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Abstract:  

Background Here, the two-dimensional single-phase-lag (SPL) bioheat transfer model in biological tissue by considering the 

heat conduction law is introduced. The formulated SPL bioheat model is an extension of the bioheat transfer models 

proposed by Pennes, Cattaneo-Vernotte, and Tzou. Through this model, the thermal properties of living tissues, as well as the 

temperature distribution in living tissues, and the estimated resulting thermal damage due to laser irradiation are studied. The 

effects of delay time, blood perfusion, metabolism, and laser parameters on the spread of heat in the body and the resulting 

thermal damage are studied. Also, comparisons have been made between the results from the SPL and Pennes bio-heat 

models as well as the resulting thermal damage. The results of the SPL bio-heat model have been compared with previous 

results. The used numerical method is the (ADI) finite difference method. The proposed ADI difference scheme is 

unconditionally stable. The results have been presented graphically and discussed in detail.  
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1. Introduction 
Due to the difficulty of measuring in-vivo, the 

thermal properties of living tissue are only 

approximately known, and this is because the thermal 

properties of the tissue can be changed because of 

necropsy, and as well, there won't be perfusion 

effects in the tissue that is analyzed outside of the 

body. To measure thermal properties in-vivo, there 

are a number of methods, and each gives a different 

outcome. So far, to measure the thermal properties of 

in-vivo tissue, there is no clear way. Many 

therapeutic approaches entail the control of heat 

transfer mechanisms in the body. Thermic 

therapeutics lead to freezing or superheating tumors 

in the body. Ideally, only the diseased cell is 

damaged, not the surrounding healthy tissue. 

Understanding how the tissue will thermally respond 

would allow physicians to plan treatment doses and 

durations prior to the procedure [1]. Numerous 

conditions are associated with the temperature 

response of tissue and blood perfusion, for example, 

diabetes, skin grafts, and frostbite. All of these 

conditions are affected by the amount of blood flow 

that is supplied to an area. Before problems occur, 

proper treatment could be applied quickly and 

effectively if the thermal properties of the affected 

tissue could be watched exactly. On account of their 

heterogeneous internal structure, heat transfer 

analysis is difficult and complicated in living tissues. 

The process of heat transfer in living tissues involves 

perfusion through capillary tubes within the tissues, 

convection between blood and tissue, heat conduction 

in solid tissue matrix and blood vessels, metabolic 

heat generation, and evaporation, etc. Pennes’ [2] 

bioheat transfer model, which is based on Fourier's 

law of heat conduction, is used to simulate heat 

transfer in living biological tissue: 

q(𝐫, t) = −k∇T(𝐫, t) (1) 

where ∇T(𝐫, t) is the temperature gradient, k is the 

thermal conductivity, and q(𝐫, t) is the local heat 

flux. Pennes' model was widely used in studying 

tissue heat transfer due to its simplicity. However, 

there are some drawbacks to Pennes’ model 

considering it is built upon the classical Fourier's law, 

which supposes that the propagation speed of thermal 

disturbance is unlimited. Even though this hypothesis 

is sensible in most practical applications, it does not 

succeed in certain thermal conditions. Because 

temperature alternation (an unusual oscillation of 

tissue temperature with heating) and wave-like 

behavior are many a time noticed, the non-

homogeneous inner structure of biological tissue [3] 

suggests the existence of non-Fourier heat conduction 

behavior. Firstly, Richardson et al. [4] have noticed 

the temperature oscillation in living tissue. And later, 

Roemer et al. [5] exposed the thigh muscle of a dog 

to an abrupt application of microwave heating at 

different power levels. Thereafter, four different 
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experiments with processed meat for different 

