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A B S T R A C T

The primary focus of this study is to analyze comparative heat transfer in a two-dimensional (2D)
multilayered human skin using thermal waves and Pennes’ bioheat transfer models. The model
comprises the epidermis, dermis, hypodermis tissue, and inner cells, and aims to understand their
response to microwave (MW) power and electromagnetic (EM) frequency. The system of equa-
tions involves EM wave frequency and bioheat equations and uses the finite element method
(FEM) for solving. It encompasses a range of microwave power levels (4–16 W), frequencies
(0.9–4 GHz), and exposure durations (0–180 s). It examines how MW power and frequency affect
temperature predictions due to different relaxation times. The results are visually represented,
illustrating microwave power dissipation, isothermal profiles within the skin tissue, temperature
trends at several locations, relaxation times, specific absorption rate (SAR), and the mean surface
temperature of the multilayered dermal cell. Thermal analysis shows that Pennes’ equation
predicts higher temperatures than the thermal wave model of bioheat transfer (TWMBT). A
notable disparity in temperature evolution is observed between the two models, especially in
high-frequency transient heating scenarios. The TWMBT forecasts a delay in heat transfer, of-
fering valuable insights into the more realistic short-term thermal behavior that the classical
Pennes’ model fails to capture. This comparative study underscores the significance of selecting
an appropriate bioheat transfer model for precise thermal analysis in biomedical applications,
such as hyperthermia treatment and thermal diagnostics. The findings emphasize the potential of
the TWMBT to enhance the accuracy of thermal treatments in clinical settings.

Nomenclature

Ai Area of the different skin layers (m2)
c Specific heat of skin tissue (J/kg.◦C)
cb Specific heat of blood (J/kg.◦C)
Ct Speed of the thermal wave (m/s)
E Electric field intensity (V/m)
f Microwave frequency (Hz)
H Height of the computational domain (m)
K Thermal conductivity (W/(m.◦C))
k Wave number (m− 1)
k0 Wave number of free space (m− 1)
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(continued )

n Normal vector
P Input microwave power (W)
Pabs Absorbed microwave power (W)
qmw Heat flux due to microwave power absorption (W/m2)
Qmet Metabolic heat source (W/m3 )

Qext External heat source (W/m3)
S Effectiveness of the microwave absorption
SAR Specific absorption rate (W/kg)
T Actual temperature (◦C )

Tb Temperature of blood (◦C)
Tm Mean temperature (◦C)
t Time (s)
W Width of computational domain (m)
z Penetration depth (m)
Greek Symbols
α0 Thermal diffusivity (m2 s− 1)
α(f) Frequency-dependent attenuation coefficient
ε0 Permittivity of free space (F/m)
εr Relative permittivity
μ Permeability (H/m)
μr Relative permeability
λ Wave length (m)
η Absorption efficiency
ρb Density of blood (kg/m3)
σ Electric conductivity of tissue (S/m)
τ Relaxation time (s)
ω Angular frequency (rad/s)
ωb Blood perfusion rate (1/s)

1. Introduction

The human skin has four layers: the epidermis, dermis, hypodermis, and underlying cells. Microwave radiation can affect biological
tissues, causing thermal and physiological effects. Bioheat transfer examines thermal energy exchange in biological tissues, including
heat generation, absorption, transmission, radiation, and conduction.

Understanding the interaction between microwave energy and biological tissues, particularly in the context of skin, is crucial for
various fields. Accurate monitoring and analysis are necessary to ensure safety and effectiveness [1]. Researchers use measurable data
to understand how EM energy is absorbed by the human body when directly exposed to intense radiation [2–4].

The effects of absorbing EM energy depend on factors like intensity, waveform, frequency, and duration of exposure [5]. Millimeter
waves (mmWs) are primarily absorbed by the skin, leading to localized temperature changes [6]. The absorption of electromagnetic
energy by biological tissue leads to ion acceleration and molecular collisions, raising the local tissue temperature. Even a slight in-
crease in body temperature (1–5 ◦C) can have adverse effects, including deformities, brain lesions, temporary male infertility, and
changes in blood chemistry [7].

Prior studies have reported on the effects of radiofrequency (RF) and microwave radiation on human body temperature. Peyman
et al. [8] studied the impact of RF radiation on SAR values in children. Wessapan et al. [9] used bio-thermal equations to investigate
temperature increases in the brain, eyes, and human trunk caused by RF waves. Kojima and colleagues [10] studied the effects of
thermal changes caused by millimeter waves on the eyes. In 2006, Stewart and associates [11] examined skin heating from prolonged
exposure to 94 GHz. Mukeddes et al. [12] observed the intensity of burns from heat exposure on human skin. The threshold values for
incident power density have been authoritatively established by Lin andWang [13], as well as confirmed by Ziskin andMorrissey [14].
The foundational framework for understanding heat transfer within human tissue was formulated by Pennes in 1948 through the
bioheat equation (BHE). Researchers have adapted Pennes’ model to create mathematical bioheat models for specific scenarios. Tissue
damage becomes irreversible at 40–45 ◦C temperatures after prolonged exposure [15].

In their 2017 study, Lin and Li [16] analyzed heat conduction in the three-layer structure of human skin using a semi-analytical
approach. They investigated the effects of different parameters on temperature fluctuations and thermal damage potential. Amare
et al. [17] conducted human body heating experiments using a sophisticated replication infrastructure. Gurung and Shrestha [18]
studied abnormal thermal regulation in human skin, highlighting temperature changes due to sweating and ambient fluctuations.
Dutta et al. [19] provided an exact analysis of bio-heat transfer models, including classical, single-phase-lag, and dual-phase-lag, for a
single layer of living tissue. This analysis enabled precise predictions of thermal responses, which can assist in optimizing treatment
protocols for thermal therapies. Keangin and colleagues [20] conducted numerical simulations of liver cancer treatment, considering
heat transfer, electromagnetic wave propagation, andmechanical deformation in biological tissues. The research also covered a variety
of antenna types and the effects induced by porous media [21,22].

