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ABSTRACT

This study provides an analytical investigation of the thermomechanical behavior of biological skin tissue subjected to harmonic
thermal loading within the framework of four thermoelastic theories. The four employed thermoelastic theories, namely the
classical dynamic coupled theory (CDC), the Lord—Shulman (LS) theory, the dual-phase-lag (DPL) theory, and the nonlocal
dual-phase-lag (NLDPL) theory, are utilised to represent various heat conduction mechanisms. The governing equations are
derived for skin tissues and solved using the normal mode technique in conjunction with an eigenvalue approach. Numerical
simulations are conducted to analyze the distributions of temperature, displacement, and stress fields, with the results illustrated
through two- and three-dimensional graphical representations. The effects of angular frequency and the nonlocal parameter on
the thermomechanical response are examined in detail. A comparative evaluation of the four thermoelastic theories (CDC, LS,
DPL, and NLDPL) highlights their respective capabilities under harmonic heating conditions. The findings offer valuable insights
into the behavior of skin tissues under varying conditions. These results may significantly contribute to the advancement of
treatments such as hyperthermia therapy and laser surgery, thereby potentially improving patient care.
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Introduction

The investigation of bioheat transfei in biological tissues has been an active area of research since the mid-twentieth century,
primarily due to its important biomedical applications, such as hyperthermia therapy, cryosurgery, laser treatment, and thermal
ablation. Accurately predicting the temperature distribution and the corresponding mechanical response is crucial for ensuring
the effectiveness and safety of these medical procedures. Human skin, in particular, plays a vital role in thermal protection and
regulation as it serves as the primary interface between the body and the external environment. The skin is a multilayered struc-
ture composed of the epidermis, dermis, and hypodermis, illustrated in Figure 1(b). The epidermis acts as a protective barrier,
the dermis contains blood vessels, nerves, and glands that are responsible for thermoregulation, and the hypodermis provides
insulation and mechanical cushioning. Due to its complex structure, strong thermo-mechanical coupling, and sensitivity to
external thermal stimuli, skin tissue presents significant challenges for accurate heat transfer modeling.

The classical and most influential framework for bioheat transfer is the Pennes bioheat equation, which incorporates
metabolic heat generation and blood perfusion while relying on Fourier’s law of heat conduction, as proposed by Pennes [1].
Although this model has served as the foundation for numerous investigations, its assumption of infinite thermal propagation
speed restricts its applicability, especially under rapid or high-frequency thermal loading conditions. To address thermo-
mechanical coupling, Biot [2] introduced the coupled dynamical theory of thermoelasticity, integrating elastic deformation with
heat conduction and providing enhanced congruence with experimental observations. Nonetheless, this theory still combines
hyperbolic mechanical equations with parabolic heat conduction, resulting in physical inconsistencies. The Lord—Shulman
(LS) theory [3], which introduces a single thermal relaxation time, circumvents the paradox of infinite heat propagation speed
and enhances the realism of the analysis of transient heat transfer. Further advancements led to the dual-phase-lag (DPL)
theory, independently proposed by Roy Choudhury [4] and Tzou [5], which incorporates distinct phase lags in heat flux and
temperature gradient. This model effectively captures non-Fourier heat conduction phenomena and thermal wave effects,
rendering it particularly applicable to microscale and biological heat transfer scenarios. Abouelregal et al. [6] proposed a new
dual-phase-lag (DPL) thermoelastic model for porous materials with voids, highlighting its relevance to construction, aerospace,



and biomedical applications. The nonlocal parameter signifies an inherent material length scale linked to the microstructure of
biological skin tissue, such as collagen fiber spacing and cellular dimensions. Due to the scarcity of direct experimental data for
skin tissue, the parameter is assigned a magnitude comparable to the characteristic microstructural length reported in scholarly
literature for soft biological tissues. It is regarded as a material-dependent constant and selected within a physically permissible
range widely utilized in nonlocal thermoelastic and bioheat models. A parametric analysis is performed to investigate its
impact on thermal and mechanical responses and to ensure a seamless transition from local to nonlocal behavior. Additional
progress was achieved through the nonlocal dual-phase-lag (NLDPL) theory proposed by Gupta and Mukhopadhyay [7] and
Eringen [8], which introduces spatial nonlocality alongside temporal phase lags. Abouelregal et al. [9] presented a generalized
thermoelastic formulation incorporating Eringen’s nonlocal elasticity and a fractional-order heat conduction model. This theory
is particularly effective for modeling skin tissue subjected to localized or high-frequency heating, where size-dependent effects
become significant.