boundary conditions were carried out by Mitra et 

al.[6] and also noted the wave-like behavior. At the 

same time, Davydov et al. [7] have discovered 

experimentally that the standard Fourier-theory based 

heat diffusion model cannot explain the heat transfer 

in muscle tissue. Banerjee et al. [8] discovered that 

the hyperbolic non-Fourier heat conduction equation 

is more effective than the equivalent Fourier heat 

conduction formula experimentally by laser 

irradiation of meat. Other models have been proposed 

to solve the paradox in Pennes’ model. Cattaneo [9] 

and Vernotte [10] used Fourier law to determine the 

C-V major relation, which is given as: 

q(𝐫, t + τq) = −k∇T(𝐫, t) (2) 

where τq is relaxation time because of heat flow. C–

V model supposes that temperature gradient and heat 

flow occur at the same position at various times. The 

delay time between the heat flux and the temperature 

gradient is known as the relaxation time and 

thermalization time. S, Wahyudi et al. [11] studied 

the Pennes bioheat model by using a finite difference 

scheme. Zhao et al. [12] used the finite difference 

method to investigate the one-dimensional Pennes' 

bioheat model. Patil et al. [13] have used the finite-

difference scheme-based analysis of bioheat transfers 

in human breast cysts. Kabiri A. and Talaee M.R. 

[14] used the Eigenvalue method to solve a one-

dimensional hyperbolic Pennes bioheat equation with 

a moving heat source. Kabiri A. and Talaee M.R. 

[15] used the Pennes model for analysis of the 

thermal field and tissue damage resulting from 

moving the laser in cancer thermal therapy. Using the 

Pennes model, a Monte Carlo simulation of the 

photo-thermal cancer therapy of melanin has been 

conducted [16]. Abdalla et al. [17] applied the finite 

difference method to study the effects of fractional 

derivatives of the bio-heat model on living tissues. A 

Non-Fourier bioheat model for bone grinding with 

application to skull base neurosurgery has been 

studied by Kabiri A. and Talaee M.R. [18]. Hobiny 

and Abbas [19] have studied the fractional-order 

bioheat transfer model. . Over the last decades many 

problems have been solved by generalized 

thermoelastic theories as in [20-24]. The ADI-FD 

method was introduced by Namiki [25] and Zheng et 

al. [26, 27], and it is an unconditionally stable 

method. It allows ∆t to be increased, which can result 

in substantial reductions in the total execution time of 

numerical problems. 

   In the present paper, we examine a 2-D SPL 

bioheat transfer model to analyze the resulting 

thermal damage from laser radiation in biological 

tissue. We resort to the numerical scheme to solve the 

2-D SPL bio-heat transfer model for analyzing the 

temperature variations in biological tissue. We 

analyzed the critical effect of relaxation time. The 

effect of the unevenness of other parameters on the 

temperature profile in living skin tissue is discussed 

in detail. 

2. Mathematical formulation of problem 

By virtue of [9, 28], the chief equation of the single-

phase lag bio-heat model (SPL) in biological tissues 

is defined as:  

k(
∂2T

∂x2
+

∂2T

∂y2
) = (1 + τq

∂

∂t
) (ρc

∂T

∂t
− Qb

− Qm − Qext) 

(3) 

where t and τq are defined respectively by the time 

and the phase lag of the heat flux density. T is the 

tissue temperature. ρ is the density of the mass of 

tissues, k is the tissue thermal conductivity, c is the 

tissues specific heat, and the heat source of blood 

perfusion is denoted by Qb which is expressed as: 

Qb  = ωbρbcb (Tb  −  T) (4) 

 

Where  Tb is the blood temperature, ρb is the density 

of the mass of blood,  cb is the specific heat of blood, 

the rate of blood perfusion is denoted by ωb, and Qm 

is denote to the heat generated by metabolic 

mechanisms because of different physiological 

operations that occur in the remainder of the body. 