Biswas et al. [23] studied microwave ablation for liver cancer therapy, focusing on temperature, MW power, and SAR distribution
assessments. Expanding upon these foundations, a more expansive TWMBT was introduced by Tung et al. [24], Fazlali et al. [25],
Dutta and Kundu [26], and Marin et al. [27]. Their contributions sought to enhance the understanding of bioheat transfer in living
tissues, a domain marked by its intricate nature. The intricacies of diverse biological environments, such as the human body,
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emphasize the importance of relaxation time in influencing the speed of electromagnetic wave response to heat conduction in bio-
logical tissue [28].

The thermal relaxation time for meat products is approximately 20–30 s [29,30]. Biological materials have longer relaxation times
compared to conventional materials. Rapid heating processes like burn injuries, scald treatments, freeze injuries, laser radiation, and
traditional cancer hyperthermia procedures show distinct thermal wave properties.

The complexities of thermal wave effects in bioheat transfer are not well understood. Traditional modeling approaches like Pennes’
equation are inadequate. To fill this gap, Liu and colleagues [31] used the separation of variables method to study one-dimensional
thermal wave bioheat transfer in a finite medium. Dutta et al. [32] and Kundu [33] applied the separation of variables method to
derive the exact temperature response in biological tissue for both Fourier and non-Fourier heat conduction models, specifically in
therapeutic applications. However, there is limited research on the effects of relaxation times on heat transfer in the cranial region. To
our knowledge, Kaur and Khan [34] are the only researchers able to estimate thermal alterations in the human head when exposed to
MW radiation. Kaur studied the effect of relaxation times on abdominal temperature variations from 2450 MHz MW exposure at
different power levels. Subsequent studies have demonstrated that higher relaxation times correspond to lower predicted temperatures
[35–42].

Based on the evaluation above, it becomes evident that numerous researchers have focused on studying thermal transport in dermal
cells confronted with MW through utilizing TWMBT. However, according to the author’s insights, certain areas warrant further
investigation, including.

• Although thermal transport in human skin tissues exposed to microwave radiation using TWMBT has profound implications,
research has been scarce in this domain.

• This field offers considerable opportunities to predict temperature distribution inside different layers of the human skin.
• The investigation of strategies for managing the escalating unsteady temperatures associated with varying microwave input power
and frequency has remained relatively unexplored.

This analysis’s fundamental objective is to give researchers profound insights into the judicious employment of plane microwave
exposure. This encompasses the meticulous consideration of pivotal factors, including carefully selecting the most suitable MW fre-
quency, the precise determination of input power levels, and the astute incorporation of relaxation time. The anticipated outcomes
arising from the diligent pursuit of this study are poised to function as a wellspring of inspiration for both the readership and fellow
researchers, effectively catalyzing a deeper foray into the intricate domain of thermal analysis concerning dermal cells during MW
radiation, with a specialized focus on the TWMBT.

We take the initiative to explore the following.

• It offers a comprehensive comparative analysis of how two-dimensional multilayered skin tissue responds thermally to MW
exposure of TWMBT and Pennes’ models.

• The impact of various factors such as MW input power, frequency, and relaxation time on microwave power dissipation density and
the isothermal line absorbed by skin tissue is investigated.

• The intricate dynamics involving bioheat transfer, the temperature field, and the progression of EM waves within the context of
genial dermatological cells when they endured direct exposure to intense MW radiation is observed.

• The spatial distribution of SAR throughout the entire dermal tissue, along with the average temperature and surface temperature
distribution, is encompassed.

In essence, this numerical investigation is designed to establish itself as an enduring foundational reference, one that is strategically

Fig. 1. Four-layered human skin model.
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poised to provide invaluable guidance and insights for medical practitioners. It is an indispensable resource for those within the
medical community who harbor a genuine interest in broadening their understanding of clinical thermal technology and the various
facets of thermal medical practices. This sets our research apart from previous research.

2. Physical model

This model, characterized by intricacy, encompassed four distinct layers: the outermost superficial layer, underlying dermis, hy-
podermis, and subjacent cells that served as representations of the body’s core. The propagation of electromagnetic fields emanating
from an EM radiation device towards the human self is visually portrayed in Fig. 1. A uniform distribution of incident irradiance per
unit area across the entire exposure area is assumed for the sake of the analysis. Comprehensive breakdowns of the dielectric properties
of the dermal layers at diverse frequencies and the corresponding thermal properties associated with these layers are provided in
Tables 1 and 2 in our documentation. In the direction of the x-axis, the transverse magnetic (TM) plane MW is applied to the human
body’s skin model. The computational domain has width, W (=0.03 m) and height, H (=0.02 m). The FEM is utilized in our math-
ematical inquiry, and a virtualization software governed by a couple of partial differential equations (PDEs) is employed for
computational procedure.

3. Governing equations

Adopting a 2D model like the TWMBT provides several benefits when studying temperature distribution within human skin. It
offers better spatial resolution, accommodates complex boundary conditions, improves accuracy in temperature predictions, and al-
lows for more precise visualization and interpretation of results. This model employs the bioheat transfer interface and the electro-
magnetic frequency domain interface for transient analysis.

3.1. Electromagnetic wave frequency model

To streamline the complexity of this research, we have embraced the following assumptions.

❖ The interaction between human skin and microwaves occurs in an unobstructed environment, meaning the skin model lacks
surrounding walls or metallic enclosures.

❖ Scattering boundary conditions are applied to confine the electromagnetic fields in free space.
❖ The microwaves are considered plane waves, specifically in the TM mode, traveling in the positive x-axis direction.
❖ Uniform and consistent dielectric properties are assumed across all tissue layers.

Electromagnetic wave propagation within human skin involves the utilization of Maxwell’s equation (1) according to Ref. [34].

