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ABSTRACT 
 The objective of this paper is to analyze the 
temperature distributions and heat affected zone in skin tissue 
medium when irradiated with either a collimated or a focused 
laser beam from a short pulse laser source. Single-layer and 
three-layer tissue phantoms containing embedded 
inhomogeneities are used as a model of human skin tissue 
having subsurface tumor. Q-switched Nd:YAG laser is used in 
this study. Experimental measurements of axial and radial 
temperature distribution in the tissue phantom are compared 
with the numerical modeling results. For numerical modeling, 
the transient radiative transport equation is first solved using 
discrete ordinates method for obtaining the intensity 
distribution and radiative heat flux inside the tissue medium. 
Then the temperature distribution is obtained by coupling the 
bio-heat transfer equation with either hyperbolic non-Fourier or 
parabolic Fourier heat conduction model. The hyperbolic heat 
conduction equation is solved using MacCormack’s scheme 
with error terms correction. It is observed that experimentally 
measured temperature distribution is in good agreement with 
that predicted by hyperbolic heat conduction model. The 
experimental measurements also demonstrate that converging 
laser beam focused directly at the subsurface location can 
produce desired high temperature at that location as compared 
to that produced by collimated laser beam for the same laser 
parameters.  

 
INTRODUCTION 

Over the last few years, lasers have successfully been 
used for various thermal therapy of tumors for applications like 
Laser Induced Hyperthermia [1], Laser Interstitial 

Thermotherapy (LITT) of mammary tumors [2], and deep 
tumor ablation [3]. Though majority of the tumor irradiation 
techniques use continuous wave (CW) or long pulsed laser, 
however, short pulsed lasers are recently being preferred for 
these applications [4]. The ability to produce highly localized 
heating at the desired location has made pulse laser attractive 
for tumor irradiation compared to the CW lasers. This is 
because for the same energy input, the instantaneous peak 
power attained during pulsed laser irradiation is greater than 
that obtained in CW laser irradiation [5].  

It has been well established that the tissues are 
sensitive to the temperature rise. The thermal impact on tissue 
changes drastically when the temperature rise exceeds 430C [3]. 
It has been found that peak temperature in the range of 600C to 
800C is required to ensure complete tumor necrosis without any 
post-treatment trauma [6]. However, it has been also observed 
that temperature required to kill the tumor tissue depends on the 
exposure time [7, 8]. Robinson et al [9] has predicted that 
temperature elevation to at least 560C for 1 second or more 
should be sufficient to kill cancer cells. Thus there is no general 
consensus in the literature about the exact extent of temperature 
rise and exposure time necessary for complete tumor ablation. 

Adoption of proper beam delivery technique is very 
important to initiate photo-thermal or photo-ablative effect for 
complete destruction of tumor. Selection of proper beam 
delivery technique depends mainly on the location of the tumor 
in the body. If the tumors are located deep inside the body then 
fiber-optic delivery system is used to transport laser light to the 
tumor site [10, 11]. These fibers deliver the beam either in the 
form of collimated beam or in the form of diffused beam. Due 
to the collimated or diffused nature of the beam as used in 
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tumor irradiation therapies like Laser Induced Hyperthermia 
and LITT, high power and long exposure time is required to 
achieve the desired fluence. This often leads to significant heat 
spread damaging surrounding healthy tissues. Moreover, fibers 
are often inserted into the tumor site to achieve volumetric 
heating. Same technique of piercing of fiber into the tumor is 
also used for irradiating subsurface tumors. However, for skin 
tumors or subsurface tumors this perforation of the skin can be 
eliminated if a converging laser beam focused at the subsurface 
location is used. It has already been demonstrated that 
depending on the wavelength of irradiation, depth of 
penetration during laser-tissue interaction can reach as deep as 
1 cm [12]. However, if collimated or diffused beam is used, 
most of the energy gets absorbed by tissue at the skin surface.  

The technique of focusing laser beam at the treatment 
location using a converging lens can reduce the absorption of 
laser energy by the skin. Due to the concentration of energy in a 
focused beam, it can penetrate the skin and reach at greater 
depth without significant attenuation. Theoretical study has 
already been performed demonstrating this significant increase 
in peak absorption at the focal plane [13]. As a result of peak 
absorption at the focal plane, a desired subsurface temperature 
higher than the surface temperature can be achieved. This 
technique has been used for applications such as Non-ablative 
Dermal Remodeling [14, 15] and treatment of striated muscles 
[16].  In this paper, this technique of using converging laser 
beam focused at the subsurface tumor location is used to 
achieve desired temperature at the tumor tissue keeping the 
surface temperature under control. 

