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Abstract

The present article deals with a thermodynamic analysis of laser treatment on human skin. Replac-
ing Pennes model of thermodynamics, a well defined memory dependent hyperbolic type thermoelastic
heat conduction model is adopted. In order to analyse the thermal shock experienced by the skin lay-
ers, a bi-layer skin containing two main layers: epidermis and dermis, is considered. An instantaneous
point heat source and a non-Gaussian laser pulse are applied on the skin surface to analyse the thermal
memory response into the skin-layers. Two different types of laser beams are considered to validate
the thermoelastic observations with the optical results.

Key words: Non-Gaussian laser; thermodynamics; skin-layers; thermal shock; penetration depth.

1 Introduction

In light of recent advancements in biomedical science and engineering, laser treatment in various clinical
therapies and surgeries plays an important role. Laser technology is being used in procedures of photo-
dynamic therapies, photo-rejuvenations and mostly in thermal surgeries. One of the challenging task
in these thermal treatments is to provide a suitable amount of heat energy in the exact portion of the
diseased tissue and that too without affecting the neighboring tissues.

Laser beam play a vital role in treatment of certain types of malignant tumours and cancers also. The
high intensified energies of lasers prove useful to shrink or even destroy tumour and pre-cancerous cell
growths(especially in superficial tissues). Since this whole treatment requires the phenomenon of heat
energy transfer upon an elastic environment (like human tissues), a mathematical modeling of thermoe-
lastic equations coupled with bio-mathematical variables becomes essential. In 1948, H. H. Pennes [15]
introduced a coupled bio-thermoelastic model to study the temperature profile in a portion of human
forearm. This study provides a qualitative analysis of the arterial blood flow and its neighboring tissue
temperatures, owing to the geometrical aspects. Even though convection plays its part in heat transfer
due to arterial blood flow, Pennes neglected the thermal convection due to blood flow in his model.
In 1974, introducing the Darcy velocity term in the theory of bio-thermoelasticity, Wulff [27] modified
the Pennes model [15] accurately. Later on, several authors have attempted to improve the bio-thermal
equations [3,12,24,25]. Owing to the simplicity of the Pennes model, it serves more useful in terms of
mathematical computations in bio-thermal problems subject to some modifications and considerations.

The classical theory of thermoelasticity was based upon the Fourier’s law of heat conduction, in which
the energy equation was parabolic in nature. Infinite speed of the thermal signals was inherent in that
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theory. To overcome the unrealistic featers of the thermal wave, in 20th century several modification
were indroduced. The advancements of thermoelasticity and different aspects of heat transfer mechanism
involving finite speed propagation of thermal signals, can be found in the nonograph of of Ignaczak and
Ostoja-Starzewski (see Ref. [8] and the references therein).

In the present article our aim is to investigate a non-Gaussian laser pulse response into the human
skin-layers thermodynamically. Based on the work of Pennes [15], adopting a generalized memory depen-
dent heat conduction model, a new set of governing equations are developed. Employing eigen-function
expansion method, the field functions are derived in laplace transform domain and then an efficient
inverse-laplace transformation technique is applied by the method of discretization [7]. The numerical
computational results are compared with experimental observations regarding the penetration depth of
photons. For strong absorption and strong scattering, two different wavelengths of laser pulse are taken
into consideration.

2 Governing Equations

A sudden thermal excitation (a point heat source viz. a laser pulse) on skin tissue can effect on compar-
atively a local area (neighbourhood) surrounding the point of application. We shall confine our study
within the area of effected region. Here, we assume that the portion of skin tissue to be uniform with
linear, homogeneous and isotropic thermoelastic properties in the present study. Based on the Pennes
theory of heat flow and the recent developments on the relationship between arterial blood and tis-
sue temperatures, the governing equations of bio-thermoelastic heat conduction model can expressed as
follows [15,22]:
1. Law of heat conduction

g = —kb, (1)
2. Energy equation in Pennes model [15]
Gii = —pToS + poeyws (Th — T) + Qm, (2)
3. Equation of motion
Tij.j = Plli 3)
4. Second law of thermodynamics
c
pS = vepk + %9 (4)
0

5. Constitutive relation (stress, strain and temperature relation)
Oij = 2,ue,-j + ()\ekk — "}/9) 5ij (5)

6. Linear kinematic relation 1
5 (Ui + ) (6)

Here ¢; denotes the components of heat flux vector, u; is the component of displacement vector, o;;
is the component of stress tensor, k£ is the thermal conductivity, p represents the mass density of skin
tissue, ce is the specific heat of skin tissue at reference temperature, v denotes the thermal moduli given
by v = (38X +2u) ag; A and p being Lame’s constants and a; being the coefficient of linear thermal
expansion of the skin tissue.