∇×
1
μr

(∇ × E(x, y, t) ) − k20

(

εr −
jσ

ωε0

)

E(x, y, t) = 0, (1)

where, electric field intensity E (V/m), relative magnetic permeability μr, relative permittivity εr, permittivity of free space ε0 =

8.8542× 10− 12 (F /m), imaginary unit j =
̅̅̅̅̅̅̅
− 1

√
, wave number in free space k0

(
m− 1), biological tissue conductivity σ, and angular

frequency ω (rad/s).
For this research, the boundary and the initial conditions are considered to be the same for both the physics of EM wave frequency

and bioheat transfer.

3.1.1. Boundary and initial conditions for wave propagation [23,34]
Intrinsic scattering boundary conditions proficiently avert the advent of undesired reflective phenomena. At the outer edges of the

computational domain (Fig. 2) it is equation (2):

n× (∇× E(x, y, t)) − jkn× (E(x, y, t) × n) = 0
or, − n× (E0(x, y, t) × jk(n − k))exp( − jk • r(x, y)) = 0

}

. (2)

where, k, E0(x, y, t) and n assume wave number
(
m− 1), incident plane wave (V/m) and normal vector, respectively.

Wave port boundary condition governs the incident plane microwaves in the TM mode as they impinge upon this region of the

Table 1
Thermos-physical characteristics of several dermal structures [1].

Layer Specific heat cp Thermal conductivity k Mass density ρ Blood perfusion rate ωb Thickness x ​ (m)

Epidermis 3578–3600 0.21–0.26 1200 0 7.0E-4
Dermis 3200–3400 0.36–0.52 1200 1.5 0.0012
Subcutaneous 2288–3060 0.16–0.21 1200 1.5 0.008
Inner tissue 4000 0.5 1200 1.5 0.02
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dermal cell (equation (3)).

S=
∫∫
((E(x, y, t) − E1(x, y, t)).E1(x, y, t))dAi∫∫

(E1(x, y, t).E1(x, y, t))dAi
. (3)

Where S represents a measure of the effectiveness of the MW absorption, E1(x, y, t) designates the wave port’s fundamental electric
field (V/m), Ai is the area (m2) of the epidermis layer (i = 1).

3.2. Bioheat transfer model

To mitigate the intricacy inherent in the research, we introduce the subsequent assumptions.

❖ Cutaneous cells are biomaterials characterized by unalterable thermal properties attributes.
❖ There are no alterations in the phase of substances.
❖ Localized thermal equilibrium between the circulatory blood and the adjacent tissue.
❖ The absence of chemical reactions is a prevailing characteristic within the confines of the cutaneous cell.

Two pertinent thermal models are harnessed to scrutinize and elucidate tissue behavior concerning the intricate dynamics of heat
transfer when confronted with exposure to MW radiation. The Pennes’ bioheat transfer model, which incorporates perfusion and
metabolic heat generation, is compared with the thermal wave model that considers finite thermal propagation speed, introducing a
hyperbolic nature to the heat conduction equation.

3.2.1. Model I: Pennes’ bioheat equation (BHE) [45,46]
Pennes’ bioheat equation proves to be a highly effective approach for characterizing the heat transfer mechanisms within the tissue

in equation (4):

ρc ∂T(x, y, t)
∂t =∇.(K∇T(x, y, t))+ ρbcbωb(Tb − T(x, y, t))+Qm(x, y, t) + Qext(x, y, t). (4)

where, density ρ (k g/m3), specific heat at constant pressure c (J/kg.K), thermal conductivity K (W/m⋅K), blood density ρb (k g/ m3),

Table 2
The electro-insulative characteristics of the stratified dermal structures across diverse frequency domains [5,9,34].

Layer f = 0.9 GHz f = 1.8 GHz f = 2.45 GHz f = 4 GHz

εr σ εr σ εr σ εr σ

Epidermis 3.02 0.011 4.08 0.12 4.01 0.010 3.07 0.111
Dermis 5.12 0.242 5.11 0.66 5.00 0.383 4.68 0.498
Subcutaneous 4.81 0.033 4.20 0.32 4.68 0.091 3.98 0.130
Inner tissue 27.85 0.345 24.70 0.98 24.32 0.965 25.40 1.415

Fig. 2. Boundary conditions.
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blood specific heat cb (J/kg⋅K), the tissue temperature at any point and blood temperature T(x, y, t) and Tb (◦C), respectively, blood
perfusion rate ωb (1/s), power density induced by metabolic process, and external heat source Qm(x, y, t) and Qext(x, y, t) (W/ m3),
respectively.

The expression∇.(K∇T(x, y, t)) of equation (4) encapsulates the fundamental concept of heat conduction operative within the skin
tissue, drawing its theoretical foundation from Fourier’s law (equation (5)):

q(x, y, t) = − K∇T(x, y, t). (5)

Blood perfusion is a mechanism to estimate and approximate the heat conduction between the tissue and the blood flow, expressed
by:

ρbcbωb(Tb − T(x, y, t)).

3.2.2. Model II: thermal wave model of bioheat transfer (TWMBT)
The pioneering concept of thermal lag is meticulously interwoven into the core of Fourier’s law by deliberately introducing a

relaxation time parameter unequivocally denoted as ‘τ’. This innovative development is elegantly presented and outlined in equation
(5), exemplified as follows (equation (6)):

q(x, y, t+ τ)= − K∇T(x, y, t). (6)

We can derive a novel TWMBT, where τ = α/C2
t , with α and Ct denoting the thermal diffusivity (m2/s) and speed of the thermal

wave in the medium (m/s).

ρcτ ∂2T(x, y, t)
∂t2 =K∇2T(x, y, t) − ρb cb ωb T(x, y, t) − (τρb cb ωb + ρc) ∂T(x, y, t)

∂t + ρb cb ωbTb(x, y, t)+Qmet(x, y, t)

+Qext(x, y, t)+ τ ∂Qmet(x, y, t)
∂t + τ ∂Qext(x, y, t)

∂t .