A detailed understanding of bio-heat transfer 
phenomenon is required to design a new method which can 
ensure accurate and controlled deposition of energy into the 
exact location of biological tissues with minimum collateral 
thermal damage to adjoining healthy tissue during any laser 
therapy. Substantial efforts have been made previously to 
develop a complete theoretical model considering the inherent 
complexity of the heat transfer process in tissue medium. 
Traditional analysis of heat transfer by conduction in biological 
tissues is performed using Fourier’s law. In Fourier’s law, heat 
conduction is assumed to be an instantaneous process with an 
infinite speed of propagation of the thermal signal, indicating 
that a local thermal change causes an instantaneous 
perturbation in the temperature at the each point in the medium, 
even if the intervening distances are very large. To consider a 
finite speed of propagation, damped wave models have been 
proposed which lead to a hyperbolic heat conduction equation 
[17] or Dual Phase Lag (DPL) equation [18]. With the 
development of this damped wave model theory of heat 
diffusion, an important parameter called thermal relaxation 
time (τ) needs to be considered [18-21]. Thermal relaxation 
time is a material property which indicates the time required for 
the heat flux to adjust or relax to the changes in the temperature 
gradient. It has already been demonstrated that heat transfer 
processes which occur for time periods less than the relaxation 
time of the medium may yield incorrect results if the Fourier 
model is used for applications such as burning of skin subjected 
to instantaneous heating [22] and cryo-preservation of skin 
[23]. 

Comparison of results obtained from numerical 
modeling with the experimental measurements is of prime 
importance for designing efficient technique of thermal 

irradiation of tumors. For the study of heat affected zone in skin 
tissue phantoms using collimated laser beam, experimental 
measurements have been compared with numerical modeling 
results obtained using one-dimensional Fourier heat conduction 
model [24] and two-dimensional axisymmetric hyperbolic heat 
conduction formulations [25]. Validity of the use of hyperbolic 
heat conduction formulation for the case of bologna meat 
samples when irradiated with a collimated laser beam from a 
short pulse or CW laser source has been also reported in the 
literature [25].  

Most of the previous numerical works have modeled 
the laser source term in bio-heat transfer equation by either 
Lambert’s law or diffusion approximation. The scattering effect 
is hardly incorporable in Lambert’s law. The diffusion 
approximation is limited to predominant scattering medium. 
Such treatment can introduce significant error in temperature 
distribution in practical nonhomogeneous tissue medium [26] 
during short pulse laser irradiation, in which case light suffers 
significant scattering in most region and strong localized 
absorption in the target spot. Therefore, it is necessary to 
consider complete light transport through the tissue medium for 
analyzing bio-heat transport in tissues during short pulse laser 
irradiation. 

No study has been reported in the literature which uses 
focused laser beam from a short pulse laser source for 
irradiation of subsurface tumors. The current work focuses on 
analyzing experimentally and numerically axial and radial 
temperature distribution in single-layer phantoms and multi-
layer tissue phantoms simulating skin and containing 
inhomogeneity simulating tumor. For multi-layer skin tissue 
phantom each layer has different optical properties. The 
phantoms are irradiated by a Q-switched Nd:YAG short pulse 
laser source which is focused directly at the inhomogeneity 
location using a converging lens. The effectiveness of using a 
focused beam rather than a collimated beam to obtain the 
required temperature rise at the region of interest with smaller 
heat affected zone is demonstrated. The experimental results 
are compared with the numerical results obtained using Pennes’ 
bio-heat transfer equation coupled with either Fourier parabolic 
or non-Fourier hyperbolic heat conduction model.  Results of 
multi-layer tissue phantoms are also compared with those of 
single-layer tissue phantom.  
 
