Speed = 150 mm/s, and Pulse = 150 Hz.
They applied these parameters in repeated pigskin
experiments ten times, observing an average damage threshold
of 0.715. The experimental group using these calculated
parameters showed more efficient bonding than the non-
calculated group and avoided skin damage from heat. In 2021,
Cong Li and Kehong Wang utilized pigskin coated with BSA
for 20 minutes and exposed the wound to laser irradiation,
recording temperature data.” They conducted tensile testing
to measure weld strength and assessed protein values via
Raman spectrum. The findings indicated that a 55 °C weld
temperature was the most suitable for providing the highest
weld strength. Additionally, as the temperature increased, the
protein degradation rate accelerated. Moreover, there are
many studies being conducted in laboratories investigating
tissue welding using lasers.>!

In addition to that, there are also experimental research
studies conducted on laboratory animals that yield results
reasonably close to human conditions. The wound healing
techniques help wounds heal faster and reduce
inflammation.'-¥1 However, due to limitations in the number
and cost of experiments, there is not yet a sufficiently diverse
range of techniques in animal testing.

However, the previous studies mostly involved the
experiments on the real tissue samples from living organisms,
which required repetitive trials to determine the suitable
parameters for treatment. This approach consumes time and
budget for treatment experimentation. Creating heat model
simulations for tissue is another approach to forecast treatment
outcomes before actual treatment or testing on real tissue
samples. This can help reduce the trial duration to find the
suitable treatment parameters and enhance prediction
accuracy for post-treatment tissue temperatures by laser
irradiation. An optimal temperature should not exceed 65 °C
as tissue damage occurs at higher temperatures while
excessively low temperatures may hinder strong tissue
bonding.

Currently, there’re research papers focusing on creating
models to study laser treatments on skin tissues in various
diseases. For instance, in 2018, Patcharaporn Wongchadakul
et al. conducted a study on modeling the effects of wavelength,
laser irradiation intensity, and beam area on human skin tissue
exposed to laser light. Their experiment revealed that a
wavelength of 532 nanometers absorbed the highest laser
energy. Moreover, higher laser irradiation intensity resulted in
increased tissue temperature, and a smaller receiving laser area
led to higher skin temperatures.l* Additionally, the numerous
studies explore laser treatments, primarily focusing on static
laser irradiation or mobile laser experiments conducted in
laboratory settings using animal tissue samples.['>?1 However,
these studies may not entirely represent real human skin tissue
responses due to the absence of blood circulation and differing
initial tissue temperatures compared to human tissue.
Applying previous research findings to create models
simulating human skin tissue and predicting laser wound
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healing outcomes from models closely resembling human
tissue could significantly streamline treatment planning
processes.

The wounds occurring during actual treatments have
varied characteristics and sizes. Increasing the laser radius to
control the heat administered to the different wound sizes
might affect the heat generated within the tissue being treated.
Additionally, when treating wounds with a moving laser,
adjustments in the speed of the laser movement are necessary
to prevent excessive heat at specific points. However, the true
nature of heat generation and heat distribution within the
wound tissue and surrounding tissue has not been fully
explained. Fig. 1 illustrates the heat generation process
resulting from the tissue welding with a moving laser. It
demonstrates how the tissue receives heat from the laser as it
moves over the wound and tissue. Understanding the heat
patterns as the speed and radius of the laser change is an aspect
that requires further investigation.

This research involved creating a model of living tissue for
laser wound welding based on the Pennes' Bioheat equation.
The laser was projected onto the model of human tissue
divided into three layers: epidermis, dermis, and hypodermis,
as shown in Fig. 1. The wound was welded by moving the laser
under the Beer-Lambert equation along the wound. The
variations in speed (v) and laser light radius (c) were made to
validate the accuracy of the model. The maximum temperature
values were compared with actual experimental results to
confirm the accuracy of the model. The parameters used in the
study are outlined in Table 1 and Table 2.

Table 1. Laser parameters.

Weldin
g Symbols  values
parameters
Power P 35W
50 mm/s, 100 mm/s, 150 mm/s,
speed Y
200 mm/s, 250 mm/s
. 0.1 mm, 0.2 mm, 0.3 mm, 0.4 mm,
Spot size o
0.5mm
Welding time t 900 s

2. Mathematical model

The study investigates the temperature impact on the
biological tissue of human skin subjected to heat from a
moving laser. The mathematical model used in the study
comprises the multiple layers of biological tissue. It considers
variations in the speed and radius of the laser to assess the
maximum temperature reached after tissue welding.