Analytical approaches have played a crucial role in enhancing our understanding of bio-thermoelastic phenomena. Kumar
et al. [10] explored temperature profiles in biological tissues exposed to external heat sources, providing valuable insights
for medical applications. Hobiny and Abbas [11] utilized fractional time derivatives to investigate the thermo-mechanical
interactions in living tissues subjected to sudden heating. Zenkour [12] introduced a fractional-order thermoelastic model
for skin tissue under ramp-type thermal loads. Additionally, Sapa et al. [13] developed a heat conduction model based on
Pennes’ bioheat equation and thermodynamic principles, incorporating a single relaxation time. Bajaj et al. [14] studied the
nonlinear propagation of plane waves in a gravity-affected, transversely isotropic thermoelastic half-space, offering a new
perspective on this issue. Das et al. [15] analyzed the thermoelastic effects in an isotropic rectangular plate by integrating
nonlocal behavior within the framework of the dual-phase-lag (DPL) heat conduction theory. Lastly, Megahid [16] examined
higher-order thermal relaxation effects in skin tissue using the Moore—Gibson-Thompson (MGT) thermal model and normal
mode analysis, highlighting the importance of advanced solution methods in biological heat transfer.

Numerous studies have specifically addressed the thermo-mechanical behavior of skin tissue. Hu et al. [17] investigated
a finite-thickness skin layer employing a fractional dual-phase-lag bicheat model under conditions of instantaneous surface
heating. Marin et al. [18] performed a numerical analysis of a nonlinear hyperbolic bioheat equation with applications
to tumor treatment. Alqahtani et al. [19] introduced an analytical approach to examine thermomechanical interactions in
human tissues subjected to abrupt thermal loads. Abouelregal et al. [20] proposed a fractional-order model to study heat
transfer in nanomaterials by analyzing the thermoelastic vibration of one-dimensional nanostructures within the framework
of nonlocal elasticity theory. Abbas et al. [21] evaluated the thermo-mechanical response of two-dimensional skin tissue
under instantaneous heating, while Zhang et al. [22] applied the three-phase-lag (TPL) heat conduction model to analyze
thermal wave propagation in biological tissues. Zakria et al. [23] studied a fractional-order three-phase-lag thermoelastic model
to examine the effect of thermal relaxation parameters on the vibration of nonlocal thermoelastic nanobeams on Pasternak
foundations. Parmar et al. [24] investigated thermal damage in skin tissue utilizing the DPL model under ramp-type heating,
and Bera et al. [25] analyzed tumor tissue under electromagnetic hyperthermia, highlighting the significance of phase-lag
effects. Abbas et al. [26] investigated heat transfer in living tissue during magnetic tumor hyperthermia using a nonlocal bioheat
model formulated in spherical coordinates. Notwithstanding these efforts, comparative investigations that concurrently consider
nonlocal effects, harmonic thermal excitation, and multiple thermoelastic theories are relatively limited.

This study examines the thermomechanical response of skin tissue, which is modeled as a one-dimensional thick plate,
under harmonic heating. The investigation employs four different thermoelastic theories. The governing partial differential
equations are solved using normal mode analysis and the eigenvalue approach. We present both analytical and numerical results
through two- and three-dimensional graphical illustrations that depict the distribution of physical field variables in biological
skin tissue. The computations are carried out using MATLAB 2021a. To validate the proposed model, we compare its results
with published findings, showing strong agreement and confirming accuracy. Additionally, a comparative analysis of four
thermoelastic models (CDC, LS, DPL, and NLDPL) is conducted to explore their effects on the overall thermomechanical
behavior of the skin tissue. The findings reveal that angular frequency and nonlocal parameters significantly influence the
thermal and mechanical responses of the skin tissue.

Basic equations for the theoretical model

Biothermoelasticity provides a comprehensive framework that combines thermoelasticity principles with bioheat conduction,
offering insights into the thermomechanical behaviour of biological tissues. The governing equations for skin tissue, which
include two-phase lag effects and a non-local parameter, have been thoroughly developed and examined in studies by Abbas et
al. [21] and Islam et al. [27].
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Figure 1. (a) A schematic depiction of biological skin tissue illustrates a harmonic heat source applied at the boundary surface
x = 0, while the boundary at x = & remains free of stress and temperature for any duration. (b) The skin comprises three
primary layers: the epidermis, dermis, and hypodermis. Collectively, these layers serve to protect the body, assist in
temperature regulation, facilitate sensory perception, and store various substances and energy.