NOMENCLATURE  

c speed of light
Cp specific heat of tissue 
RD beam radius at the focal plane 
Ro beam radius at the sample surface
T temperature
ka absorption coefficient of tissue 
ke extinction coefficient 
ks scattering coefficient of tissue 
q heat flux
r, z  spatial coordinates 
t time
tp pulse width of laser beam 
u(t) unit step function 
α thermal diffusivity of tissue 
δ(t) Dirac delta function 
κ thermal conductivity of tissue 
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μ, η ,ξ 
ρ 
τ 

direction cosines 
density of tissue 
relaxation time 

Φ phase function 
Ω solid angle 

 
MATHEMATICAL FORMULATION 

The intensity redistribution inside the tissue medium 
as shown in Fig. 1 due to scattering of light in the tissue 
medium is obtained by solving the transient radiative transport 
equation [27, 28]: 
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where I is the scattered diffuse intensity, ke and ks are the 
extinction coefficient and the scattering coefficient 
respectively, φ is the azimuthal angle, Φ is the phase function, 
Ω is the solid angle, c is the velocity of light in the medium, r 
and z are the spatial coordinates, t is the time, and S is the 
source term due from laser irradiation. 
 To calculate the source term S the laser beam is 
assumed to be Gaussian in both spatial and temporal domain 
and it is expressed as follows: 
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where the unit vector of represents the collimated 
laser incident direction. The collimated intensity Ic is given by: 
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where Lo is the maximum intensity of the laser beam at the 
sample surface, tp is the laser pulse width, and σ(z)  is the 
beam radius which the peak intensity drops to the  value. 2−e

In the case of a converging laser beam as used in this 
paper which is focused at a depth of z = fD, the standard 
deviation σ(z) in Eq. (3) varies with z and can be expressed as 
follows: 
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where σ(0) is the standard deviation of radial intensity 
distribution at the sample surface, Ro is the beam radius at the 
surface of the sample and RD is radius of the beam at the focal 
plane.  

Once the intensity distribution within the tissue 
medium is obtained, the corresponding temperature distribution 
is calculated by numerically solving Pennes’ energy equation 
coupled with proper heat conduction model. In this paper both 
Fourier parabolic heat and non-Fourier hyperbolic heat 
conduction model is considered.  
 Pennes’ energy equation for a tissue medium has the 
following form: 
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where ρ is the density of tissue, ρb is the density of blood, ωb is 
blood perfusion rate, Cp is the specific heat of tissue, Cb is the 
specific heat of blood, T is the temperature, q is the heat flux 
and  is the radiative heat flux. ωb is set to zero if there is no 
blood perfusion as is the case for tissue phantoms. 

rq

 The radiative heat flux can be expressed in terms of 
temperature using previously calculated intensity distribution in 
the following way: 
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where n is refractive index of tissue medium and sσ  is 
Stephan-Boltzmann constant.   

Heat flux due to conduction within the tissue medium 
can be expressed in terms of temperature distribution using 
either Fourier or non-Fourier heat conduction model. Heat 
conduction considering Fourier heat conduction model is 
expressed by following equation: 
 

),,(),,( tzrTtzrq ∇−= κ   ,                       (7) 
                                                      
where κ is the thermal conductivity of tissue and ∇  is the 
gradient.  

The above parabolic diffusion equation implies an 
infinite speed of propagation of the thermal wave through the 
tissue medium. To eliminate this assumption of infinite speed 
of propagation of the thermal signal, a non-Fourier damped 
wave heat conduction model that takes into account finite speed 
of propagation of heat wave is considered and is given by [25, 
29-31]: 
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where τ is the relaxation time of the medium. 
 Eq. (5), (6), (7) or Eq. (5), (6), (8) are simultaneously 
solved using suitable numerical scheme to obtain final 
temperature distribution as predicted by Fourier or non-Fourier 
heat conduction model respectively. 
 The boundary conditions that are used are the 
following: (i) all the boundaries except the top laser incident 
surface are insulated, (ii) at the top surface convective heat 
exchange (convective heat transfer coefficient = 10 W /m2.K) 
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with surrounding ambient air (250C) is considered, (iii) the 
temperature profile is symmetric about the z-axis, and (iv) 
initially (t = 0) the temperature is equal to the ambient 
temperature and its derivative with respect time are zero 
everywhere in space. In the present tissue phantom model, the 
following simplifications are introduced: (1) radiation emission 
from the tissue phantom is neglected because the tissue 
blackbody intensity is much smaller than the incident laser 
intensity; (2) tissue optical and thermal properties are thermally 
stable during the heat transfer process; (3) blood perfusion and 
thermal evaporation and/or phase change of tissue during the 
heat transfer process are not considered. 
 