(7)

Where, ∇ =

(

i ∂
∂x + j ∂

∂y

)

, and ∇2 =

(
∂2

∂x2,
∂2
∂y2

)

.

Since Qmet is assumed zero in our analysis, equation (7) can be re-written as:

ρcτ ∂2T(x, y, t)
∂t2 =K∇2T(x, y, t) − ρb cb ωb T(x, y, t) − (τρb cb ωb+ ρc) ∂T(x, y, t)

∂t + ρb cb ωbTb(x, y, t)+Qext(x, y, t) + τ ∂Qext(x, y, t)
∂t .

(8)

It is paramount to emphasize that when the τ assumes a null value, denoted as τ = 0, within the construct of equation (8), it
undergoes a remarkable metamorphosis, effectively reverting to the original state as represented by equation (4).

3.2.3. Boundary and initial conditions for bioheat transfer [23,32,34,43]
The boundary conditions are explicitly defined as follows (equations (9)–(12)):

At x=0, − k
∂T(0, y, t)

∂x = qmw . (9)

At x=W,
∂T(W, y, t)

∂x = 0 . (10)

At y=0,
∂T(x,0, t)

∂y = 0 . (11)

At y=H,
∂T(x,H, t)

∂y = 0. (12)

The heat flux due to MW (or mw) power absorption of equation (9) is

qmw= ηPabs
Ai

, (9a)

and the absorbed MW power (Pabs) is related to frequency (f) and power (P) such as

Pabs[W] =P
(
1 − e− 2α(f)z), (9b)

Thus, the boundary condition of (9) can be written as:

− k
∂T(0, y, t)

∂x = η
P
(
1 − e− 2α(f)z

)

Ai
(9c)
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where, z is the penetration depth (m) of the MW into the tissue, α(f) is the frequency-dependent attenuation coefficient, η is the ab-
sorption efficiency of the MW energy, Ai is the area (m2) of the epidermis layer (i = 1) over which the MW is applied.

The mean temperature of the skin tissue layer domain can be evaluated using equation (13) as Biswas et al. [23]:

Tm(t)=
∫∫
T dAi∫∫
dAi

, (13)

where Ai is the area (m2) of the different skin layers and i= 1, 2, 3, 4, 5 represents the epidermis, dermis, subcutaneous, inner layer, and
total computational domain, respectively.

Fig. 2 represents the total boundary conditions of this model at a glance.

3.3. Interaction of human tissues and EM fields [23]

The heat generated by the dissipation of an electromagnetic wave in tissue is referred to as the equations’ (4, 8) external heat source
(Qext). In microwave heating, the applied heat load function (Qext) represents the power absorbed per unit volume of tissue due to
microwave exposure. The absorbed EM heat source density Qext (W/m3) is formally defined as follows (equation (14)):

Qext(x, y, t)=
1
2

σ(E(x, y, t) • E(x, y, t)), (14)

where σ is electrical conductivity (S/m).
When EMwaves propagate through the tissue, the tissue absorbs the energy of the waves. When determining the electric field value

at a point within skin tissue, the heat generated from MW-associated EM energy is calculated using equation (14).
The microwave frequency and power influence the magnitude and distribution of this heat load function. The SAR constitutes a

metric designed to assess and quantify the mean power absorption per unit of mass in cellular material (equation (15)).

SAR=
σ(E(x, y, t) • E(x, y, t))

2ρ (W / kg). (15)

4. Solution procedure

The FEM is employed in conjunction with Galerkin’s method of weighted residual [47]. The primary objective is the solution of a
2D numerical model of a BHE, which involves a system of intricate PDEs (1, 4–5). The comprehensive system of governing equations,
encompassing time-dependent BHE and EM wave frequency considerations, is expertly solved, diligently considering the specified
initial and boundary conditions. The endeavors culminated in acquiring an unsteady solution, effectively spanning the temporal range
(0–180 s), providing a detailed representation of the evolving temperature field over the specified time interval.

In the methodology adopted, the expansive solution domain is subjected to meticulous discretization, resulting in its thorough
partition into finite element meshes, primarily characterized by the strategic inclusion of non-uniform triangular elements across
various domains and boundaries. Subsequently, equation (1) and (4–5) underwent a systematic transformation, leading to their
evolution into a comprehensive system of integral equations. The paramount variables encompassed by these governing equations
included the electric field (E) and temperature (T). The Gauss quadrature method and exact integration formulas are meticulously and
thoughtfully employed to ensure the precision of numerical integration for every constituent term.

The resulting algebraic equations are adjusted to account for boundary conditions. We employ six-node triangular elements, each
associated with the electric field and temperature, to maintain consistency with our numerical research. The resolution of this

Fig. 3. Mesh generation of the computational domain.
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comprehensive set of linear algebraic equations is determined using the Newton-Raphson iteration technique. Following this trans-
formation, the linear algebraic equations are addressed using a triangular factorization method. The convergence criterion for the
solution procedure is precisely defined as

⃒
⃒ψ i+1 − ψ i

⃒
⃒ ≤ 10− 4, where ‘i’ represents the number of iterations, and ‘ψ’ is a function that

depends on both E and T [43,44].

4.1. Mesh generation

The strategy for mesh generation is defined by non-uniform triangular elements, with each component comprising six nodes
distributed across the domain. Separate mesh generations are made to consider four layers to calculate thermal response. Fig. 3 il-
lustrates the generation of the finite element mesh in an ‘extra fine’ configuration. In this meshing setup, the computational region
encompasses numerous vertex and edge elements, ensuring a minimum element quality. The aggregate count of elements is 47,976,
consisting of 5041 for vertex elements and 5890 for edge elements, each representing their respective element quality. Specific element
sizes are stipulated in this particular mesh configuration, with a maximum length of 6.0E-4 m and a minimum of 2.25E-6 m.
Furthermore, the curvature mesh resolution is established at 0.25, while the resolution for narrower regions is designated 1. The upper
limit for element growth rate has been restricted to 1.2.