T denotes the absolute temperature of the body, Tj is the reference temperature, 8 = T — Ty with
an assumption | T% |<< 1. The term ppepwy, (T, — T') in Eqn.(2) describes the heat conduction between
blood and tissue with @), being the metabolic heat generation due to blood flow in the veins. py, wp, ¢

€ij =



and 6, denotes the blood mass density, blood perfusion rate, specific heat of blood and blood temperature
in the skin tissue respectively. Besides, the super-dots refer to the ordinary time-derivative and comma
followed by sub-indexes denote the corresponding partial differentiation with respect to space variables.
It is assumed T}, = Tj in the present study.

From the pioneering work of Pennes [15], theories of bio-heat transfer are getting enormous importance
in the field of clinical physiology. In the last decade several developments are reported and excellent
analytical expressions are demonstrated by employing different thermoelastic models on thermal responses
of living tissue. Hitherto, adopting generalized thermoelastic models, the existing studies mainly taken
care of the thermoelastic response of skin tissue with various material properties of the biological tissue.
Most of cases, the material properties are taken as a constant. Recently, few attempt with variable
thermal conductivity and specific heat are reported in the literature (for details see Refs. [13,26] and
references therein). Employing fractional order heat conduction model of generalized thermoelasticity,
the Pennes model of arterial blood and tissue temperatures has been successfully replaced by Ezzat et.
al. [5], Jiang and Haitao [11].

In 21st-century, the memory phenomena is successfully employed in various disciplines (from material
modelling to medical science). The model takes the form:

oDfe(t) = Co(t), (7)

where ¢ D¢ is the fractional derivative which depends on the strain history from 0 to ¢, and C is the
positive constant.

Fractional order derivative is a generalization of the classical integer-order derivative and integral. If
« is an integer n, then ¢Dg'e(t) = D"e(t) = d™e(t)/dt™ . It has a long history, way back in 1695. It
was originated from a famous letter regarding the meaning of 1/2 order derivative from Guillaume de
I’Hoépital to Gottfried Wilhelm Leibniz in 1695 [14, 16].

There are several definitions of fractional derivative [4,14,16]. Caputo derivative is one of the most
practicable definitions to describe the physical nature [2,18], defined as

DEF0) = s | e ®)

I'(m—a«

where m is an integer satisfying m — 1 < o < m and I' denotes the Euler’s Gamma function.

It was a promising tool for describing memory phenomena. The kernel function of fractional derivative
is called memory function, but it does not reflect any physical process. Ambiguous physical meaning has
been a big obstacle that keeps fractional derivative lagging far behind the integer-order calculus. In
1974, the science fraternity put an open problem as ” what are the physical interpretations of fractional
calculus”. Till now, there is no simple answer to this open problem.

In 2011, Surpassing the fractional derivative, the Concept of the memory-dependent derivative has
been introduced by Wang and Li [23]. For any continuous function f(z,t), the memory dependent
derivative(MDD) over a slipping interval [t — a, t] is defined as

t m £(
D s = [ Ke-97 0o Q
where the time delay ‘a(> 0)" denotes the memory scale and the kernel function K(t — &) (0 <
Kit—-¢ <1, ¢€[t—a, t]) must be a differentiable function with respect to its arguments. The kernel
function and the memory scales to be chosen in such a way that these are compatible with the physical
problem, so this type of derivatives provides more possibilities to capture the material response.

In 2014, memory-dependent derivative has been applied in thermodynamics successfully [28]. In this
process, non-locality effect comes into play in the theory of thermodynamics (For details see Ref. [20,21]
and the cross-references therein).



In general the kernel function is taken in the following form:

K = (24 1)’ (10)

For b = 0,1, 2 the kernel is called constant, linear or parabolic respectively.

Here in the present article, memory dependent derivative is employed in the heat conduction law and
try to explain the memory responses over the temperature distribution as well as stress evolved into the
skin layers.