Solution scheme

H 

 
 The TDOM with S10 scheme is employed for the 
solution of the transient radiation transfer equations. For 
information on the numerical scheme and accuracy validation, 
please refer to the recent publication of the authors [28]. 
Therefore, the details of the numerical method on radiative 
transfer are not repeated here.   

 To solve the hyperbolic heat conduction equations, 
MacCormack’s predictor-corrector scheme is adopted.  The 
details of this method are presented in reference [32]. 
 
EXPERIMENTAL METHODS 

The schematic of the experimental set up is shown in 
Fig. 2. A Q-switched short pulse Nd:YAG laser operating at a 
wavelength of 1064 nm and having a temporal pulse width (tp) 
of 200 ns (FWHM) is used in this study. During the experiment 
the laser power is constantly monitored using a power meter. 
The samples are well insulated on all sides (except on the 
irradiated face) to prevent heat loss to the surroundings. A 
thermal imaging camera (IR Flexcam Pro, Infrared Solutions) is 
used to record the radial surface temperature profile of the 
samples. The images are recorded with computerized data 
acquisition system and processed with National Instruments 
IMAQ Vision Builder Image processing software. The camera 
provides a measurement range of 0°C to 350°C with a 
sensitivity of ±0.09°C at 30°C. The spectral response of the 
camera is 8 to 14 μm. For the axial temperature measurements 
in the tissue phantom, holes are drilled up to the central axis at 
discrete locations along the length of the phantom (see Fig. 1). 
T-type thermocouples having diameter of 0.5 mm are inserted 
into the holes for temperature measurements. Temperature 
readings of the thermocouples are recorded through a 
computerized data acquisition system using Labview Software. 
These thermocouples provide a measurement range from 0°C to 
480°C with a sensitivity of ±1°C and 0.2 seconds of response 
time. 

Experiments are performed on both single-layer and 
three-layer tissue phantoms replicating skin layers and having 
an embedded inhomogeneity simulating tumors (Fig. 1). The 
phantoms are composed of araldite, DDSA (Dodecenyl 
Succinic Anhydride) resin and DMP-30 (hardener) mixed in the 
ratio1:0.87:0.04. Titanium Dioxide particles (mean diameter = 
0.3 μm) are added as scatterer to the sample. India ink is used 
as absorber. Details about phantom preparation can be found in 
the previous papers of the authors [33]. The layered tissue 
phantom consists of three-layers having different optical 
properties representing epidermis, dermis, and fatty tissues of 

human skin. The thickness, absorption coefficient (ka), and 
scattering coefficient (ks) of each layer are tabulated in Table 1. 
For single-layer tissue phantom, the base tissue matrix has bulk 
average absorption coefficient (ka) = 0.051 mm-1, and scattering 
coefficient (ks) = 6.14 mm-1. These values are obtained by 
calculating weighted average of properties of different layers of 
layered tissue phantom. The density (ρ) of the medium is 1000 
kg/m3, thermal conductivity (κ) is 0.35 W/m.K, and the specific 
heat (Cp) is taken as 4200 J/kg.K for all layers of tissue medium 
[22]. Inhomogeneities are drilled in tissue phantoms having 
scattering coefficient of 12.28 mm-1 and absorption coefficient 
of 0.051 mm-1. 
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FIG. 1: SCHEMATIC OF TISSUE PHANTOM CONTAINING 

INHOMOGENEITY. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FIG. 2:  SCHEMATIC OF THE EXPERIMENTAL SET-UP FOR 

TISSUE IRRADIATION USING SHORT PULSE LASER. 
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TABLE 1: OPTICAL PROPERTIES OF DIFFERENT LAYERS 

OF HUMAN SKIN TISSUE AT 1064 NM [34, 35]. 
 

Layer Thickness 
(mm) 

Absorption 
Coefficient (ka) 
(mm-1) 

Scattering 
Coefficient 
(ks) 
(mm-1) 

Epidermis 0.05 0.355 8.237
Dermis 3 0.049 8.237
Fatty tissue 10  0.050 5.5 

 
 
RESULTS AND DISCUSSION 

In this paper temperature distribution in tissue medium 
during short pulse laser irradiation has been obtained both 
experimentally and using numerical model. Radial and axial 
temperature distributions are obtained for the case of three-
layer and single-layer tissue phantoms for the case of both 
collimated and focused laser beam. Numerical modeling results 
are obtained for both hyperbolic non-Fourier and parabolic 
Fourier case by solving a coupled set of equations consisting of 
the transient radiative transport equation and Pennes’ bio-heat 
transfer equation. 