4.2. Grid-independent test

To perform a comprehensive grid sensitivity analysis, we examine five distinct mesh configurations, with each configuration being
delineated by the subsequent parameters: frequency (f) 2.45 GHz, power (P) 12 W, relaxation time (τ) 20 s, and time (t) 180 s.
Corresponding grid concentrations are 20,463 degrees of freedom, 2072 elements; 22,546 degrees of freedom, 2277 elements; 29,507
degrees of freedom, 2938 elements; 58,907 degrees of freedom, 5890 elements; and 1,82,970 degrees of freedom, 18257 elements. The
optimum value of the SAR is assumed to be the supervising parameter for checking the correctness of the numerical solution.
Considering values of obtained SAR, the current simulation is conducted with grid management of 58,907 degrees of freedom and
5892 elements. Table 3 shows that any additional development in precision does not occur with a superior number of degrees of
freedom and finite elements.

4.3. Coding validation

The study validates the temperature versus time results obtained from the current code by comparing them with those of Torvy and
Dale [48], as shown in Fig. 4. The comparison illustrates the temperature-time histories for the basal layer of human skin exposed to a
flash fire with a heat flux of 4186 W/m2 for the initial 10 s and 0 W/m2 from 11 to 60 s, serving as a benchmark. The researchers
utilized Pennes’ bioheat transfer model as the governing equation and employed the finite element method (FEM) to solve the model.
The data is extracted from their research using GetData Graph Digitizer software. In this code validation, the x-axis represents time
(0–60 s) and the y-axis represents temperature (35–55 ◦C). Both datasets exhibit a similar pattern: initially, the temperature rises to
around 52 ◦C at 30 s, followed by a decrease. The maximum error value is measured as 1.74 % for this coding validation. The
agreement between the current code result and Torvy and Dale’s [48] results is excellent. This agreement demonstrates the reliability
of our coding and boosts our confidence in applying it for further research.

5. Results and discussions

The human skin model meticulously implemented within our simulation framework comprised a carefully delineated architecture,
encompassing four distinct strata: the depth of the air domain is 1.0E-5 m; epidermis characterized by a depth of 7.0E-4 m; the dermis,
extending to a depth of 0.0012 m; the hypodermis layer, which possessed a thickness of 0.008 m; and the subjacent cells, spanning to a
depth of 0.02m. This intricate model adhered to specific spatial dimensions, measuring 0.03m along the x-axis and 0.02m along the y-
axis, ensuring a precise and accurate representation of the complex anatomical structure under scrutiny. We explore the effects of
microwave frequency (f), input power (P), and relaxation time (τ) over a wide range of values, spanning 0.9–4 GHz, 4–16 W, and 0–40
s, respectively. The numerical simulation covers a time range from 0 to 180 s. This investigation emphasizes a specific and intentional
focus on thoroughly examining the thermal dynamics associated with skin exposure to MW radiation.

5.1. Effect of EM frequency

Figs. 5–9 elucidate the intricate dynamics whereby MW frequencies spanning the spectral expanse from 0.9 to 4 GHz exert

Table 3
Grid test with f = 2.45 GHz, P = 12 W, τ = 20 s, and t = 180 s.

Mesh type Normal Fine Finer Extra Fine Extremely Fine

Degrees of freedom 20463 22546 29507 58907 182970
Elements 2072 2277 2938 5890 18257
SAR (W/Kg) 357.5132 357.8341 358.0154 358.1013 358.1014
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discernible influence upon an array of parameters intricately linked to the phenomenon of MW absorption within the complex milieu
of human dermal tissue using TWMBT. In these simulations, a relentless adherence to unvarying values is observed concerning
supplementary parameters, wherein the magnitude of power remains fixed at P = 12 W, and the duration of exposure remains in
unwavering stasis at τ = 20 s.

Within the confines of Fig. 5 (i-iv), we discern a meticulously portrayed representation of the microwave power density undergoing
absorption by the dermal tissue layer at a specific temporal juncture denoted by t = 50 s, in the context of four discrete microwave
frequencies, namely, 0.9 GHz, 1.8 GHz, 2.45 GHz, and 4 GHz. The graphical representation in question elucidates that microwave
absorption is highest near the region where the incident waves are nearly plane. Additionally, the differences between absorption

Fig. 4. Temperature versus time scenario between the results of (Torvy and Dale [48]) and present code.

Fig. 5. Impact of MW frequencies (f), (i) 0.9 GHz, (ii) 1.8 GHz, (iii) 2.45 GHz, and (iv) 4 GHz, on MW power dissipation density absorbed by skin,
with P = 12 W, τ = 20 s, and t = 50 s.
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levels for the four tested frequencies diminish as frequency increases. Notably, when the frequency reaches 4 GHz, the heated area
becomes small and is not uniformly heated simultaneously. As the frequency continues to increase, the entire skin layer experiences
heating. In close adjacency to the vicinity of exposure, characterized by the vehement concentration of the heat source, one discerns
the manifestation of elevated thermal states. In contrast, at a greater remove from the immediate reach of the incident waves, wherein
the influence of the heat source decreases, the physiological circulatory system of the organism adeptly manages to uphold the tissue’s
temperature at the standard equilibrium of the human body. The derived computational assessment of microwave heat source density
evinces its most elevated magnitudes near the designated exposure zone.