Due to Mitchell et al. [29], the metabolically 

generated  heat can define as: 

Qm  =  Qmo  ×  2β( 
 T−To

10
 )

 (5) 

 

Where β is the constant associated metabolic, Qmo is 

the reference metabolic heating resource, and To 

denoted to the initial temperature of local tissue, The 

dependences on metabolic heating generation can be 

generally estimated as linear functions of the 

temperature of local tissue as below 

Qm  =  Qmo  (1 + β ( 
 T − To

10
 )) (6) 

Where Qext represent the heat generated from the 

heating source  per unit volume of tissue, which is 

submitted by [30] as a laser heating source and 

determined as: 

Qext(x, y, t) =  Ioμa[H(a − |y|)][u(t)

− u(t − τp)] [C1e
− 

k1
Δ

 x

− C2e
− 

k2
Δ

 x] 

(7) 

Where H is a Heaviside function; k1, C1, k2, and C2 

are the diffuse reflectance function of Rd which is 

given in [30]; u(t) is the unit step functions; Io is the 

density of laser; τp the time of tissue exposure to the 

laser; Δ is permeation depth; and μa is the absorption 

coefficients. The permeation depth was clarified by 

[30] as: 
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Δ =
1

√3μa(μa + μs(1 − g))
 (8) 

Where g is the anisotropy factor and μs the scattering 

coefficient. Currently, initial conditions and boundary 

conditions can be described by: 

T(x, y, 0) = Tb,
∂T(x, y, 0)

∂t
 = 0 (9) 

 

3. Solution of the problem 

In this section, we present the basic ideas for a 

numerical solution to the main equation (3). On 

problem the domain of space and time are x ∈

[0, L], y ∈ [−
P

2
,
P

2
] , t ∈ [0, tf]. 

We discretization these domains uniformly as a set of 

nodes points (xi, yj, tk), such as xi = ih, i =

0,1,2, … , I, yj = jg, j = 0,1,2, … , J and tk = kp, k =

0,1,2, … , K. Therefore, p = ∆t =
tf

N
> 0, g = ∆y =

P

M
> 0, h = ∆x =

L

M
> 0. To solve main equation (4) 

we use the alternating direction implicit finite 

difference method (ADI-FDM), which is divided into 

two main steps such that if we have temperature T at 

any (k) time step, we can get T at (k +
1

2
) time step 

using the first step of ADI, and we get T at the time 

step (k + 1) using the second step of ADI. By using 

the approximations of finite-difference Seen below: 

∂T

∂t
=

T
i,j

k+
1

2 − Ti,j
k

p

2

+ O(p), 

 
∂2T

∂t2
=

T
i,j

k−
1

2 − 2Ti,j
k + T

i,j

k+
1

2

p2

4

+ O(p2) 

(12) 

∂T

∂x
=

Ti+1,j
k − Ti−1,j

k

2h
+ O(h), 

 
∂2T

∂x2
=

Ti−1,j
k − 2Ti,j

k + Ti+1,j
k

h2
+ O(h2) 

(13) 

∂T

∂y
=

T
i,j+1

k+
1

2 − T
i,j−1

k+
1

2

2g
+ O(g), 

∂2T

∂y2
=

T
i,j−1

k+
1

2 − 2T
i,j

k+
1

2 + T
i,j+1

k+
1

2

g2
+ O(g2) 

(14) 

by some arranging the first ADI step of the chief 

equation (3) can be written as: 

λT
i,j−1

k+
1

2 + λ∗T
i,j

k+
1

2 + λT
i,j+1

k+
1

2  

= −μTi−1,j
k + μ∗Ti,j

k − μTi+1,j
k + CT

i,j

k−
1

2 + Θi,j
k  

(15) 

where 

λ =
k

g2
, μ =

k

h2
, C =

4ρctq

p2
,  

λ∗ = −2λ −
4ρctq

p2
 

−
2

p
(ρc + tqωbρbcb −

tqQmoβ

10
) 

μ∗ = 2μ −
8ρctq

p2
+ ωbρbcb −

Qmoβ

10
 

−
2

p
(ρc + tqωbρbcb −

tqQmoβ

10
) 

Θi,j
k =

ToQmoβ

10
− ωbρbcbTb − Qmo − (Qext)i,j

k   

Equation (15) is called the first ADI step. Using 

initial and boundary conditions in equations (9), (10), 

and (11). Equation (15) represent system of linear 

equations. 