2.1 Dimension of the skin model

The epidermis is the skin that covers the top layer of the body.
Consists of cells arranged in layers. It is constantly being
rebuilt and deteriorated. The newly created layer is at the
bottom next to the dermis and gradually moves up to replace
the upper layer of cells until it reaches the top layer called
keratin. Epidermis also has melanin cells mixed in, causing
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Fig. 1 Laser moving on the three layers of skin.

Table 2. Thermal properties, optical properties and physical properties.?>27]
Properties Symbols [Unit] Epidermis Demis Hypodermis
Thickness Z[mm] 0.05 1.95 10
Tissue p [kg/md] 1,200 1,200 1,000
Specific heat of tissue Cp [VkgK] 3,600 3,800 3,600
Thermal conductivity K [W/ (mK)] 0.21 0.53 0.55
Blood perfusion Wh [1/5] 0 0.0031 0.0031
Absorption coefficient o [1/m] 720 255 89
Scattering coefficient B [1/m] 732 732 17,400
Ambient temperature Tm [°C] 25
Initial temperature To [°C] 37
Blood temperature Th [°C] 37
Heat convection coefficient h [W/m?K] 20
Blood density pp [kg/m?] 1,060
Specific heat of blood Cb [J/kg'K] 3,660

different skin colors. The dermis is the layer next to the
epidermis. Consists of 2 types of tissue: 1. Collagen
(collagen)serves to build strength and repair injured skin. If
too much builds up, it causes scarring. 2. Elastic (elastic) acts
on the flexibility of tissues. The dermis is the layer that has
blood vessels, nerves, muscles, hair follicles, sebaceous glands,
and sweat glands scattered throughout. The subcutaneous
tissue or fat layer (Subcutaneous) is a layer that is mostly fat
cells. The face warms the body and helps absorb external
shocks. The three-dimensional model (3D) of skin tissue
divided into three layers: epidermis, dermis, and hypodermis.
Each layer has thicknesses of 0.05 mm, 1.95 mm, and 10 mm,
respectively, based on the model dimensions proposed by P.
Wongchadakul ef al.l'%! The layers are depicted as shown in
Fig. 2, with each layer having a width of 20 mm along the Y-
axis and a length of 30 mm along the X-axis, representing the
path of the laser for wound welding.

© Engineered Science Publisher LLC 2024

2.2 Heat transfer analysis

The heat transfer within biological tissue occurs through two
types of blood vessels: arteries and veins. The blood circulates
in counter-current flow. The circulation of the blood vessel
network through areas with varying environmental conditions
and thermodynamics leads to differences in temperature
between the blood vessels and the tissue they pass through.
This results in the transfer of heat within the body, impacting
the body's temperature regulation. The amount of heat
transferred within the tissue depends on the varying rates of
blood flow in different organs of the body.

In this study, the laser under investigation moves along the
x-axis, emitting light onto the upper part of an epidermal layer
model. The upper surface of tissue is convection of the
surrounding air at a constant rate of 20 W/mm?. The ambient
temperature is 25 °C, and the initial temperature of the tissue
is 37 °C, as shown in Fig. 3. The heat is transmitted through
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Fig. 2 Three-layer skin structure model with tissue welded using a laser moves in the x-direction.

each layer of the skin under the following assumptions:
1. The thermal properties and optical properties are constant.

2. There is no change in the state of the substance in the tissue.

3. There is no chemical reaction in the tissues.

4. Assumed a smooth continuity of the tissue surface.

5. Assumed tissue is homogeneous and isotropic.
The studies conducted have involved numerous models of heat
transfer in living tissue. However, the widely used biological
heat transfer model currently is the one proposed by Harry
Pennes in 1948.?% This model describes heat conduction and

blood perfusion to maintain energy balance within the tissue,
as represented in Equation (1).

pCI = KVT + pyCoty(Ty — Tp) + Qumec + Qr (M
where p is density [kg/m?®], C the heat capacity of tissue
[J/kg-°C], T the tissue temperature [°C], K the thermal
conductivity [W/m-°C], Qme: the metabolic heat source within
the tissue [W/m?], Q; the external heat source [W/m?].

From an equation (1), according to Beer-Lambert law, the
heat generation by a laser in tissue depends on the tissue's
optical properties, such as absorption coefficient and
scattering, light diffusion in tissue at depth z and radius r, as
expressed in the equation.