Fig. 6 (i-iv) shows thermal distribution contour lines in biological tissue at a specific time (t = 50 s) for four distinct microwave
frequency values. These contour lines are consistent and illustrate the computed ellipsoidal shapes. Within the scope of our analytical
investigation, we embarked upon our scholarly endeavor by establishing an initial skin temperature quantified at 37.150 C. Precisely,
at the discrete microwave frequencies of 0.9 GHz, 1.8 GHz, 2.45 GHz, and 4 GHz, our observations unveil the attainment of maximal
temperature increments, which manifest as 39.12 ◦C, 39.23 ◦C, 39.35 ◦C, 39.52 ◦C, respectively. Interestingly, we notice that the
temperature significantly rises within the exposure area but rapidly decreases as wemove away from it. Overall, the skin’s temperature
profile remains within an acceptable range. Predicated upon the discerned outcomes derived from our investigations, we deduce that
the ramifications of exposure to mmWs upon the thermal equilibrium of skin tissue are, in practical terms, characterized by a marginal
and inconsequential influence, signifying a negligible perturbation in skin temperature. Therefore, the likelihood of thermal hazards
arising from MW frequency exposure is minimal.

Within Fig. 7 (i-iv), we expound upon the temporal evolution of mean temperature (Tm) across distinct layers of skin using equation
(13), encompassing the epidermis, dermis, subcutaneous, and inner tissue layers, specifically scrutinized at a designated temporal
juncture (t = 180 s), while subjected to an array of diverse MW frequencies. The behavior of these mean temperature curves varies
depending on theMW frequency. For lower MW frequencies, the curves primarily reflect the influence of the radiation source, resulting
in a linear mean temperature increase. Nevertheless, as the mean temperature progressively converges toward a particular critical
threshold, the intricate interplay of variables, including diffusion mechanisms and the conveyance of heat through the conduit of blood
perfusion, begin to exert their influence, culminating in the phenomenon of MW absorption.

In the epidermis layer, we observe maximum mean temperature (Tm) of 38.39 ◦C for a MW frequency of 0.9 GHz, 38.98 ◦C for 1.8

Fig. 6. Impact of MW frequencies (f), (i) 0.9 GHz, (ii) 1.8 GHz, (iii) 2.45 GHz, and (iv) 4 GHz, on isothermal lines with P = 12 W, τ = 20 s, and t =
50 s.
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GHz, 39.00 ◦C for 2.45 GHz, and 39.52 ◦C for 4 GHz, all at t= 180 s. The upper limit of Tm augmentation discerned within the epidermis
layer materializes as ΔTm, signifying an increment of precisely 1.13 ◦C, and this phenomenon is uniquely associated with the 4 GHz
MW frequency.

Moving to the dermis layer, the estimated Tm at t= 180 s are 38.23 ◦C for 0.9 GHz, 38.29 ◦C for 1.8 GHz, 37.95 ◦C for 2.45 GHz, and
38.57 ◦C for 4 GHz. The maximum temperature increase in the dermis for the 4 GHz frequency is ΔTm = 0.34 ◦C.

In the subcutaneous skin layer, the maximum mean temperature (Tm) observed at t = 180 s are 37.95 ◦C for 0.9 GHz, 38.99 ◦C for
1.8 GHz, 37.83 ◦C for 2.45 GHz, and 38.35 ◦C for 4 GHz.

Fig. 7. Impact of MW frequencies (f), (i) 0.9 GHz, (ii) 1.8 GHz, (iii) 2.45 GHz, and (iv) 4 GHz on the mean temperature (Tm) of different layers at
different time with P = 12 W, τ = 20 s.

Fig. 8. The axial profile of SAR due to MW frequencies (f), (i) 0.9 GHz, (ii) 1.8 GHz, (iii) 2.45 GHz, and (iv) 4 GHz with P = 12 W, τ = 20 s, and t =
180 s.
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Fig. 9. Mean temperature (Tm) of the total computational domain for MW frequencies (i) 0.9 GHz, (ii) 1.8 GHz, (iii) 2.45 GHz, and (iv) 4 GHz, with
P = 12 W, τ = 20 s.

Fig. 10. Effect of MW power input (P) (i) 4 W, (ii) 8 W, (iii) 12 W, and (iv) 16 W, on MW power dissipation density (W/m3) absorbed by skin tissue
with f = 2.45 GHz, τ = 20 s, and t = 50 s.
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For the inner tissue layer, the estimated Tm at t = 180 s are 37.43 ◦C for 0.9 GHz, 37.79 ◦C for 1.8 GHz, 37.68 ◦C for 2.45 GHz, and
37.72 ◦C for 4 GHz. The temperature increase for the 4 GHz frequency is ΔTm = 0.29 ◦C.

Remarkably, it is worth mentioning that the acme mean temperature attainable under the influence of a 4 GHz MW frequency
culminates at precisely 39.52 ◦C, featuring a discernible mean temperature elevation of ΔTm, quantified as 1.8 ◦C. Although the heated
area is primarily within the epidermis layer for 4 GHz, the Tm spike is short-lived. Therefore, it is a reasonable deduction drawn from
these outcomes that the incremental mean temperature elevation, by its subtle nature, cannot impart any significant thermal detriment
to the integrity of the examined tissues.

Within the confines of Fig. 8, we offer a comprehensive exposition that delves into the comparative thermal effects induced by
diverse microwave frequencies through the prism of SAR methodologies, meticulously assessed on a horizontal cross-sectional slice of
human dermal tissue at a designated heating duration of t = 180 s, originating from a radiation source characterized by plane wave
properties. Determining the data extraction line or arc length is precisely situated at the central point of the superficial layer’s lon-
gitudinal extent. The culmination of these SAR values attains a remarkable magnitude, attesting to SAR = 221 W per kilogram for the
0.9 GHz frequency, SAR = 319 W per kilogram for the 1.8 GHz frequency, SAR = 358 W per kilogram for the 2.45 GHz frequency, and
SAR = 384 W per kilogram for the 4 GHz frequency. It is glaringly evident that the intricate SAR distribution pattern within the fabric
of human skin is profoundly molded and influenced by a symbiotic interplay between the frequency of electromagnetic exposure and
the intricate dielectric properties inherently residing within the bodily tissue. Furthermore, SAR values decrease rapidly as they
penetrate deeper into the skin.