The equation of motion is given by
pti; = pu; jj+ (A + Wujij— a6, )]

where u; is the displacement components along the coordinate axis, 0 is the temperature of the tissues, p is the density of
the tissue mass, A and py are Lamé’s constant, & = (34 +21) oy is the thermoelastic constant. Here, ag denotes the coefficient
of thermal expansion.

The non-local bio-heat conduction in the presence of metabolic heat generation is given by
0 0 0 20 d
K (1 + Tg al‘) 971',' = (1 +A{qa + Tq&t) (pceat + Oleog(uk’k) — a)bpbcb(eb — 9) — Qm> R (2)

where « is the thermal conductivity, Tg and 7, are the phase lagging parameters of the temperature gradient and the heat flux, 4,
is the nonlocal parameter, 6 is the reference temperature, ) is the blood perfusion rate, p, and c¢; are the density of the blood
mass and specific heat, 6, represents the blood temperature, Q,, denotes the generation of metabolic heat in the tissue cell.

The relation between stress, displacement, and temperature is given by

G,-j:u(ui,j+uj,i)+(luk7k—Ol9)5ij, 3)

where o;; represent the stress components, and §;; denote the Kronecker symbol.
The strain-displacement field can be displayed as

1
5 (i j - uji). “@

This work introduces four different theories through the nonlocal bio-heat transportation equation (2) as follows:

e,-j =

(i) Classical dynamical coupled theory (CDC): 79 = 7, =0, and A, = 0.
(ii) Lord and Shulman (LS) theory: 79 =0, 7, > 0, and A, = 0.



(iii) Dual phase lag (DPL) theory: 7, > 79 > 0, and A, = 0.
(iv) Non-local dual phase lag (NLDPL) theory: 7, > 79 > 0, and /'Lq > 0.

Validation of the Proposed Model

The accuracy and reliability of the current mathematical formulation are confirmed by checking its consistency with earlier
published results in appropriate limiting scenarios. Simplifying the governing equations enables direct comparison with
well-known models in the literature.

(a) Neglecting the nonlocal parameter (1, = 0):
When the non-local parameter A, is zero, the current model simplifies to the local thermoelastic model. In this case, Eqs.
(1)—(3) match those in Algahtani et al. [19], confirming the mathematical consistency of the nonlocal extension and showing
that the model correctly reduces to classical results as a special case.

(b) Neglecting the phase-lag parameter of the temperature gradient (7o = 0) and the nonlocal parameter (1, = 0):
By further setting 79 = 0 and A, = 0, the governing equations reduce to a simplified thermoelastic framework consistent with
the model presented by Abbas et al. [21]. The agreement between the present results and previously published results verifies
the validity, reliability, and correctness of the proposed formulation and the adopted solution methodology.

Formulation of the problem

The outer layer of the skin tissue is modeled as a one-dimensional thick plate with linear, homogeneous, and isotropic thermal
properties. We have defined the coordinate system such that the x-axis stands perpendicular to the skin’s surface. For our
purposes, we imagine that the skin extends infinitely along both the y and z directions, as shown in Figure 1(a).

The equations (1) to (4) can be written in the following form:

%u d%u 00
Paap =A+2u)55 —a—, )
d\ %6 d 0 ( 00 2%u
K (1-'—7981‘) W = (1"‘1(1&)6 +Tqa;) \p’?eW‘Fae()m — U)bprb(Gb— 6) —Qm) y (6)
du
o-xx—()u+2,u)$—0£6 7

The non-dimensional variables are given by
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Utilizing the non-dimensional equation (8), the non-dimensional forms of equations (5) - (7) are delineated as follows:

represent the longitudinal wave speed parameter, and the thermal viscosity parameter.

%u  d%u dJ0

92 o “ox 9)
72 7°6 1iag 2l 4z, 2 (29 u +a,0—-0 (10
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99 ) 92 a5, g, o 1579, T
du
T ox 1
o ox @9 (11)
Where’ ay = I;%E’az = (liez()“)7a4 = %, and e = %



Solution procedure: Normal mode analysis

To solve this problem, we use the normal mode analysis technique. This method assumes that all physical field variables change
harmonically over time and can be written as products of functions that depend on space and time separately. So, the solution is
expressed in this form, as explained by Das et al. [28]

n(x,1) =n*(x)e (12)

where 1(x,1) = [u, 0, 0], n*(x) = [u*, 67,0/}, @ is the angular frequency, i = v/—1.