Experiments are performed on a three-layer tissue 
phantom containing inhomogeneity using focused laser beam. 
The embedded inhomogeneity simulating tumor is drilled 2 mm 
underneath the phantom surface.  For the case of focused laser 
beam, the laser is focused directly at the inhomogeneity 
location (z = 2 mm) using a converging lens. It has already 
been discussed earlier that a temperature rise of approximately 
430C is required for successfully irradiating tumors. Therefore, 
the sample is irradiated until 430C temperature rise is obtained 
at the focal plane, which is at the inhomogeneity location The 
surface temperature is measured using thermal camera and the 
temperature at z = 2 mm is measured using thermocouples.  

It has been observed that the accuracy of prediction 
provided by hyperbolic heat conduction model depends on 
proper choice of thermal relaxation time (τ). The value of τ 
depends on the propagation velocity of thermal wave which is 
dependent on material structure and property. Although its 
value has been measured for biological media such as bologna 
meat samples [20], the exact value of thermal relaxation time 
(typically having values in the range of 10 to 20 seconds) is 
unknown for most of the tissues. Fig. 3a shows radial 
temperature distribution at the inhomogeneity location 
respectively for the case of three-layer tissue phantom for 
different relaxation times (ranging from 10 seconds to 20 
seconds).  The results obtained using Fourier heat conduction 
model is also plotted. These numerically predicted results are 
compared with corresponding experimentally measured 
temperature distributions. The error bars are plotted in the Fig. 
3a represent uncertainty in experimental measurements. 
Considering a 99% confidence interval, the precision index for 
a total of three runs is calculated. The standard deviation 
between the three runs at each individual nodal point is 
evaluated. Thus the total uncertainty values at each nodal point 
is the product of the precision index times the standard 
deviation. It is observed that a maximum total uncertainty of 
1.515°C is obtained for thermal camera and 1.175°C for 
thermocouple. It is clear from Fig. 3a that for human skin tissue 

phantom, non-Fourier heat conduction model matches better 
with the experimental measurements for τ = 15 seconds. 
Fourier model predicts a significant lower temperature rise at 
the surface. Location of thermocouple at different radial 
locations may not be accurate and hence some deviation 
between experimental measurements and hyperbolic model is 
observed particularly for locations away from the laser beam 
axis. Corresponding axial temperature distribution plotted in 
Fig. 3b also shows that hyperbolic heat conduction model for τ 
= 15 seconds matches well with experimentally measured 
temperature distribution. This suggests that while studying heat 
transfer phenomena for a time scale shorter than the thermal 
relaxation time of the material, τ is one of the governing 
parameter. Without considering proper value of τ, bio-heat 
transfer models involving such analysis will produce erroneous 
temperature distributions. Therefore, for the case of tissue 
phantoms the value of τ is taken as 15 seconds. 
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FIG. 4A: COMPARISON OF TEMPERATURE HISTORY AT 
THE INHOMOGENEITY LOCATION BETWEEN COLLIMATED 
AND FOCUSED LASER BEAM IRRADIATION FOR A THREE-

LAYER TISSUE PHANTOM. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

FIG. 4B: COMPARISON OF RADIAL TEMPERATURE 
DISTRIBUTION AT THE INHOMOGENEITY LOCATION 

BETWEEN COLLIMATED AND FOCUSED LASER BEAM 
IRRADIATION FOR A THREE-LAYER TISSUE PHANTOM. 