Fig. 9 shows the mean temperature (Tm) within the four-layered skin (total computational domain), calculated using equation (13)
for various exposure durations and MW frequencies, denoted as f= 0.9, 1.8, 2.45, and 4 GHz. Temperature near the exposure source is
notably elevated, marking a noteworthy thermal occurrence. The apogee of thermal manifestation is discerned within the epidermis
layer, where the highest attainable temperatures materialize. In particular, when scrutinizing the specific microwave frequency of f =
0.9 GHz, the estimated maximal mean temperature generated by the MW power registers at 37.49 ◦C, progressively escalating to
37.58 ◦C for f = 1.8 GHz, further advancing to 37.71 ◦C or f = 2.45 GHz, and ultimately culminating at 37.83 ◦C for f = 4 GHz, all
within the confines of the temporal frame marked at t = 180 s.

From this figure, it is noticed that at the initial stage (from 0 to 180 s), there are dramatic changes in the mean temperature values of
the different layers of skin for all frequency variations. After 180 s, the temperature values change slightly and become almost steady.
This observation emphasizes that Tm increases with prolonged exposure durations and higher microwave frequencies.

Fig. 11. Effect of MW power input (P) (i) 4 W, (ii) 8 W, (iii) 12 W and (iv) 16 W, on isothermal lines with f = 2.45 GHz, τ = 20 s, and t = 50 s.
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5.2. Effect of MW power

Fig. 10 through 13 shed light on the influence of input power levels (ranging from P = 4–16 W) on microwave power dissipation
within human skin tissue using TWMBT. In these analyses, we maintain specific parameters constant: microwave frequency (f) at 2.45
GHz and exposure duration (τ) at 20 s.

Fig. 10 (i-iv) is a visual manifestation illustrating the microwave power density’s absorption by the tissue of the skin precisely at the
time point t, which is equal to 50 s. This analysis considers four discrete input microwave power levels: P= 4, 8, 12, and 16W. From the
visualization, it becomes evident that the absorbed power density experiences a substantial increase near the exposure source and
extends uniformly across the entirety of the dermal tissue for all four power levels. As input power (P) increases, the heated area within
the tissue also expands. This suggests that higher input power leads to a broader heating effect, which, unfortunately, affects a more
significant portion of the skin tissue.

Within Fig. 11 (i-iv), we gain valuable insights from the contour plot of isothermal lines that depict the distribution of thermal
energy within biological tissue. Notably, the epidermis layer exhibits a focal point of maximum temperature, with P= 16W generating
the highest temperature. It’s worth noting that while increasing microwave power does lead to temperature elevation, the change
remains relatively modest. Consequently, there is a minimal risk of causing damage to healthy tissue. The temperature escalation
initially follows a linear trajectory; however, upon surpassing a specific threshold, additional influential factors such as diffusion and
the thermal conduction caused by blood perfusion become significant contributors, culminating in the emergence of a saturation
regime.

Fig. 12 (i-iv) provides an animated depiction that encapsulates the temporal evolution of mean temperature (Tm) variations across
the distinct layers of the skin, encompassing the epidermis, dermis, subcutaneous layer, and deeper inner tissue regions. This evolution
is observed under the influence of varying input power levels. In the epidermis layer, we observe maximum Tm of 39.01 ◦C for P= 4W,
39.19 ◦C for P = 8 W, 39.31 ◦C for P = 12 W, and 39.58 ◦C for P = 16 W at t = 180 s. Similarly, maximum Tm in the dermis, sub-
cutaneous, and inner tissue layers increase with higher input power levels, showing a similar trend. As the input power (P) increases,
the heated area within the skin tissue expands, emphasizing the need for careful consideration when applying microwave energy to
minimize potential effects on healthy tissue.

Fig. 13 provides a comprehensive analysis detailing the mean temperature existing within the tissue of the human skin (total
computational domain) using equation (13) under different exposure durations for four specific input power levels, denoted as P = 4
W, P = 8 W, P = 12 W, and P = 16 W. It’s evident that temperatures near the exposure source are significantly elevated, and the
epidermis layer consistently registers the highest temperatures.

Specifically, Fig. 13 represents the mean temperature (Tm) of the total computational domain, measured using equation (12), where
the changes against time duration from 0 to 180 s are apparent. The maximum temperature recorded for P = 4 W is 37.87 ◦C, which

Fig. 12. Impact of input power (P) (i) 4 W, (ii) 8 W, (iii) 12 W, and (iv) 16 W on mean temperature (Tm) of different layers at different times with f
= 2.45 GHz, and τ = 20 s.
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slightly increases to 38.25 ◦C for P = 8 W, 38.83 ◦C for P = 12 W, and 39.13 ◦C for P = 16 W. These observations underscore that both
time and input MW power contribute to temperature elevation. Notably, we observe a rapid Tm increase when the MW power is set at P
= 16W. Consequently, the risk of causing harm to healthy skin tissue remains exceedingly low. This figure shows that for all MW input
variations, there are significant changes in the mean temperature values of the four-layered skin tissue during the phase (Fig. 13). The
Tmmeasurements fluctuate slightly and then nearly stabilize during the phase after 180 s. In summary, the findings suggest that precise
control over exposure time and input power levels can be crucial in minimizing any potential adverse effects on healthy skin tissue
during MW applications.

