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 
Abstract—In medical therapy, laser has been widely used to 

conduct cosmetic, tumor and other treatments. During the process of 
laser irradiation, there may be thermal damage caused by excessive 
laser exposure. Thus, the establishment of a complete thermal analysis 
model is clinically helpful to physicians in reference data. In this study, 
porcine liver in place of tissue was subjected to laser irradiation to set 
up the experimental data considering the explored impact on surface 
thermal field and thermal damage region under different conditions of 
power, laser irradiation time, and distance between laser and porcine 
liver. In the experimental process, the surface temperature distribution 
of the porcine lever was measured by the infrared thermal imager. In 
the part of simulation, the bio heat transfer Pennes’s equation was 
solved by software SYSWELD applying in welding process. The 
double ellipsoid function as a laser source term is firstly considered in 
the prediction for surface thermal field and internal tissue damage. The 
simulation results are compared with the experimental data to validate 
the mathematical model established here in. 

 
Keywords—laser infrared thermal imager, bio-heat transfer, 

double ellipsoid function. 

I. INTRODUCTION 

HE rapid development and progress of laser technology has 
made application in medical areas more and more 

extensive, such as cancer tumor heating therapy, cosmetic  laser 
therapy etc..  In order to avoid necrosis of good tissues caused 
by excessive thermal energy during the process of in vivo laser 
surgery, the prediction of temperature distribution is very 
critical.[1]-[8]. 

Pennes’s heat transfer equation was widely implemented to 
study the thermal effect of laser-tissue interaction [9]-[11]. In 
solving this bio-heat transfer equation, Beer’s model which 
only considering the effect of laser light absorbed by tissues 
[12], [13].was often used to describe the behavior of laser heat 
source term. Both scattering [14]-[16] and thermal diffusion 
two effects are taken into account, the equation will become 
increasingly complex [17]. In bio-heat transfer issue, laser 
energy is instantaneously applied to one region, and this energy 
resulted significant energy change in the region, this situation is 
similar to welding heat transfer issue, therefore, it is feasible to 
use welding heat source in bio-heat transfer issue. 
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While simulating welding heat source in 1984, Goldak [18] 

developed a double ellipsoid heat source model, its advantage 
is that it is quite easy to change its heat source model and has 
versatility and flexibility. But Goldak ignored the effect of 
solid-liquid interface, did not take into account the impacts of 
molten zone and heat affect zone on thermal field, these two 
zones represent the regions of metal changed from solid state to 
liquid state and the region where phase change occurs. Double 
ellipsoid heat source model can correct the effect of molten 
pool or heat affect zone through the adjustment of Gaussian 
parameters [19], [20], and it is a method that has been adopted 
by many researchers in welding analysis. Rajan [12] used 
bio-heat transfer equation to calculate the latent heat to simulate 
phase-change (phase change temperature is 100ºC) of tissues, 
and assumed regions of occurring phase change phenomena of 
vaporization, melting as the equivalence as heat affect zone of 
welding. Laser has characteristics of strong penetration ability 
on tissues, the energy density distribution of rear half part is 
larger than the energy density distribution of front half part 
while laser acting on tissues, double ellipsoid function can 
change energy density distribution trend by adjusting Gaussian 
parameters, so that simulation result is closer to real situation. 
However, it is required to adjust more parameters when using 
double ellipsoid heat source function as laser heat source term, 
so in this study at first made adjustment on Gaussian 
parameters in ellipsoid function and thermal efficiency. 
Currently, Nd: YAG laser and diode laser are often used in 
inner layer skin laser treatment process, such as for 
hemangioma and vascular malformation [21], [22], the 
wavelength range of diode laser is 800 to 940nm, its penetration 
depth can be up to 3~4mm [23]. This study adopted experiment 
and simulation methods to get thermal field of tissues acted by 
laser diode. In the part of experiment, porcine liver with more 
uniform tissue swas conducted experiment, while the required 
thermal parameters used in numerical calculations referenced 
the results of Watanabe [24]. Finally, we explored thermal 
fields of surface and internal tissues under conditions of 
different power, laser irradiation time, and distance between 
laser and the surface of porcine liver. 

II. EXPERIMENTAL METHOD 

The main factors that affect the thermal behaviors of porcine 
liver are power and irradiation time, and the location of the 
laser under the tissues. According to clinical experience of 
physicians, the power used in the therapy is 10W, laser 
irradiation time is about 10s/per time and the distance between 
laser and the surface of porcine liver is about within the range 
of 1cm.In this study, the experiments were arranged under the 
conditions of power of (5W, 10W, 15W), laser irradiation time 
of (10s, 15s, 20s) and distance between laser and the surface of 
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porcine liver of (3mm, 5mm, 7mm).There were5 experiments 
corresponding to each set of parameters as shown in Table I. 
Fig. 1 shows the schematic diagram of the experiment. The 
tissue of porcine liver is soft with irregular shape. Thus the liver 
samples were cut into cubes with length and width of 
20mm(length)× 20mm(width)×(15~20mm)(high) and inserted 
into acrylic cube box as shown in Fig. 2. 