Using equation (12), the partial differential equations (9) and (10) convert into ordinary differential equations, which can be
written as follows:

du

2
- bl 13
) o u+a2dx, (13)
di@ a0’ as+io — 1,0% +it0as . a10(i—1,0) du  Ag(as+io+aiaio)ds (1 —I—ia)rq)Q (14)
a2~ (I+iteo)" (1 +itw) (1+itew) dx (1 +itgw)  dx  (1+itgw) "

The ordinary differential equations (13) and (14) can be reformulated into a vector matrix differential equation, expressed as
follows:

aw
— =AW+ f (15)
dx
0 O 1 0 —|
_ du  dOT 4 _ 0 O 0 1 _ T _ 9 .
where, W—[u 0 dx dx] JA= a1 0 0 - 3 f = [0 00 C45] . where c31 = —® ,C34 = Ay,
C41 Cip €43 Caa J
g Ae? _ atio-t0’tigoa a4 e(i—140) _ Mglagtiotaiarin) _ —(ltiot)
C41 = _(]+iggw)’c42 = (lfirgw) o= ’(1+irgfo) ,Caq =~ (titgw) 245 = (l+i179a)q) :

The eigenvalue approach is now employed to solve the vector-matrix differential equation (13). The characteristic equation
corresponding to the coefficient matiix A is given by:

AX = AX (16)

Here, X = [X;]j—1,34 represents the set of eigenvectors corresponding to the eigenvalues A = A; for j =1,.....,4. The
numerical computations are carried out using a programming language (MATLAB R2021a) built-in functions, which facilitate
the efficient determination of both eigenvalues and their corresponding eigenvectors.

According to the regularity condition as x — oo, as discussed by Das and Lahiri [29] and Das et al. [30], the general solution
of the differential equation (13) can be expressed as follows:

4
w=Y Xy, 17)
j=1
where,
yj = Ajet 4 M / Hje %¥dx. (18)
and Hj = (B"'f) where B=(X;), j=1,....,4. (19)

where A; are arbitrary constants.



Hence, the corresponding expressions for the physical field variables can be written as follows:
4 A H:
(u, 0) =Y (xj1,xj2)(A;e"" — #)- (20)
=1 j

Using this solution, equation (11) provides the expressions for the stress components, which are given as follows:

4
GxeZ(Alej—Nu% 21
j=1
where le = (/'ijjl — azsz)el-/x and Nlj = (szaij/lj).
The boundary conditions are applied to determine the values of the arbitrary constants A;’s (j=1,2,..,4).

Initial and Boundary Conditions

To evaluate the unknown constants in the analytical solution, the initial and boundary conditions corresponding to the physical
model depicted in Figure 1(a) are now specified. The biological skin tissue is modeled as a finite-thickness thermoelastic layer
h subjected to harmonic thermal excitation at the surface.

Initial Condition:
_ du(x,0) d0(x,0)
u(x,0) = ot ot

Boundary Condition: The boundary conditions associated with the present problem in biological skin tissues are defined
as follows-

=0,0(x,0) = = 0. 22)

Atx=0

0::(0,7) =0,60(0,1) = Opsin(wt),r >0, (23)
Atx=nh

Cux(h,t) = 0,0(h,t) = 0. (24)

The skin tissue is subjected to harmoric heating at the beginning of the tissue, while the surface temperature is assumed to
vanish at the plane x = h. By using these boundary conditions, the arbitrary constants A;’s (j=1,2,..,4) are to be determined.
Therefore, an analytical closed-form solution is obtained according to the consistent parametric value of the arbitrary constants,
which are used in the numerical computations.

Numerical results and discussions

We now investigate the nonlocal bio-heat thermoelastic problem numerically within the framework of the four theories, such
as the classical dynamic coupling (CDC) theory, Lord—Shulman (LS) theory, Dual-phase-lag (DPL) theory, and Nonlocal
dual-phase-lag (NLDPL) theory. The numerical results have been illustrated through a series of two- and three-dimensional
graphical representations to provide a comprehensive understanding of the thermal and mechanical responses for skin tissues
and blood cells. The programming language (MATLAB R2021a) has been used as an effective computational tool to perform
numerical simulations and generate the corresponding graphical output. For numerical computations, the values of the specific
physical parameters used for skin tissues and blood cells are as in Abbas et al. [21], and Zenkour et al. [12, 31], which are
given in tabular form in Table 1.