I(Z) = Tpe 2)
where y = o+, I(Z) intensity in the z direction [W/m?], Ip
intensity incident light [W/m?], o the absorption

coefficient[1/m], B the scattering coefficient[1/m], z the depth
within the tissue [mm].

The heat energy generated in the tissue occurs solely from
the accumulation of absorbed light within the tissue. The heat
accumulation per area Q(r, z) within the thickness Vz is
expressed by Ref. [29-30].

Q(r,2) = al(r7) 3)
From an equation (2), let's assume that the absorption of heat
energy occurs exclusively in the z-axis. The heat dispersion
within the tissue originates from the heat generation source,
represented as I(r, z), as described in equation (4).

2
I(1,2) = alye 20@? e~72

“)
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The o is the width parameter of the Gaussian light distribution
[mm]. If there's no light energy absorption (0=0), the energy
at any depth z equals the energy emitted by the light source
reaching the tissue.

P(2) = 2nlyo%(2)e %8 (%)
P(0) = 2rl,5%(0) (6)

From an equation (4), wherel*!]
0%(2) = a?(0)e” (7)

Replacing the equations (4) and (7) into (3), the energy
equation is as follows:

2
Q(r,2) = aIOe(W) -ePz. vz (8)
From the energy equations for the heat source (6) and (8),
when the heat source moves along the x-axis, the equation for
the moving laser source can be written as per:[32:33
_ P _((x—vt)z+y2
Qra)=a- ™ 27 ©)
where P is a constant Power of laser[W], v is laser moving
velocity[mm/s].

The skin surface, there occurs heat convection between the
skin and the air, with a constant heat transfer coefficient of 20
W/m2K, excluding sweat evaporation. The ambient
temperature remains at 25 °C without considering heat loss
through radiation. The study boundary can be represented as
follows:

). Bz . g—(atP)z

—n (=kVT) = ham(T — Tam) (10)
where T, is the ambient temperature [°C], hg,, the ambient
air heat transfer coefficient W/m)].

Assuming no resistance exists between the contact tissue
layers, the internal boundaries are therefore assumed to be
continuous boundary conditions,
n- (k,VT, —ksVT;) =0
T, =T,

(11)
(12)

3. Method

This research constructed a three-dimensional skin tissue
model and analyzed the heat equations using the Finite
Element Method (FEM). The skin tissue model was created
using COMSOL™  Multiphysics. The analysis of grid
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Fig. 3 Boundary condition and physical domain.

intensity to find the appropriate number of elements.
Considering the analysis, approximately 80,000 elements
were optimal (see Fig. 4). Adding more than this does not
affect the accuracy of the model. The study investigated the
changes in maximum heat when altering the laser's speed
movement and the laser beam radius. The models were built
by validating their accuracy based on previous research. Basic
parameters of the skin were incorporated into the model, as
listed in Tables 1 and 2.

The study varied the laser's speed from 50 mm/s. to 250

95

mm/s, increasing by 50 mm/s increments, while keeping the
laser beam radius constant at 0.2 mm. It compared and
contrasted the maximum temperatures in the skin tissue model.
Then, using a fixed laser speed of 100 mm/s, the research
altered the size of the laser beam from 0.1 mm to 0.5 mm in
0.1 mm increments. It compared the effects on the maximum
temperature, aiming to identify the appropriate maximum
temperature, which should not exceed 65 °C to prevent tissue
damage and should not fall below 45 °C to ensure proper
wound healing (see Fig. 5).

90
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Temperature (°C)
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1,000 1,001,000 2,001.000
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No. of Elements

Fig. 4 Mesh independence study showing convergence of results when increasing the number of elements.
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Fig. S The flow diagram of calculation laser welding skin tissue.

4. Verification

The verification of the model's accuracy was conducted by
comparing it with the findings of J. Saemathong et al.,** who
investigated laser treatment for skin diseases. While adjusting
parameters equally, they did not manipulate the laser's
movement. The results obtained were found to be comparable,
as shown in Fig. 6 and Fig. 7.

5. Results and discussion
The study aimed to develop a multi-layered skin model,

6| Eng. Sci., 2024, 31, 1193

consisting of the epidermis, dermis, and hypodermis, using the
Beer-Lambert law to calculate heat transfer in human skin
tissue. Employing a laser power of 3.5 W, the maximum
temperature after the study should not exceed 65 °C to prevent
tissue damage due to heat. The experiment involved altering
the laser's radius while maintaining a constant speed of 100
mm/s to examine the resulting changes in peak temperatures
during laser exposure to the skin tissue. Subsequently, with a
fixed light radius of 0.2 mm, they investigated by varying the
laser's speed, comparing the respective maximum

© Engineered Science Publisher LLC 2024
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temperatures reached.