 
Fig. 1 Schematic diagram of conducting the experiment 

 

Fig. 2 Cubic box used in the experiment 
 

TABLE I 
EXPERIMENTAL CONDITIONS WITH SINGLE CONDITION CHANGED 

Experimental condition Range of exploration 

Power (Watt, W) 5W, 10W, 15W 
Laser irradiation time (second, s) 10s, 15s, 20s 
Distance between laser and the 
surface of porcine liver (mm) 

3mm, 5mm, 7mm 

The infrared thermography of ThermaCAMTM S60of FLIR 
Systems Company was used to detect surface thermal fields 
from laser starting point to the stopping point during the diode 
laser of DIOMED 15 irradiated to the porcine liver interior. The 
damage volume of the porcine lever due to the excessive heat 
was also measured as shown in Fig. 3. 

 

Fig. 3 Measure of damage volume and infrared thermography  

III. THEORETICAL BASIS 

A. Heat transfer equation and mesh model 

Pennes’s bio-heat transfer equation was widely used to study 
the thermal interaction effects between laser and tissue and can 
be expressed as follows: 

2 ( )b b b a m r p

T
k T C T T Q Q C

t
   

     


   (1) 

Where k, ρ, and Cpare the thermal transfer coefficient, density, 
specific heatof the tissues;ρb, Cp, and ωbare density, specific 
heat, and blood instill rate of blood veins；and Qm, Qr, and 
Taare metabolic rate, laser heat source term, and arterial blood 
temperature of the tissues. As the porcine liver used in the 
experiment is not in vivo, so the influences of flow of blood and 
metabolism of tissues on temperature are very small, so Eq.(1) 
can be simplified into: 

2
r p

T
k T Q C

t
 

  
                                           

(2) 

Sysweld software is finite element analysis software 
developed by ESICompany [25], its main function is for 
handling phase change generated in welding and calculating 
residual stress and temperature produced by welding. While in 
the establishment of the grid model, the Company has 
developed a more user-friendly subsidiary software Visual 
mesh operated in Visual environment, it can be used to perform 
various functions, such as combining elements and nodes 
between objects and simplify modeling procedure; when Visual 
mesh is used in model with more complex geometries, it has 
more user-friendly functions for easily and quickly 
constructing a model. 

Considering the geometric model of porcine liver as an 
axisymmetric rectangular model with dimension of 20mm × 
10mm × 20mm, Fig.4 shows the mesh model of porcine liver. 
The model has a total of 18,000 elements, and a total of 6,057 
nodes. 

 
Fig. 4 The mesh model of porcine liver 

B. Laser heat source 

In analyzing of bio-heat transfer, Yilba [26] proposed a 1-D 
heat source model to solve 1-D thermal field issue. And Fanjul 
[27] proposed a 3-D heat source model for solving 3-Dthermal 
field issue, the heat source function can be expressed as: 

2 2( )
0

a z s x y
r aQ I e e                                    

(3)         

where s is laser beam radius, μa (mm-1) is absorption coefficient, 
andI0 (W/mm2) is laser intensity. This study used double 
ellipsoid heat function to simulate laser light source based on 
the theory firstly proposed by Rosenthal in 1940 [28].The 
drawback was that the thermal field near heat source to be 
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distorted. Pavelic [29] in 1960 proposed a plane Gaussian heat 
source mathematical model that heat energy distribution in a 
round plate is Gaussian distribution to solve Rosenthal’ 
problem. And in 1984, Goldak proposed double ellipsoid heat 
source function, this function considers that the temperature 
gradient in the front half part of heat source is changed more 
largely than that in the rear half part, (4) represent power 
density of the front  and rear half parts of heat source 
respectively. 