[
 
 
 
 
 
M 2λ     

λ M λ    

   
 

λ
  
 

M
⋱ 
 

λ
⋱
λ
 

   

⋱  
M λ
2λ M]

 
 
 
 
 

(

 
 
 
 
 
 

[
 
 
 
 
 
 
 

T0,0 … T0,J−1 T0,J

T1,0 … T1,J−1 T1,J

T2,0 … T2,J−1 T2,J

⋮ ⋮ ⋮ ⋮
TI−2,0 … TI−2,J−1 TI−2,J

TI−1,0 … TI−1,J−1 TI−1,J

TI,0 … TI,J−1 TI,J ]
 
 
 
 
 
 
 

1

2

)

 
 
 
 
 
 

T

 (16) 

−k
∂T(0, y, t)

∂x
= 0, −k

∂T(L, y, t)

∂x
= 0 

(10) 

−k
∂T(x, yint, t)

∂y
= 0,

−k
∂T(x, yf, t)

∂y
= 0 

(11) 
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=

[
 
 
 
 
 
 μ∗ −2μ     

−μ  μ∗ −μ    

   
 

−μ
  
 

 μ∗

  ⋱ 
 

−μ
   ⋱
−μ
 

   

⋱  
 μ∗ −μ
−2μ  μ∗]

 
 
 
 
 

[
 
 
 
 
 
 
 

T0,0 … T0,J−1 T0,J

T1,0 … T1,J−1 T1,J

T2,0 … T2,J−1 T2,J

⋮ ⋮ ⋮ ⋮
TI−2,0 … TI−2,J−1 TI−2,J

TI−1,0 … TI−1,J−1 TI−1,J

TI,0 … TI,J−1 TI,J ]
 
 
 
 
 
 
 
0

+

[
 
 
 
 
 
 
 

Θ0,0 … Θ0,J−1 Θ0,J

Θ1,0 … Θ1,J−1 Θ1,J

Θ2,0 … Θ2,J−1 T2,J

⋮ ⋮ ⋮ ⋮
ΘI−2,0 … ΘI−2,J−1 ΘI−2,J

ΘI−1,0 … ΘI−1,J−1 ΘI−1,J

ΘI,0 … ΘI,J−1 ΘI,J ]
 
 
 
 
 
 
 
0

 

Where  M = λ∗ − C and  i = 0,1,2, … , I. then for k = 1,2, … , K. 

[
 
 
 
 
 
 λ∗ 2λ     

λ  λ∗ λ    

   
 

λ
  
 

 λ∗

⋱ 
 

λ
⋱
λ
 

   

⋱  
 λ∗ λ
2λ  λ∗]

 
 
 
 
 

(

 
 
 
 
 
 

[
 
 
 
 
 
 
 

T0,0 … T0,J−1 T0,J

T1,0 … T1,J−1 T1,J

T2,0 … T2,J−1 T2,J

⋮ ⋮ ⋮ ⋮
TI−2,0 … TI−2,J−1 TI−2,J

TI−1,0 … TI−1,J−1 TI−1,J

TI,0 … TI,J−1 TI,J ]
 
 
 
 
 
 
 
k+

1

2

)

 
 
 
 
 
 

T

 

=

[
 
 
 
 
 
 μ∗ −2μ     

−μ  μ∗ −μ    

   
 

−μ
  
 

 μ∗

  ⋱ 
 

−μ
   ⋱
−μ
 

   

⋱  
 μ∗ −μ
−2μ  μ∗]

 
 
 
 
 

[
 
 
 
 
 
 
 