Significant effect under the four theories:

Figures 2 - 4 show the variation of the stress component (0Oy,), the temperature distribution (6), and the dilatation (e¢) with the
space variable (x) under four theories: CDC, LS, DPL, and NLDPL. The effects of the classical dynamical coupled theory
(CDC) (1 = 0.0,7, = 0.0,A, = 0.0), Lord and Shulman (L-S) theory (7 = 0.0, 7, = 0.25,4, = 0.0), the dual phase lag (DPL)
theory (79 =0.2,7, = 0.25,7Lq =0.0), and the nonlocal dual phase lag (NLDPL) theory (79 = 0.2, 7, = 0.2577Lq =0.15) are
described in skin tissue. This section provides a comparative analysis of the significant impact of four thermoelastic theories on
the behaviour of the biological skin tissue.



Table 1. Constants for materials required in numerical simulations at the reference temperature 6p=310 K.

Property Symbol Value Units

First Lamé parameter A 8.27 x 10% Nm?
Shear modulus u 3.446 x 107 Nm™2
Density P 1190 kg m~3
Blood density Pb 1060 kg m—3
Specific heat of blood Gy 3770 Jkg ' K!
Specific heat capacity Ce 3600 Jkg ! K™!
Thermal expansion coefficient o 1x107* K~!
Thickness parameter h 1.0 mm
Metabolic heat generation Om 368.1 Wm™3
Blood perfusion rate Wy 4.0 s7!
Thermal conductivity K 0.235 Wm! K!
Blood temperature 6y 310 K

Figure 2 illustrates the variation of normal stress (0y) along the distance (x) in skin tissue, as analysed using four thermoe-
lastic theories: CDC, LS, DPL, and NLDPL. The stress profiles exhibit a symmetric trend: decreasing in the range 0 < x < 0.5
and increasing in the range 0.5 < x < 1.0. The LS and DPL theories yield closely aligned results, indicating similar stress
predictions. The CDC model shows comparatively higher stress magnitudes. The NLDPL theory demonstrates a smoother
and more moderate stress distribution, attributed to its incorporation of nonlocal and microstructural effects. This highlights
the NLDPL model’s enhanced capability to accurately capture the mechanical behaviour of biological tissues under thermal
loading conditions.
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Figure 2. The variation of the normal stress component (0y,) along the distance (x) for four theories.

Figure 3 illustrates the variation of the temperature distribution (8) with dimensionless distance (x) within skin tissue, as
analysed through various thermoelastic theories: Classical Dynamical Coupled (CDC), Lord—Shulman (LS), Dual Phase Lag
(DPL), and Non-Local Dual Phase Lag (NLDPL). The findings suggest that the CDC theory tends to overestimate temperature
during transient states, making it less suitable for sophisticated biomedical applications, such as laser surgery or hyperthermia
therapy. The NLDPL theory exhibits more effective heat dissemination owing to its consideration of microstructural interactions,
thereby underscoring its potential for enhanced accuracy in biomedical applications. The LS theory demonstrates improved
performance under short-pulse heating conditions but still faces limitations in accurately capturing the thermal behaviour of
heterogeneous biological tissues.

Figure 4 illustrates the variation in cubical dilatation (e) across a dimensionless distance (x) within skin tissue, as forecasted
by four distinct thermoelastic theories: Classical Dynamical Coupled (CDC), Lord-Shulman (LS), Dual Phase Lag (DPL),
and Non-Local Dual Phase Lag (NLDPL). The influence of the cubical dilatation (e) in the contexts of DPL and NLDPL is
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Figure 4. Variation of the cubical dilatation (e) along the distance (x) under the four thermoelastic theories.

notably advanced, effectively capturing wave-like heat transfer phenomena and nonlocal strain effects, which are pivotal for
applications such as laser surgery, hyperthermia therapy, and ultrasound procedures. This figure demonstrates that the more
sophisticated models (DPL, NLDPL) provide enhanced accuracy when modelling the thermal and mechanical responses of skin
tissue under stress. Notably, NLDPL yields the most realistic predictions by integrating phase lags and non-local interactions,
making it especially advantageous for biomedical applications.

The analysis of Figures 2 to 4 emphasises that the NLDPL theory offers the most precise and realistic predictions of
thermoelastic responses in skin tissue by integrating both phase-lag effects and non-local interactions. In comparison with
the CDC, LS, and DPL models, the NLDPL model more effectively characterises stress, temperature variations, and cubic
dilatation behaviour under thermal loading conditions. Consequently, this model is particularly suitable for advanced biomedical
applications, including laser treatment, hyperthermia, and tissue engineering.

To facilitate quantitative benchmarking and enable direct comparison among different thermoelasticity models, the numerical
values of the normal stress (Oy,), temperature distribution (0), and cubical dilatation (e) at selected spatial locations are presented
in Table 2.