 

 

22 2

2 2 2

22 2

2 2 2

( )
3

( )
3

6 3
( , , , )

6 3
( , , , )

f

f

r

r

z v tx y

a b cf
r

f

z v tx y

a b cr
r

r

Q
Q x y z t e

abc

Q
Q x y z t e

abc





 

 

     
 
 

     
 
 





                 (4) 

where a, b, cf, and cr are Gaussian parameter terms; v, τare the 
welding rate and time respectively for moving heat source arri
ved to given position ξ; and ξ=z + v(τ- t );Qf, Qr are maximum 
heat powers, their calculation methods are shown as below: 

,  ,  

2

f f r r

f r

Q f Q Q f Q Q VI

f f

  

 
                                (5)              

ff and fr respectively denotes the heat deposit of front half part 
and rear half part, the relationship between the two coefficients 
must satisfy (5),V, I, and η represent voltage, current, and 
thermal efficiency.Fig.5 shows that the power density 
distribution function corresponding to various laser sources can 
be achieved by adjusting the Gaussian parameters. 

 
Fig. 5 Double elliptic function model 

 
In simulation, consider heat source acts on a single point and 

both ff and fr are set to 1, adjust the Gaussian parameters a, b, 
cf, cr and thermal efficiency η to find out a set of parameters in 
line with the diode laser, and then conduct surface thermal field 
simulations respectively for power, laser irradiation time, 
distance changes between laser and the surface of porcine liver. 

C. Material parameters 

Assume tissues within porcine liver are uniformly distributed, 
and ignore major liver blood vessels and holes of capillaries 
within the porcine liver, then the tissues could be considered as 
a homogeneous material. Thermal transfer coefficient, specific 
heat, density parameters refer to the results obtained by 
Watanabe: 

1 1

2 2

liver liver

liver liver

c a T b

k a T b

 

                                           

(6)
 

where cliver is specific heat of porcine liver,kliveris thermal 
conductivity of porcine liver and Tliver is temperature of porcine 
liver,

1a =3.2 J/kgK2, 
1b =3.2×103 J/kgK, 

2a

=9.2×10-3W/mK2and 
2b =1.2×10-1W/mK. Density is 1060 

kg/m3.  

D. Initial conditions and boundary conditions  

Considering that the initial temperature of porcine liver is at 
room temperature, expressed as 

 , , ,0   25T x y z  ℃
                                  

(7) 

Plane of symmetric axis is insulation; equation (8) indicates 
the mathematical formula of boundary conditions of natural 
convection and radiation. 

4 4( ) ( )
T

k h T T T T
n

 


   

                   
(8) 

where heat convection coefficient h = 10 W/mm2 K, ambient 
temperature T∞= 25℃, Boltzmann constant σ = 
5.76×10-8W/m2K 4, emissivityε = 0.8。 

IV. RESULTS AND DISCUSSIONS 

A. Surface thermal field distribution of adjusting Gaussian 
parameters 

When double ellipsoid Gaussian function is used to simulate 
laser heat source, surface thermal field distribution due to diode 
laser surgery can be obtained by adjusting Gaussian parameters 
and thermal efficiency. The position of surface thermal field of 
heat center is at coordinates (0, 10, 20) shown in Fig.6, and the 
position on which of the laser acts on under the surface of 
porcine liver. Experimental condition is fixed 10W10s3mm.Fig. 
7 shows the surface temperature curve around the center of heat 
source and along x-axis direction. The Gaussian parameters 
combination used area=b=1, cf=cr=7 and thermal efficiency to 
be 0.15.This figure shows the maximum surface temperature is 
about 38ºC, and the change of surface temperature is 16ºC..

 

 
Fig. 6 Schematic diagram of laser heat source acting position 

 
Fig. 7 Surface temperature curve of 10W10s3mm around heat source 

along X-axis  
B. Surface thermal field distribution of different powers 

After the adjustments of Gaussian parameters and thermal 
efficiency of laser diode obtained in previous section, then the 
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surface thermal fields can be calculated under fixed irradiation 
time, and 3mm distance between laser and surface of porcine 
liver at different powers. Fig.8 shows the surface temperature 
curve around the heat source center along X-axis direction 
under different powers. It shows that values of maximum 
surface temperature power are 27ºC, 38ºC and 47ºC 
corresponding to the power 5W, 10W and 15W. The maximum 
surface temperature is increasing with power increase and 
surface temperature rising rate is highest at 10W. Fig. 9 shows 
the surface thermal field distribution of different powers by 
Sysweld. 
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c) y=8mm 

Fig. 8 Surface thermal field curve along X-axis at a) y=12mm b) 
y=10mm c) y=8mm under different powers 

 

 
a) 5Wb) 10W c) 15W 

Fig. 9 Surface thermal field distribution by Sysweld under different 
powers 

C. Surface thermal field distribution of different laser 
irradiation times 

When the power is fixed at 10W, and distance between laser 
and surface of porcine liver is fixed at 3mm, Fig. 10 shows 
surface temperature curve under different laser irradiation 
times. When the time is 10 seconds, the maximum surface 
temperature is about 38ºC with an increase of 16ºC.And when 
the time increased from 10s to 15s, the surface temperature 
again increased about 16ºC, and the maximum temperature 
then is 54ºC.When the time is increased from the 15s to 20s, the 
temperature at the center of heat source increased by 6ºC, the 
maximum temperature then is 60ºC.  