T0,0 … T0,J−1 T0,J

T1,0 … T1,J−1 T1,J

T2,0 … T2,J−1 T2,J

⋮ ⋮ ⋮ ⋮
TI−2,0 … TI−2,J−1 TI−2,J

TI−1,0 … TI−1,J−1 TI−1,J

TI,0 … TI,J−1 TI,J ]
 
 
 
 
 
 
 
k

 

+C

[
 
 
 
 
 
 
 

T0,0 … T0,J−1 T0,J

T1,0 … T1,J−1 T1,J

T2,0 … T2,J−1 T2,J

⋮ ⋮ ⋮ ⋮
TI−2,0 … TI−2,J−1 TI−2,J

TI−1,0 … TI−1,J−1 TI−1,J

TI,0 … TI,J−1 TI,J ]
 
 
 
 
 
 
 
k−

1

2

+

[
 
 
 
 
 
 
 

Θ0,0 … Θ0,J−1 Θ0,J

Θ1,0 … Θ1,J−1 Θ1,J

Θ2,0 … Θ2,J−1 T2,J

⋮ ⋮ ⋮ ⋮
ΘI−2,0 … ΘI−2,J−1 ΘI−2,J

ΘI−1,0 … ΘI−1,J−1 ΘI−1,J

ΘI,0 … ΘI,J−1 ΘI,J ]
 
 
 
 
 
 
 
k

 

 

And the second ADI step of the chief equation (3) 

can be written as: 

ξTi−1,j
k+1 + ξ∗Ti,j

k+1 + ξTi+1,j
k+1  

= −αT
i,j−1

k+
1

2 + α∗T
i,j

k+
1

2 − αT
i,j+1

k+
1

2 + CTi,j
k + Θi,j

k  

(17) 

where 

ξ =
k

h2
,
 
ξ
∗
= −2ξ −

4ρctq

p2
− ωbρbcb +

Qmoβ

10
 

−
2

p
(ρc + tqωbρbcb −

tqQmoβ

10
) 

α =
k

g2
, C =

4ρctq

p2
, α∗ = 2α −

8ρctq

p2
 

−
2

p
(ρc + tqωbρbcb −

tqQmoβ

10
) 

Θi,j
k =

ToQmoβ

10
− ωbρbcbTb − Qmo − (Qext)i,j

k  

Equation (17) is called the first ADI step. Using 

initial and boundary conditions in equations (9), (10), 

and (11). Equation (17) represent system of linear 

equations. 
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[
 
 
 
 
 
 ξ∗ 2ξ     

ξ  ξ∗ ξ    

   
 

ξ
  
 

 ξ∗

⋱ 
 

ξ
⋱
ξ
 

   

⋱  
 ξ∗ ξ
2ξ  ξ∗]

 
 
 
 
 

[
 
 
 
 
 
 
 

T0,0 … T0,J−1 T0,J

T1,0 … T1,J−1 T1,J

T2,0 … T2,J−1 T2,J

⋮ ⋮ ⋮ ⋮
TI−2,0 … TI−2,J−1 TI−2,J

TI−1,0 … TI−1,J−1 TI−1,J

TI,0 … TI,J−1 TI,J ]
 
 
 
 
 
 
 
k+1

 

=

[
 
 
 
 
α∗ −2α     

−α α∗ −α    

   
 

−α
  
 

α∗

  ⋱ 
 

−α
   ⋱
−α
 

   

⋱  
α∗ −α
−2α α∗]

 
 
 
 

(

 
 
 
 
 
 

[
 
 
 
 
 
 
 

T0,0 … T0,J−1 T0,J

T1,0 … T1,J−1 T1,J

T2,0 … T2,J−1 T2,J

⋮ ⋮ ⋮ ⋮
TI−2,0 … TI−2,J−1 TI−2,J

TI−1,0 … TI−1,J−1 TI−1,J

TI,0 … TI,J−1 TI,J ]
 
 
 
 
 
 
 
k+

1

2

)

 
 
 
 
 
 

T

 