Now, we replace the Fourier’s law of heat conduction i.e. Eqn. (1) by the following Memory dependent
generalized heat conduction law [28]

in which 7 denotes the thermal relaxation time, D, refer to the memory dependent time-derivative with
w being the thermal time delay.

From Egs. (2), (4) and (11) one can obtain the generalized memory dependent bio-heat conduction
equation

kem‘ = (1 + TDUJ) (pceé + ")/Tol'bi,i + ppCpWy (T — Tb) — Qm) (12)

and using Egs. (5) and (6), the equation of motion ( Eqn. 3) can be expressed in terms of displacement
vector as

pi; = pg iz + (N4 p)ug 5 — 0. (13)

The above equations (12) and (13) provide the governing equations for memory dependent bio-thermoelasticity
theory.

3 Problem formulation

Human skin, in human anatomy, the covering, or integument, of the body’s surface that both provides
protection and receives sensory stimuli from the external environment. The skin consists of three layers
of tissue: the epidermis, an outermost layer that contains the primary protective structure, the stratum
corneum; the dermis, a fibrous layer that supports and strengthens the epidermis; and the subcutis, a
subcutaneous layer of fat beneath the dermis that supplies nutrients to the other two layers and that
cushions and insulates the body (see Fig. 1).

Following the thermodynamical theory of Pennes [15] and to construct a mathematical model, we
shall make some anatomical assumptions in the section of skin tissue under consideration. Firstly we
shall restrict the effect of our problem till the dermis layer, i.e. we shall consider the portion of skin tissue
with two main layers: the epidermis and the dermis. Secondly, the blood temperature shall be considered
as the reference temperature, i.e. Ty = Tp. Thirdly, owing to a high-intensity heat projection on the skin
surface, the metabolic heat generation @, due to blood flow in Eqn.(2) shall be neglected. Lastly, since
a high intensity heat beam is projected perpendicularly upon the outer boundary of the epidermis layer,
the effect of the heated spot shall be much smaller when compared to the thickness of the bi-layered skin
tissue [1].

Thus owing to the above assumptions, we shall consider all the field functions depends upon the
location & and time t. Here the coordinate system is chosen that the z-axis is perpendicular to the skin
surface, and the skin surface is represented by yz-plane. Hence, all thermoelastic field variables in the
present problem will be depend on two independent variables x and ¢. Consequently, the displacement
vector will have only one component u(z,t) (say). The depth of the epidermis layer from the surface of
the skin is taken to be h and the width of the dermis layer is taken to be [ (as depicted in Fig. 2).
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Figure 1: Layers of Skin. The skin is composed of two main layers: the epidermis, made of closely packed
epithelial cells, and the dermis, made of dense, irregular connective tissue that houses blood vessels, hair
follicles, sweat glands, and other structures.

o (0.)=0 —
600.0)=f(n) — *
—

»
|_- -..l_- -..|
* Ll »

h

u(h+1.6)=0
B(h+1.0=0

X

Skin Layer: Epidermis

Skin Layer: Dermis

Figure 2: A schematic illustration of the bi-layered skin problem.

Now, according to aforementioned mathematical as well as anatomical assumptions, Egs.(12), (13)
and (5) yield

026 00 0 [0Ou
k‘@ = (1 + TDw) (,Ocea + 'YTOE <%> + prb’QUbe) (14)
d%u 00 0%u
(A+2p) o2 Var —Pom (15)
ou
s = (A+2p) 5— — 90 (16)



We employ the following non-dimensional transformations for our convenience:

1 v Lq;
VAN T = = L
(x’h’l)_L(.w’h,l), (T,t) L(T’t)’ QZ k(Too_TO)’
u’:m Q’ZL ol SR
VL (Too — To)’ To=Ty " 7(Tx—To)

where L is having the dimension of a unit length, v? = % and T is the temperature of thermal shock
upon the outer boundary of epidermis.