From these results, it can be known that as laser irradiation 
time becomes longer, the surface temperature will rise fast in 
the beginning and will slow down after 15 seconds. Fig. 11 

shows surface thermal field distribution and thermal image map 
under different laser irradiation times. 
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c) y=8mm 

Fig. 10 Surface thermal field curve along X-axis at a) y=12mm b) 
y=10mm c) y=8mm under different laser irradiation times 

 

 
a)10sb)15sc)20s 

Fig. 11 Surface thermal field distribution by Sysweld under different 
laser irradiation times 

D. Surface thermal field distribution of different distances 
between laser and the surface of porcine liver 

The impact of distance between laser and the surface of laser 
on surface thermal field mainly comes from radial energy of 
laser and heat transfer within the tissues. Fig. 12 shows surface 
temperature curve under different distances between laser and 
the surface of porcine liver when laser power, irradiation time 
are fixed at 10W, 10s respectively. When the distance between 
laser and the surface and porcine liver is greater than 5mm, the 
surface temperature is almost no significant of change. Fig. 13 
shows surface thermal field distribution by Sysweld under 
different distances between laser and surface of porcine liver. 
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c) y=8mm 

Fig. 12 Surface thermal field curve along X-axis at a) y=12mm b) 
y=10mm c) y=8mm under different distances between laser and 

surface of porcine liver 
 

 
a)3mmb)5mmc)7mm 

Fig. 13 Surface thermal field distribution by Sysweld under different 
distances between laser and surface of porcine liver 

E. Thermal damage within the tissues 

To establish the accurate heat transfer model for the tissues 
of porcine liver, the thermal damage can also be used to 
calibrate. In this experiment, the categories of main thermal 
damage of tissue are coagulation and carbonization. The 
criterion of the coagulate and carbonized zone can be assumed 
as the reach values of 60℃or over 100 ℃.Fig.14 indicates that 
the trend of thermal damage is linear increasing with power  
5W~15W, damage volume increased about 90 mm3. And when 
laser irradiation time is within the range of 10s~20s, the trend 
of increased thermal damage volume is also in linear to increase 
of about 110mm3. While thermal damage volume has not 
changed significantly under different distances between laser 
and surface of porcine liver. Fig.15-17 respectively shows 
simulation results under different powers, laser irradiation 
times, and different distances between laser and surface of 
porcine liver. In the simulation results, green and red areas 
represent the coagulation and carbonization zone respectively. 

 
V. CONCLUSIONS 

In this paper, the double ellipsoid function was successfully 
to simulate bio-heat transfer model during diode laser 
irradiation through the verifications of the measurements of 
surface temperature and thermal damage zone.  

The adjustments of Gaussian parameters and thermal 
efficiency, a=b=1, cf=cr=7, thermal efficiency is 0. 15, the 
characteristics of diode laser can be correctly described. 

When power of diode laser is within the range of 5W~15W, 
irradiation time is 10s, and the distance between laser and 
surface of porcine liver is 3mm, the maximum surface 
temperature is 27~47ºC. 

When irradiation time of diode laser is within the range of 
10s~20s, power is 10W, and the distance between laser and 
probe is 3mm, the maximum surface temperature is 37~60ºC.  
When the distance between laser and surface of porcine liver is 

3~7mm, power is 10W, and irradiation time is 10s, no change 
in surface temperature from exceeding 3mm. 
 

 
a) Different powers      b)Different laser irradiation times 

 
c) Different distances between laser and surface of porcine liver 

Fig. 14 Thermal damage volume under different conditions 
 

 
a) 5Wb)10Wc) 15W 

Fig. 15 Numerical simulation results of damage under different powers 
 

 
a) 10sb) 15sc) 20s 

Fig.16 Numerical simulation results of damage under different laser 
irradiation times 

 
When applying laser in clinical surgery, if power is below 

10W and laser irradiation time is less than 10s, it is 
recommended that the laser depth is not less than 5mm, to avoid 
thermal damage in surface of tissues caused by increase of 
surface temperature. 

 

 
a) 3mm b) 5mmc)7mm 

Fig. 17 Numerical simulation results of damage under different 
distances between laser and surface of porcine liver 
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under different irradiation times is about within the range of 

60~180mm3; thermal damage volume under different powers 

is about within the range of 30~120mm3; while in changing 
distance between laser source and the surface of porcine liver, 
the thermal damage volume is almost no change. 
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