+C

[
 
 
 
 
 
 
 

T0,0 … T0,J−1 T0,J

T1,0 … T1,J−1 T1,J

T2,0 … T2,J−1 T2,J

⋮ ⋮ ⋮ ⋮
TI−2,0 … TI−2,J−1 TI−1,J

TI−1,0 … TI−1,J−1 TI−1,J

TI,0 … TI,J−1 TI,J ]
 
 
 
 
 
 
 
k

+

[
 
 
 
 
 
 
 

Θ0,0 … Θ0,J−1 Θ0,J

Θ1,0 … Θ1,J−1 Θ1,J

Θ2,0 … Θ2,J−1 T2,J

⋮ ⋮ ⋮ ⋮
ΘI−2,0 … ΘI−2,J−1 ΘI−2,J

ΘI−1,0 … ΘI−1,J−1 ΘI−1,J

ΘI,0 … ΘI,J−1 ΘI,J ]
 
 
 
 
 
 
 
k

 

(18) 

 

4. Numerical computation and Analysis 

In that study, the variation of temperature in living 

tissues has examined under the hyperbolic Pennes 

bioheat model has been founded with the interface 

and suitable boundary conditions. The perfusion, 

metabolic and conducting heat resource terms have 

been used in the formulations [31-34]. And has been 

chosen idealistic values of heat characteristics in 

living tissues for the numerical computations [35] 

ρb = 1060(kg)(m−3), ρ = 1000(kg)(m−3), 
cb = 3860 (J)(kg−1)(k−1), K2 = 1.63e3.4Rd ,  
 ωb = 3.87 × 10−3 (s−1),  Tb = To = 37 °C, 

Io = 122 × 103 (W)(m−2), τp = 15(s), 

c =  4187 (J)(kg−1)(k−1), L = P = 0.05(m), 
 Qm = 1.19 × 103(W)(m−3), g = 0.9, 
C1 = 3.09 + 5.44Rd − 2.12e−21.5Rd, 
C2 = 2.09 − 1.47Rd − 2.12e−21.5Rd,  

K1 = 1 − (1 −
1

√3
) e−20.1Rd , Rd = 0.05, 

 µs = 12000 (m−1), µa = 40(m−1), 
k = 0.628 (W)(m−1)(k−1). 

 In the biological applied sciences in living tissue, the 

rigorous diagnosis of burn is one of the main 

features, It is a fundamental part of the thermal 

therapy. Moritz and Henriques [36, 37] developed a 

method that is used to measure thermal damages. The 

non-dimensional quantity of thermal damages Ω can 

be determined by 

Ω = ∫ Bexp (−
Ea

RT
) dt

t

0

 (12) 

Where B = 3.1 × 1098(s−1) is the frequency factor, 

R = 8.314 J/(mal k) is the constant of universal gas, 

and Ea = 6.27 × 105 J/mal the activation energy. 

Again a modified thermal damage model has been 

developed by Dombrovsky and Timchenko[38], so it 

can be written as: 
dΩ

dt
= A(1 − Ω) exp (−

Ea

RT
) − BwbΩ; 

 

at t = 0,
dΩ

dt
= 0 

(20) 

The results here are predicated on the skin tissues 

with the aforesaid attributes, In addition to the blood 

parameters and laser attributes. MATLAB(R2020a) 

software have been utilized in making the 

computations and the results are given graphically in 

Figures 1–10.  

Figures 1-4 shows the effect of delay time on the 

distribution of temperature over the distance at 

t = 60s, the time histories of surface temperature at 
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x = y = 0, as well as thermal damage occurring to 

the surface of the skin along with time. where in 

Pennes model (tq = 0) and (tq = 16s) in SPL 

models. 

 
Fig. 1: The distribution of temperature over the distance   

at t = 60 s according to Pennes and SPL bio-heat models. 

 

 

Fig. 2: The time histories of surface temperature at x = y = 0 

according to Pennes and SPL bio-heat m models. 