Suppressing the primes, Eqgs.(14)-(16) can be recast into the following non-dimensional form:

0%6 00 0 (ou
prohe (1+7Dy) (ozlat + @25, <8x> + ozy,@) (17)
Pu 00 D%
R 1%
Ora % -0 (19)
where ) )
_ pcevL oLy _ L*ppcpwp

4 Initial-boundary and inter-facial conditions of the skin layers

The medium is initially assumed to be in an inactive state. Thus the initial conditions of the problem at
time ¢ = 0 are given by,

u(z,0) = u(z,0) = 0(x,0) = 6(x,0) = 04 (x,0) =0 (21)

The laser is applied for very small duration, we can neglect any radial scattering or convection of
thermomechanical properties. Owing to the short time period and the finiteness of thermoelastic wave
velocities, we shall consider zero boundary conditions at the end of the dermis layer. Thus the thermal
and mechanical boundary conditions as shown in Fig 2. can be expressed as:

0(0,t) = f(t)
022(0,1) =0 (22)
Oh+1,t)=uh+1,t) =0
where f(t) represents the temperature produced by the applied thermal shock.
For simplicity, we shall neglect all thermoelastic resistances at the interface of the epidermis and

dermis layer. Hence, the conditions at the junction of the layers shall be considered to be continuous
with respect to the thermal and elastic variables. Consequently,

qf(h, t) = qu(h,t)
0F (h,t) = 0P (h,t)
u?(h,t) = uP (h,t) (23)

0ra(h,t) = o (R, 1)

From here onwards the superscripts ”E” and ”D” shall denote the thermoelastic parameters in the
epidermis and the dermis layer, respectively.



5 Non-Gaussian laser pulse

The temporal profile of a non-Gaussian laser pulse is defined as (Fig. 3),
Lp(t) = —te ® (24)

where L is the laser intensity that is defined as the total energy carried by a laser pulse per unit area
of the laser beam, and ¢, is the characteristic time of the laser pulse which may also be referred as the
time duration of the laser pulse.

The function has the property
/ Lp(t)dt =1 (25)
0
and

max [Lp(t)] = Lp(t,) (26)

The following figure provides the temporal profile of the laser power Lp/Lg, by considering tp = 2p s.
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Figure 3: The temporal profile of the laser power Lp/Lg

6 Method of solution

In order to extent our analysis, here we apply Laplace transformation with respect to the time variable
t defined as

Fla,s) = LIF(@, )it — 8] = / exp (—st) F(x, t)dt
0
Consequently, Eqgs.(17) - (19) yield,

20 ~ du
o i s1(ars + asz) 0+ 818042% (27)



= 28
de? dzx T (28)
- du ~
xxr — 7 T 29
o T (29)
where,
s1=14+7¢&

and (for details see Ref. [6])

2 _
5—1[<1—2b+ 2a2>—e:rp(—ws) (1—2bz+a2+2(a b)+ 2a2>]

w ws = w?s? ws w?s?

Now, Eq.(27) and Eq.(28) can be recast in a vector matrix differential equation from as follows:

AV -
Vc(l“’;’s’) — A(s)V (x, 5) (30)
where,
B ~ AT
vzr~d9W}
dr dx
and
0 0 1 0
~ 0 0 0 1
A= asy 0 0 az
0 a49 1 0
in which
ag1 = s1 (18 +g), ass = S15q2, ag2 = s? (31)

6.1 Solution for epidermis layer

The epidermis layer has the boundary of 0 < x < h. Remembering that the blood perfusion is in the
dermis layer only (the epidermis consists of keratin with no blood supply), we can discard the term a3 (
i.e. a3 =0) in Eq.(20). Thus the characteristic equation of matrix A is obtained as

¢t 1y =0 (32)
where
tf =ss1 (af +af) +s* , 5 =sisaf (33)
The roots of Eq.(32) are assumed to be of the form: { = £m, £may
where
mi + mj :tf ,  mimj :tg

The eigenvector )A(;Z corresponding to the respective eigenvalue (; of the matrix Ais given by,

Xi=X|_,. (i=1,234) (34)
in which
agy — 7
= —(
X|. = 35
& |G (o - ) (35)
—¢?



Hence, the solution of Eq.(30) can be expressed as follows:

Xiexp(Gix) (36)

||M_>

where x > 0 and,

Ci=lca co ¢z ci (37)

Therefore, from Egs. (28) and (29) we obtain the solutions for the field functions in the epidermis
layer as follows:

4
= Z uFerp(Gr) , uf = Gy (38)
HE (z,s) ZQ exp(Ciz) Qf = d?uf (39)
S oFerplG)  oF = bFuf (0
where 5 9 9
df =T P 2 (41)
m; m;