The numerical results presented in Table 2 pertain to the same material properties, boundary conditions, and spatial
coordinates as those utilized in the graphical representations. The table emphasizes the quantitative distinctions among the



Table 2. Benchmark numerical values of the normal stress (0. ), temperature distribution (6), and cubical dilatation (e) at
selected spatial locations for different thermoelasticity models (CDC, LS, DPL, and NLDPL).

x (mm) CDC LS DPL NLDPL
Oxx 0.1 -0.327676  -0.394877 -0.383572 -0.028689
0.5 -0.922320 -1.104010 -1.075510 -0.085644
0.9 -0.340152  -0.405454 -0.396898 -0.033469

0 0.1 40.26430  41.87880  41.69320  35.70800
0.5 38.76340  43.19910 42.75610  26.15520

0.9 11.21970  12.83830  12.72100 6.65990

e 0.1 3.224860  3.300110  3.295040  3.121840
0.5 2497720  2.707470  2.696880  2.222020

0.9 0.649772  0.727279  0.725486  0.554129

examined thermoelasticity models and supplies dependable benchmark data for subsequent analytical and numerical evaluations.

Significant effect of the angular frequency (w):

Figures 5 - 7 represent the variations of the normal stress component (Oy,), temperature distribution (8), and the cubical
dilatation (e) along the distance x according to fixed values of the angular frequency (@ = 0.80,0.85,0.90,0.95). The fixed
values of other parameters are 79 = 0.2, 7, = 0.25, and ),q =0.15. In this section, we discussed the significant influence of the
angular frequency on the behavior of the biological skin tissue.
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Figure 5. The variation of the normal stress component (0, ) along the distance (x) for fixed four values of the angular
frequency(w).

Figure 5 depict the normal stress component (0,,) varies along the spatial coordinate x for different angular frequencies
(0 =0.80,0.85,0.90,0.95). When @ = 0.90 and @ = 0.95, the normal stress (0y,) decreases from x = 0 to 0.5, then increases
from 0.5 to 1.0. In both cases, the stress stays negative throughout, indicating a compressive response. At @ = 0.80, Oy,
remains positive everywhere, reflecting a tensile behavior. This suggests that at lower frequencies, thermal expansion dominates,
preventing the formation of compressive stress regions. For @ = 0.85, the stress distribution shows intermediate behavior
between the tensile response at 0.80 and the compressive response at higher frequencies. Overall, these results underscore the
significant impact of angular frequency on the stress distribution and the thermoelastic response of the medium.

Figure 6 shows the temperature distribution (0) with the space variable (x), representing the depth of the skin tissue.
The temperature decreases gradually from the tissue surface (x = 0) to the deeper boundary (x = 1) for all values of the
angular frequency (@ = 0.80,0.85,0.90,0.95). Higher values of @ are also observed to lead to a noticeable increase in surface



e = 0,95

Figure 6. The temperature distribution (0) along the distance (x) for fixed four values of the angular frequency(w).

temperature. In particular, the maximum temperature at x = O rises from approximately 8 = 34 for @ = 0.80 to about 6 =41 for
o = 0.95. These results highlight the strong influence of the frequency parameter on the thermal response, which is important
to regulate the thermal dosage in treatments.

Figure 7. Variation of the cubical dilatation (e) along the distance (x) for fixed four values of the angular frequency(®).

Figure 7 illustrates the variation of the cubical dilatation (e) with respect to the space variable (x) for different angular
frequencies (@ = 0.80,0.85,0.90,0.95) under a harmonic heating boundary condition applied to the skin tissue. The results
show that the cubical dilatation (e) gradually decreases across the space domain for all the frequencies considered. As the
angular frequency increases from @ = 0.80 to @ = 0.95, the magnitude of volumetric stress consistently rises throughout the
tissue. This shows a clear relationship between the frequency of excitation and the amplitude of tissue deformation. Such
behavior is commonly encountered in studies involving wave propagation, acoustic fields, and mechanical vibrations in soft
biological tissues.

The results presented in Figures 5 - 7 demonstrate that angular frequency (@) has a significant impact on the thermoelastic
behavior of skin tissue under harmonic thermal loading. These findings indicate that higher excitation frequencies intensify
both thermal and mechanical effects in biological tissues, which is essential for understanding dynamic thermal therapies and
designing biomedical applications involving periodic heating.