 
Once selection of proper value of τ for the numerical model is 
accomplished, experiments are performed to demonstrate the 
advantage of using focused laser beam for subsurface tumor 
irradiation. Fig 4a shows the temperature rise at the 
inhomogeneity location with time for the case of collimated and 
focused laser irradiation. The plot shows experimental data 
along with numerical modeling results obtained from 
hyperbolic heat conduction and Fourier heat conduction model. 
It is observed that converging laser beam focused at subsurface 
location can produce much higher temperature at that desired 
location as compared to collimated laser beam which is 
necessary for subsurface tumor irradiation. The deviation of 
experimental data from numerical modeling results is due to the  

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

FIG. 4C: COMPARISON OF AXIAL TEMPERATURE 
DISTRIBUTION BETWEEN COLLIMATED AND FOCUSED 

LASER BEAM IRRADIATION FOR A THREE-LAYER TISSUE 
PHANTOM CONTAINING INHOMOGENEITY. 
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limitation of placing the thermocouple at the exact location. 
Fig. 4b shows comparison of radial temperature distribution 
between experimental measurements and numerical modeling 
results obtained at inhomogeneity location (at z = 2 mm) for 
collimated and focused laser irradiation after 10 seconds of 
laser exposure. Corresponding axial temperature distribution is 
plotted in Fig 4c. In this figure temperature distribution 
obtained from hyperbolic heat conduction model shows a wave 
phenomenon. Experimental measurements could not capture 
this effect due to the limitation of placing thermocouples very 
close to each other (currently there is a separation distance of 2 
mm between two consecutive thermocouples). 

After demonstrating the advantage of using focused 
laser beam and performing model validation studies in layered 
tissue phantom, experiments are conducted to compare the 
temperature distribution between a single-layer and three-layer 
tissue phantom. Conventionally, skin is treated as a single-layer 
medium for simplicity. But in reality, skin is a multi-layered 
medium having different thicknesses, scattering, and absorption 
coefficients in each layer (see Table 1). The goal of this part of 
the work is to investigate whether single-layer approximation 
of layered skin tissue is reasonable approximation or not. The 
radial temperature distribution at the inhomogeneity location (z 
= 2 mm) for the case of a single-layer tissue phantom is 
compared with that of a three-layer tissue phantom in Fig. 5a. It 
is evident from figure that for the case of three-layer tissue 
phantom, the peak temperature rise is less but the radial heat 
spread is slightly more as compared to those of single-layer 
tissue phantom. These differences can be attributed to the 
consideration of average optical properties throughout the 
whole tissue phantom in case of single-layer model. Also, axial 
temperature distribution (Fig. 5b) obtained from thermocouples 
placed at various depths of the phantom shows lower peak 
temperature rise (obtained at z = 2 mm) and smaller axial heat 
spread for three-layer tissue phantom. This is due to greater 
attenuation of laser beam caused by higher absorption 
coefficient of the first layer of three-layer tissue phantom as 
compared to single-layer tissue phantom. The top layer of the  
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FIG. 5A:  COMPARISON OF RADIAL TEMPERATURE 
DISTRIBUTION AT THE INHOMOGENEITY LOCATION 

BETWEEN A SINGLE-LAYER AND A THREE-LAYER TISSUE 
PHANTOM FOR FOCUSED LASER BEAM IRRADIATION. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

FIG. 5B: COMPARISON OF AXIAL TEMPERATURE 
DISTRIBUTION BETWEEN A SINGLE-LAYER AND A 

THREE-LAYER TISSUE PHANTOM FOR FOCUSED LASER 
BEAM IRRADIATION. 

 
skin (epidermis) has high absorption coefficient which results 
in higher temperature rise at the surface in three-layer model 
than that of single-layer model. These results demonstrate that 
there is difference in heat affected zone in single-layer and 
three-layer model and hence skin should be modeled as a 
layered medium to analyze bio-heat transport phenomenon 
during short pulse laser irradiation of tissues. 
 
CONCLUSION 

In this work skin tissue is modeled as a layered 
medium to analyze heat transfer during collimated and focused 
laser irradiation. This study demonstrates that converging laser 
beam focused at subsurface location can produce high 

temperature rise at the desired subsurface location keeping the 
surface temperature low. The radial and axial temperature 
distributions obtained for multi-layer tissue phantoms during 
collimated and focused laser irradiation show that the focused 
beam can produce much compact heat affected zone as 
compared to that of collimated laser beam. It is demonstrated 
that the hyperbolic heat conduction model is an accurate model 
for such kind of analysis as it takes into account the relaxation 
time of the tissues. Fourier parabolic heat conduction model, on 
the other hand, is found to deviate significantly from 
experimental measurements. This analysis emphasizes 
importance of considering hyperbolic heat conduction 
formulation in studying heat transfer phenomenon for a time 
scale shorter than thermal relaxation time of the medium.  
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