In Fig. 8, at 200 seconds in top surface plane (Z= 0), it was
observed that as the laser radius increased from 0.1 mm to 0.5
mm, the maximum temperatures recorded were 74.5 °C,
63.7 °C, 55.8 °C, 54.1 °C, and 50.6 °C, respectively. This
study indicated a decrease in the maximum tissue temperature
with an increase in the laser radius, while the temperature
distribution increased with the increment of the laser radius. A
smaller radius results in higher energy density of the laser
emissions compared to a larger radius, thereby leading to a
higher maximum temperature when the laser size is reduced.
Additionally, increasing the size of the laser radius reduces the
energy density and allows for greater energy dissipation.
Figure 9 presents the graph of the maximum temperature
occurring during a 900-second laser irradiation study for
wound welding. In Fig. 9(a), the average maximum

41

temperature is approximately 74 °C, with some segments of
the study reaching temperatures as high as 135 °C, leading to
destruction of skin tissue due to the excessive heat exceeding
65 °C. In Fig. 9(b), the average maximum temperature is
around 70 °C, with some parts of the study reaching up to
105 °C, causing damage to skin tissue from temperatures
surpassing 65 °C. Fig. 9(c) depicts an average maximum
temperature of about 60 °C, with certain segments reaching up
to 85 °C, resulting in skin tissue damage due to temperatures
exceeding 65 °C. Fig. 9(d) shows an average maximum
temperature of approximately 55 °C, with certain portions
reaching 70 °C, leading to skin tissue damage from
temperatures exceeding 65 °C. In Fig. 9(e), the average
maximum temperature is around 52 °C, with some portions
reaching 61 °C, which remains within the suitable range below
65 °C, preventing tissue damage due to excessive heat.
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Fig. 7 Comparison of the depth temperature distribution with the study of J. Saemathong ef al.
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Fig. 8 Effect of laser radius on temperature distribution in top surface plane (Z= 0), increasing the laser radius leads to a more
spread-out temperature distribution.; (a) 0.1 mm. (b) 0.2 mm. (c) 0.3 mm. (d) 0.4 mm. and (e) 0.5 mm.

Moreover, it's observed that increasing the laser radius
narrows down the range of the maximum temperature,
focusing it towards the optimum temperature line. This is
caused by the effect of convection according to Equation (10).
When the radius of the laser becomes larger, it causes energy
dissipation and is carried by the outside air, causing the
maximum temperature to decrease accordingly.

Figure 10 compares the average maximum temperature
when increasing the laser radius. When increasing the size of
the laser beam from 0.1 mm to 0.5 mm, the temperatures after
tissue welding with the laser are 71.4 °C, 69.4 °C, 62.9 °C,
557 °C, and 52 °C, respectively. Notably, the lowest
temperature is observed with a laser beam radius of 0.5 mm.
It is evident from the graph that increasing the laser beam
radius results in a reduction in the temperature after welding.

8| Eng. Sci., 2024, 31, 1193

This observation aligns with Equation (9), indicating that an
increase in the laser beam radius leads to a decrease in the
energy density, as the energy becomes less concentrated when
the laser beam has a larger size.

Figure 11 displays the maximum temperature at 200
seconds in top surface plane (Z= 0), observed at different laser
speeds from 50 mm/ 250 mm/s. The temperatures recorded are
61 °C, 64.4 °C, 86.5 °C, 67.8 °C, and 56.4 °C, respectively.
According to the study, as the laser speed increases, the
maximum tissue temperature also rises continuously until it
reaches a speed of 150 mm/s. Then, it starts decreasing due to
the change in the laser position as time progresses with the
increased speed.

Figure 12 illustrates the graph of the maximum
temperature recorded when altering the laser motion speed

© Engineered Science Publisher LLC 2024
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mim.

during a study of laser light exposure for wound healing over
900 seconds. In Fig. 12 (a), at a laser speed of 50 mm/s, the
average maximum temperature reaches approximately 64 °C,
with some instances peaking at 110 °C, causing tissue damage
due to temperatures exceeding 65 °C. In Fig. 12 (b), at 100
mm/s, the average maximum temperature is around 67 °C,
with occasional peaks at 98.9 °C, slightly lower than at 50
mm/s but still causing tissue damage. Fig. 12 (c) depicts an
average maximum temperature of 70 °C at a speed of 150
mm/s, occasionally reaching 99.9 °C, causing slight tissue
damage. In Fig. 12 (d), some peaks reach 95.4 °C at a similar