Significant effect of the Non-local parameter (1,) :

Figures 8 - 10 describe the normal stress component(0y,), temperature distribution (8) and the cubical dilatation (e) with the
space variable(x) for fixed values of the non-local parameter (4, = 0.015,0.025,0.035,0.045). The fixed values of other param-
eters are Tgp = 0.2 and 7, = 0.25. In this section, we discussed the significant impact of the non-local parameter on the skin tissue.
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Figure 8. The variation of the normal stress component (0y,) along the distance (x) for fixed values of the non-local
parameter(4,).
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Figure 9. The temperature distribution (0) along the distance (x) for fixed values of the non-local parameter(A,).

Figure 8 illustrates the variation of the normal stress component (Cy,) with respect to the space variable (x) for fixed values
of the non-local parameter (Aq=0.015, 0.025, 0.035, and 0.045) in biological skin tissue. The analysis is conducted under
harmonic thermal excitation, assuming zero-stress boundary conditions at both ends of the tissue. The results show that the
normal stress is symmetric and reaches its peak at the minimum value at the point x = 0.5, reducing to zero at the boundaries.
As A, increases, the magnitude of the stress diminishes, indicating that stronger non-local interactions lead to a smoothing
effect in the stress distribution. This behavior highlights the influence of the non-local parameter in modulating internal stress
responses in thermally loaded biological materials.



e

--.A =0.035
q

- A =0.045
q

0.5 T . | | | | | | |
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

X

Figure 10. Variation of the cubical dilatation () along the distance (x) for fixed values of the non-local parameter(4,).

Figure 9 illustrates the temperature distribution (6) along the space variable (x) within a biological skin tissue subjected to
harmonic heating, for selected values of the non-local parameter (lqz 0.015, 0.025, 0.035, and 0.045). The thermal boundary
conditions are applied such that the temperature is prescribed at both ends of the tissue. Thie results indicate that the temperature
initially increases slightly, reaches a peak, and then gradually decreases toward the boundary. As the non-local parameter A,
increases, the overall temperature within the skin tissue decreases. This implies that the presence of stronger non-local effects
reduces the thermal response, acting to dissipate the heat more efficiently across the domain. The comparison among different
values of A, demonstrates the influence of non-local thermal conductivity on the internal temperature profile of the skin tissue
under transient heating.

Figure 10 illustrates the variation of the cubical dilatation (e) with respect to the space variable (x) within the skin tissue,
for fixed values of the non-local parameter (l: = 0.015, 0.025, 0.035, and 0.045). It is observed that the cubical dilatation
gradually diminishes along the spatial domain. As the value of A, increases, the cubical dilatation values exhibit a slight
decrease, suggesting that non-local effects mitigate the volumetric expansion of the tissue. The inset offers a magnified view
of the region surrounding x = 0.45 to 0.50, where the differences between the curves are more discernible. This behavior
indicates that higher non-local parameicr values tend to suppress the mechanical deformation caused by thermal loading. The re-
sults underscore the significance of considering non-local interactions in the analysis of the thermoelastic behavior of skin tissue.

The analysis of Figures 8 - 10 reveals that the non-local parameter (4,) significantly influences the thermoelastic response
of skin tissue under harmonic thermal excitation. As ).q increases, both the normal stress and the cubical dilatation decrease in
magnitude, while the temperature distribution becomes smoother and lower in intensity. These findings emphasize the role of
non-local effects in moderating thermal and mechanical behavior, which is crucial for accurate modeling of biological tissues in
biomedical applications.

Significant effect of three-dimensional distributions for the normal stress, temperature, displacement, and
the cubical dilatation:

Figures 11 - 14 illustrate the variation of the normal stress component (0, ), the temperature distribution (0), displacement
component (), and the cubical dilatation (e) along the distance (x) and time variable (r). The fixed values of other parameters are
79 = 0.2, 7, =0.25, and lq =0.15. In this section, the three-dimensional effects on biological skin tissue are examined in detail.

Figure 11 illustrates the variation of the normal stress component (0,) with the space variable (x) and the time variable ()
within skin tissue. The stress distribution displays a smooth, concave profile, wherein oy, attains its maximum compressive
value near the midpoint of both spatial and temporal domains. The surface plot demonstrates that the normal stress increases
gradually from the central region toward the boundaries along both spatial and temporal dimensions. The colour gradient
enhances the visualization of stress intensity within the domain, indicating that thermal and mechanical interactions within
the tissue evolve symmetrically with respect to both space and time. This behaviour underscores the coupled thermoelastic



Figure 12. The temperature distribution (0 ) along the distance (x) and time variable (¢).

response of the skin under transient loading conditions, emphasizing the significance of temporal and spatial effects on stress
distribution in biological tissues.