6.2 Solution in dermis layer

For dermis layer = € [h,h +1]. In this portion of the skin layer, blood perfusion is actively present. The
characteristic equation of matrix A is thus obtained as

nt—tP? 4+t =0 (42)

where

tP = s, (a?s%—a?) +s1af +52 D =55 (af)s—koz:?) (43)

Roots of the Eq.(42) to be of the form : n = +ny, +n9 where

2 4D

ni +nj . oning =17

The eigen vectors 571 corresponding to the respective eigen values 7; of the matrix A are given by,

Vo=V .. (=1,234) (44)

where
apy — 17
U (45)
m=ni i (afy = n7)
11}

The solution of Eq.(30) is expressed as:

V(m, s) = Z f’iiexp(mx) (46)

i=1



where = > 0 and,

Pi=[pn pi2 piz pidl (47)

Similar to epidermis layer, the field functions in the dermis layer as follows:

4
aP(x,5) =Y ulexp(mz) , ul =mnipa (48)
=0
N 4
0P (z,5) = Z 0P exp(nix) , 6P = dPuP (49)
i=0
4
Grn(w,8) =) oleap(mz) , of =bluf (50)
=0
where ) ) )
s —n: s
dP = : P = -2 51
potim o Pt 51

Now, invoking the intial-boundary conditions (21) - (23) we can determine the expressions for cg; as
well as po; (i, j =1,2,3,4).

7 Absorption and scattering of thermal shock irradiation

For the purpose of treatment of various skin disorders with light, it is important to have deep photon
penetration into the skin. Consequently, it makes use of absorption of photons by chromophores present
in viable cells of either the epidermis or the dermis.

Strong absorption:

For some (laser) wavelengths in the UV (e.g., The wavelength about 193 nm at the ArF excimer laser)
and the IR, tissue absorption may be substantially larger than scattering. We consider thermal damage of
surrounding tissue by thermal conduction from the thermal shock-irradiated site. The thermal relaxation
time, 7, is defined as in the following equation on the assumption that the penetration depth, ¢, for the
laser wavelength is much smaller than the laser spot size [26]

(52)

where £ is the thermal diffusivity of tissue. Thermal diffusivity of tissue corresponds approximately
to that of water (¢ = 1.3 x 107"m?2/s). First of all, we estimate the penetration depth of the stratum
corneum for 193 nm wavelength. In this wavelength, where absorption is stronger than scattering, the
penetration depth § could be expressed as the following equation:

5= —, 53
- (53)

where p, is the absorption coefficient. The measured absorption coefficient of the human stratum
corneum at the 193 nm wavelength was reported as 6,690 cm~! [10].

Meanwhile, by using the measured absorption coefficient of the cornea at the 193-nm wavelength
(Qeor = 2.7 x 103em™1) [17] and the composition of the stratum corneum (water: 15%, protein: 70%,
lipid: 15%) [19] and the cornea (water: 78%, protein: 20%), we could estimate the absorption coefficient
of the stratum corneum, a,., as

10



70
Qoo = 2.7 x 103 x %0 em™t =9450 em™L. (54)

Considering that the absorption coefficient of the stratum corneum at the 193 nm wavelength is 6,690
(reported value)— 9,450 (estimated value) em ™!, the penetration depth § becomes

1
0=—~11-15 pum. (55)
Usc

On the basis of the above estimation, the thermal relaxation time 7 of the stratum corneum at the
193-nm wavelength results in

T=23-43 pus. (56)

The 10-ns pulse duration of the ArF laser is less than a hundredth of the estimated thermal relaxation
time 7. The 0.5-s pulse interval is more than a hundredfold of 7. Therefore, the thermal damage by means
of heat conduction may be limited in the case of the 193-nm laser ablation described above. Thickness
of the thermal damage layer might be kept in the order of the penetration depth. There might be no
thermal damage to the epidermis because the thermal damage layer might be thinner than the stratum
corneum.

Strong scattering:

Between the wavelengths about 300 nm to 1000 nm nonpigmented tissues have scattering dominating
over absorption. It is reported that the transmission of laser light through different skin types is much
deeper than the scattering for the laser wavelengths range 532-1064 nm. Under these circumstances the
transport equation can be approximated by a diffusion equation and the total fluence rate, ¢(z), can be
expressed as follows [29]:

$(2) = poKe s (57)

where ¢ and ¢(z) are represent the incident photon fluence and the photon fluence at depth z respectively.
K denotes the photon buildup factor and § is the photon penetration depth which is defined as

5 1
\/3:ua (Ma + Hs (1 - g))

in which p, and ugs are the absorption and scattering coefficients; g is the anisotropy scattering factor
of the skin.