© Engineered Science Publisher LLC 2024

temperature of around 70 °C at 150 mm/s causing excessive
heat and tissue damage. Finally, in Fig. 12(e), there are
moments where temperatures peak at 95.8 °C with an average
maximum temperature of approximately 73 °C. In addition,
Fig.12 shows the range of maximum and minimum
temperatures decreases as the laser speed increases. Fig.12(a)-
Fig.12(e) the average difference between maximum and
minimum temperatures is approximately 63 °C, 51 °C, 46 °C,
41 °C and 25 °C respectively, which is a result of moving over
the original location with increased speed, reducing the impact
of heat loss from convection of outside air.
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Fig. 13 compare the difference between the average maximum temperature when changing the laser velocity; when increasing the
speed of the laser, it leads to an increase in the maximum temperature, which then gradually stabilizes.

Figure 13 illustrates the comparison of the maximum
average temperature when changing the motion speed of the
laser. When increasing the speed of laser motion to 50 mm/s,
100 mm/s, and 150 mm/s, the maximum average temperatures
increase to 63 °C, 67.1 °C, and 70.7 °C, respectively. However,
in the speed range of 200 mm/s to 250 mm/s, the average
maximum temperatures are close to that at 150 mm/s. The
temperatures after tissue welding are 70.1 °C and 70.9 °C,
respectively. The increase in temperature with increased speed,
followed by stabilization, is attributed to the absorption
coefficient of the tissue. As the speed increases, the absorption
coefficient leads to an increased absorption of heat energy
from the moving laser. This is because the overlapping of the

120

laser's original points of contact increases, resulting in the
accumulation of heat energy, causing the maximum
temperature to rise. However, when the speed reaches a certain
value, the time for heat sensation from the laser decreases. The
laser transmits heat to the skin surface, reducing the
temperature gradually.

Figure 14 compares the results of modeling studies with
the actual study by Cong Li ef al. When the study results at a
speed of 200 mm/s and a laser radius of 0.2 mm were
compared, similarities in the graph's trends were observed.
However, there were temperature ranges that differed due to
initial temperatures, tissue properties, and varying blood flow
rates.

100 A

Temperature (°C)

Cong Li

= = = Present Study

0 100 200 300 400

500 600 700 800 900

time (s)

Fig. 14 Compare the temperature after tissue welding from the modeling study results with the study results by Cong Li et al. It was
found that the trends of the temperature lines were similar but due to different initial temperatures, there were temperature

differences.
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6. Conclusion

The three-dimensional model study of human skin tissue,
comprising the epidermis, dermis, and hypodermis layers,
revealed varying thicknesses for each layer. When changing
the laser radius from 0.1 mm to 0.5 mm while maintaining a
constant laser motion speed, it resulted in an average reduction
in the maximum tissue temperature. At a laser radius of 0.5
mm, the average maximum temperature was 52b °C, with the
highest temperature reaching 61 °C, which did not exceed
65 °C. Consequently, the skin tissue remained undamaged by
heat. Additionally, increasing the laser radius led to a narrower
range between the maximum and minimum temperatures,
tending more toward the average.

Furthermore, the effect of changing the moving speed of
the laser used to weld the wound by increasing the laser speed
in increments of 50 mm/s from 50 mm/s to 250 mm/s, with a
constant laser radius of 0.2 mm. The findings indicated that as
the laser speed increased, the average maximum tissue
temperature rose consistently and remained stable from 150
mm/s to 250 mm/s. Moreover, accelerating the speed
narrowed the range between the maximum and minimum
temperatures, converging towards the average.

Due to this study, the laser's movement, which currently
follows a straight line along the X-axis, can be further studied
in the future by modifying its movement patterns into other
forms. This could enhance temperature dispersion and reduce
the impact of heat damage on tissue.

7. Significant of this work

This study is a study of numerical analysis modeling of heat
transfer in three-layer thick biological tissues (epidermis,
dermis, hypodermis) with laser welding. The study is based on
the use of the biological heat equation and the laser moving
equation. Previous research has not utilized laser motion
equations for simulation purposes. The results help to
understand the impact of relevant parameters to help reduce
the side effects of excessive heat damage. The maximum
temperature should not exceed 65 °C. The study was
conducted to determine how changing the radius parameters
of the laser and the speed of the laser affects the maximum
temperature in laser welding. If this study proves to be
successful, it will aid doctors in making more effective
treatment plans.
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