 

 
Fig. 3. The estimated thermal damage occurring to the 

surface of the skin along with time according to Pennes 

and SPL bio-heat models. 

 

 
Fig. 4: Contour plots of the temperature variations along with the changes in space at different times according to 

Pennes and SPL bio-heat models. 

 

  

Figures 5-8 display the effect of the rate of the blood 

perfusion on the distribution of temperature over the 

distance at t = 60s, as well as the time histories of 

surface temperature at x = 0. It is clear that the 

higher the blood flow rate, the lower the temperature 

and thermal damage. When the laser is applied to the 
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skin, this leads to a rise in the temperature of the skin, 

which makes the body need to cool itself, and the 

process of vasodilation occurs so that the blood 

vessels under your skin get wider. This increases 

blood flow to the skin where it is cooler away from 

the warm inner body. This lets the body release heat 

through heat radiation which decreases the resulting 

thermal damage. In rats or men, increased 

temperature causes an exponential increase in 

perfusion[3, 39]. 

 
Fig. 5. The effect of the rate of the blood perfusion on the 

distribution of temperature over the distance at t = 60 s 

and y = 0 according to SPL bio-heat model. 

 
Fig. 6: The effect of the rate of the blood perfusion 

on the time histories of surface temperature at 

x = y = 0 according to SPL bio-heat model. 

 
Fig. 7: The effect of the rate of the blood perfusion 

on the thermal damage occurring to the surface of the 

skin at y = 0 according to SPL bio-heat model. 

 
Fig. 8: The effect of the rate of the blood perfusion on contour plots of the temperature variations along with the 

changes in space according to SPL bio-heat model at t = 60s. 

 

Figures 9-12 display the effect of the time of tissue 

exposure to the laser tp on the distribution of 

temperature over the distance at t = 60s, as well as 

the time histories of surface temperature at x = 0. It 

is clear that the higher the time of tissue exposure to 

the laser, the higher the temperature. When the laser 

is applied to the skin too long, this leads to a rise in 

the temperature of the skin. 
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Fig. 9. The effect of the time of tissue exposure to the laser 

on the distribution of temperature over the distance at 

y = 0 and t = 60 s according to SPL bio-heat model. 

 
Fig. 10: The effect of the time of tissue exposure to the 

laser on the time histories of surface temperature at x = y= 

0  according to SPL bio-heat model. 

 

 
Fig.  11: The estimated thermal damage occurring to the 

time of tissue exposure to the laser with time on SPL bio 

heat models at x = y = 0. 

 

 
Fig. 12. The effect of the time of tissue exposure to the laser on contour plots of the temperature variations along with the 

changes in space according to SPL bio-heat model t = 60s. 

 

Figures 13-15 display the effect of the density of the 

laser beam Io on the distribution of temperature over 

the distance at y = 0 and t = 60s, as well as the time 

histories of surface temperature at x = y = 0. 
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Fig. 13:. The effect of the density of the laser beam on the 

distribution of temperature over the distance at  

t = 60 s and y = 0 according to SPL bio-heat model. 

  

 
Fig. 14: The effect of the density of the laser beam on the 

time histories of surface temperature at x = y = 0 

according to SPL bio-heat model. 

 
Fig. 15: The effect of the density of the laser beam on contour plots of the temperature variations along with the changes in space 

according to SPL bio-heat model t = 60s. 

 

5. Conclusion 

Based on the hyperbolic heat equation, a 2-D single 

phase-lag (SPL) bio-heat model has been used to 

estimate the variations in temperature and the thermal 

damage in living tissue. The model has been solved by 

using the alternating direction implicit (ADI) finite 

difference method. A comparison was also made 

between the Pennes model outcomes and the SPL model 

outcomes. The effects of laser parameters, blood 

perfusion, and relaxation time on heat transfer in living 

tissue were studied, and the results were presented 

graphically. 
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