The Experimental values for the absorption, scattering coefficients and the anisotropy scattering factor
are given by

ta = 0.2mm=t, pg = 18.8mm~! and g = 0.8 which is a set of values that approximates in vitro
dermal tissue at 633 nm wavelength [9].

(58)

Hence, the calculated value of the photon penetration depth into the skin (for the wavelength 633
nm) is § = 0.7 mm.

8 Numerical analysis

In this section, we try to validate the analytical expressions obtained in the previous sections and the
reported experimental results. For numerical computational purpose, the material constants of the layered
skin tissue and blood at the reference temperature are given as;

11



Epidermis:

A =827x10% kg/m s2, p=3.446 x 10" kg/m s, p = 1190 kg/m3, c. = 3600 J/kgK, k =0.235
W/mK

Dermis:

A =827x10" kg/m s?, p=3.446x10%kg/m s?, p=1116kg/m3, c.=3300J/kgK, o =1x10"*
/K, Ty=310K

Blood:
pp = 1060 kg/m?>, ¢, = 3770 /kgK, wp = 0.005 /s .

In addition, L = 1 x 1072 m. The non-dimensional thickness of the epidermis layer is » = 0.3 and
that of for dermis layer is [ = 1.5.

For numerical validation purpose, we have considered two different types of thermal shocks applied
on the skin surface: (i) Instantaneous point Heat source: f(t) = Lod(t) (where 6(¢) represents the
Dirac delta function), and (ii) Non-Gasussian laser pulse: as discussed in section-5.

For instantaneous point heat source, temperature distribution (Fig. 4), stress profile (Fig. 5) and
displacements (Fig. 6) are illustrated over non-dimensional depth from the skin surface. It has been
observed that due to thermal memory temperature distribution is not taking so ’flat’ nature from the
point of application. Consequently, the stress generated in epidermis layer can also be experienced at
dermis layer also.
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Figure 4: Distribution of temperature with location.
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Figure 6: Variation of displacement with location.

In the case of a laser-pulse applied on the skin tissue, the photon penetration into the skin depends
upon the wavelengths of the light and that yields the thermal stress into the skin layers. Here, the
distribution of temperature (Fig. 7), stress profile (Fig. 8) and comparison of displacements (Fig. 9) are
shown for two different wavelengths of laser-pulse (for computational purpose, we have taken ¢, = 1s).
At the wavelength 193 nm, experiments shows that photon can penetrate maximum 1.5 pm, that is its
impact should be absorbed by the epidermis layer. Whereas, at the wavelength 633 nm, it has been
proved that scattering would be the dominating factor over absorption, and the penetration depth is
almost 0.7 mm.
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Figure 7: Distribution of temperature for two different laser-pulse.
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Figure 9: Comparison of displacements for two different laser-pulse.

In the present article, we observe that at the wavelength 193 nm, temperature changes occurred in
the epidermis layer only. But, at 633 nm wavelength, temperature changes are observed beyond the 0.7
mm depth from the skin surface. Though the penetration depth of photon is 0.7 mm from the surface,
temperature change occurs beyond the penetration depth of photon in non-Gaussian laser-pulse.

Contrary to the temperature profile, stress generated into the epidermis layer only. At shorter wave-
length of laser-pulse skin layer experienced more thermal stress than longer wavelength.

There is a very small difference in displacement profile for two aforementioned wavelengths. Shorter
wavelength able to create more displacements.

Thus, the thermodynamic result goes(validate) with the optical experimental observations to some
extent.

9 Conclusion

In the present article, we have investigate thermodynamically the penetration depth of the non-Gaussian
laser-pulse into the human skin. From the numerical computational results you may conclude that:

1. A good agreement is found with optical analysis. At longer wavelength scattering coefficient is
much dominated factor over absorption coefficient.

2. For longer wavelength of laser pulse, the temperature changes experienced in the dermis layer
beyond the photon’s penetration depth.

3. On application of a point heat source, thermal memory in the heat conduction law yields a low
attenuation in the temperature as well as stress distribution.

4. This investigation illustrates that on increasing the wavelength of light used in skin therapy, there
is a corresponding increase in the temperature into the skin layers.
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