Figure 12 depicts the temperature distribution (0) as a function of the space coordinate (x) and time coordinate (¢) within
skin tissue. The temperature exhibits a gradual increase over time, demonstrating a clear propagation of heat from the boundary
towards the interior of the tissue. Initially, the temperature remains low throughout the domain; however, it steadily rises as time
advances, indicative of effective heat diffusion. The surface profile is smooth and continuous, emphasizing the thermal response
of skin under transient heating conditions. This behavior is essential for understanding heat distribution in biological tissues
and holds particular relevance for medical procedures such as thermal therapy and diagnostic applications involving heat transfer.

Figure 13 illustrates the displacement component () as a function of the space variable (x) and the time variable (¢). The
displacement consistently remains negative, indicative of a compressive effect across the tissue. As both time and spatial
coordinates increase, the displacement intensifies before gradually diminishing in magnitude, suggesting a recovery process.
This pattern signifies that the skin tissue exhibits a mechanical response to thermal influences. The smooth contour of the graph
suggests a stable and continuous variation in displacement, emphasizing the impact of thermoelastic interactions over temporal
and spatial domains. Overall, the figure offers valuable insights into the deformation behavior of skin tissue under coupled
thermal and mechanical conditions.

Figure 14 illustrates the variations in cubical dilatation (e) as a function of the space variable (x) and the time variable (¢)
within the skin tissue. As both time and space increase, the cubical dilatation correspondingly elevates smoothly, signifying a
gradual expansion of the tissue attributable to thermal effects. The surface plot illustrates how the expansion begins slowly
and gradually increases over time before eventually decreasing. This pattern reflects the tissue’s response to thermal load and
provides valuable information on the evolution of deformation in the skin under such conditions. These findings contribute to
the understanding of thermoelastic behavior in biomedical and thermal applications that involve soft tissues.



Figure 13. The displacement component () along the distance (x) and time variable (7).
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Figure 14. Variation of the cubical dilatation (e) along the distance (x) and time variable (¢).

Figures 11 - 14 demonstrate the significant influence of coupled thermoelastic effects on skin tissue under transient thermal
loading. The observed variations in stress, temperature, displacement, and the cubical dilatation reveal a smooth and consistent
response, indicating that thermal and mechanical interactions play a critical role in tissue deformation and heat propagation.
These findings are crucial for understanding biothermal behaviour in medical and biological applications.

Conclusion

This study presents a comprehensive analysis of the biothermal response of skin tissue, modeled as a one-dimensional thick
plate subjected to harmonic thermal loading, within the framework of four distinct thermoelastic theories. Employing normal
mode analysis combined with the eigenvalue approach, the variations in key physical field variables, including temperature,
displacement, cubical dilatation, and stress, were systematically examined. The numerical results, illustrated graphically, reveal
the significant effects of the angular frequency () and the nonlocal parameter (A,) on the thermoelastic behavior of skin tissue.
A comparative evaluation of four thermoelastic models (CDC, LS, DPL, and NLDPL) demonstrates the improved accuracy
and effectiveness of the nonlocal dual-phase-lag (NLDPL) model in capturing coupled thermal and mechanical phenomena in
biological tissues.

The key observations are summarized as follows:

i) The numerical analysis of the nonlocal bioheat transfer model yields valuable insights and highlights distinct improve-
ments compared with the CDC, LS, DPL, and NLDPL models.



ii) The results indicate that the angular frequency (®) has a significant influence on the thermoelastic behavior of the skin
tissue.

iii) The analysis shows that the nonlocal parameter (A,) plays a critical role in influencing the thermoelastic response of the
skin tissue under harmonic thermal excitation.

iv) Variations in normal stress, temperature, displacement, and cubical dilatation are smooth and consistent, indicating the
important interplay between thermal and mechanical effects in the skin tissue deformation and heat propagation.

v) Hyperthermia offers an exciting possibility as a treatment approach. By gently warming tumor tissues to between 40 °C
and 44 °C, especially above 42.5 °C, we can increase the susceptibility of cancer cells to heat-induced apoptosis. The treatment
tends to be more effective at higher temperatures, making it a promising area of ongoing research.

These findings enhance the understanding of how biological skin tissue responds to thermal and mechanical loads, which is
essential for medical applications such as laser therapy, thermal imaging, and hyperthermia. By analysing stress, temperature,
displacement, and volumetric dilatation using advanced thermoelastic models, researchers can more precisely predict tissue
behavior under various conditions. This knowledge underpins the development of safer and more effective clinical treatments,
contributing to an enhanced understanding of tissue response in biomedical applications.
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