Fig. 14 presents a graphical representation of the contour plot of the temperature surface of tissue layers. This visual rendering
elucidates the spatial allocation of temperature within the four-layered dermal tissue (epidermis, dermis, hypodermis, subjacent cells)
at a specific point in time, namely, t = 50 s. These visual insights are derived from experiments conducted under controlled conditions
featuring a consistent microwave input power of P = 12 W and a fixed frequency of f = 2.45 GHz. This representation reveals that
microwave energy absorption by the skin tissue leads to elevated temperatures. The highest temperature of this contour plot is
recorded at the exposure site, measuring approximately 39.9 ◦C. As we move away from this central point, the temperature gradually
decreases, settling at about 37 ◦C near the outer limits of the computational domain. It becomes manifestly apparent that a lower
temperature blood perfusion exerts a discernible influence in constraining the propagation of the thermally heated region. The
temperature increased by approximately 2.90 ◦C. A combination of material properties can explain this rise, the efficiency of MW
heating, and numerical truncation errors. The MW power levels, the application frequency, and the exposure duration significantly
influence the temperature increase. Additionally, some research [4,7,11,30] has found a low-temperature enhancement, indicating
that the observed temperature rise in the present result is evident.

5.3. Comparison between Pennes’ BHE and TWMBT

5.3.1. Due to relaxation time
Figs. 15 and 16 display the mean temperature (Tm) variations within the skin layers (including epidermis, dermis, subcutaneous

tissues, and inner tissues) during a 180-s exposure. Exploring these variances encompasses an assessment spanning an array of
relaxation time (τ) values, specifically τ durations of 0, 10, 20, 30, and 40 s. The investigation in question meticulously delves into a
multifaceted array of scenarios. These encompass a comprehensive assessment of diverse microwave frequencies, namely, 0.9 GHz,
1.8 GHz, 2.45 GHz, and 4 GHz, all sustained at a steadfast power (P) level of 12 W. Furthermore, it intricately scrutinizes various input
power magnitudes, spanning 4W, 8 W, 12 W, and 16 W. At the same time, the microwave frequency remains unwavering at 2.45 GHz,
and the relaxation time (τ) is held constant at 20 s.

A noteworthy observation emerges as we analyze the mean temperature profiles derived from Pennes’ BHE and TWMBT (with τ set
to 0 s) in all the scenarios. It becomes evident that these Tm profiles remain identical in all cases. This uniformity strongly suggests that
when τ is effectively reduced to zero seconds, Pennes’ BHE and TWMBT converge, indicating that Pennes’ BHE can be regarded as a
specific instance or a particular case within the broader framework of TWMBT.

Within the dynamic phase, Pennes’ BHE predicts the zenith of mean temperature, concurring with the temperature attributed to
TWMBT with τ established at 0 s. On the converse, as relaxation times (τ) are augmented, the prognosis tends toward lower Tm levels,
with the nadir of the temperature spectrum being ascribed to TWMBT when τ is specified as 40 s. These meticulous observations are
delineated in Figs. 15 and 16.

Figs. 15 and 16 confirm that mean temperature increases at a swifter pace when using shorter relaxation times, in contrast to the Tm
trends associated with longer relaxation times. A higher thermal relaxation time signifies a more robust thermal wave, wherein heat
propagates primarily in waveform with minimal diffusion.

Fig. 13. Mean temperature (Tm) of total computational domain against t = 0–180 s, and for different microwave input power with f = 2.45 GHz and
τ = 20 s.
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5.3.2. Due to temperature increment (present result and Ozen et al. [1])
A comparative analysis of temperature increment (in ◦C) over different time intervals (in seconds) and contrasted our findings with

those presented by (Ozen et al. [1]). Fig. 17 showcases this comparison, focusing on a frequency of 2.45 GHz and a heat flux of q= 63.1
W/cm2. Their research (Ozen et al. [1]) investigated temperature oscillations within the dermal layer at a depth measuring 1.2 mm
beneath the skin’s surface. For this comparison, the parameters are characterized by ωb set at 0.5, the thermal conductivity denoted by
k at 0.2 W per meter per degree Celsius, and a time constant represented as τ with a value of 20 s. The purple and red colours represent
the results of temperature increment versus time using Pennes’ BHE and TWMBT, respectively. These defined parameters are
concurrently applied while subjecting the system to MW radiation at power densities of 63.1 mW per square centimeter, occurring at a
specific frequency of 2.45 GHz.

Our analysis reveals that more considerable relaxation time (τ) values correspond to lower temperature predictions. Consequently,
TWMBT consistently yields lower temperature curves compared to Pennes’ equation. When the exposure period is relatively brief, the
curve’s characteristics are predominantly influenced by the source term, leading to a linear temperature rise. It’s important to
emphasize that the difference in accuracy between the two investigations is minimal. Within this comparative assessment, we observe
a high degree of agreement between our present study (indicated by dot lines) and the results reported by (Ozen et al. [1]) (solid lines).
This alignment in findings underscores the robustness and accuracy of the TWMBT model in predicting temperature variations in
response to microwave exposure. The graph depicts the evolution of heat increase over time. It reveals that initially, TWMBT forecasts
a lower heat rise than Pennes’ equation. Nevertheless, as the exposure time progresses toward a steady state, TWMBT’s predictions
converge with Pennes’ equations.

Fig. 14. Contour plot of temperature surface of four-layered human skin at P = 12 W, f = 2.45 GHz, and t = 50 s.

Fig. 15. Mean temperature (Tm) of different layers for relaxation times against frequency with P = 12 W, t = 180 s.
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6. Conclusions

This research represents a comprehensive numerical investigation into the intricate interplay of bioheat transfer and electro-
magnetic wave propagation within skin tissue subjected to microwave frequencies over 180 s. The study encompasses various mi-
crowave frequencies, input power levels, and relaxation times. To derive a numerical solution, we must grapple with the governing
equations about the intricate realms of bioheat transfer and the propagation of EMwaves. This is accomplished through the application
of the FEM, employing the Galerkin method of weighted residuals.

Noteworthy findings and conclusions have emerged from this investigation.

• Comparative analysis between the conventional Pennes’ bioheat and TWMBT reveals that they yield identical heat distribution
patterns in steady-state conditions.

• Within the epidermis layer, temperatures ranging from approximately 38.98 ◦C are observed for frequency variation.
• At a microwave frequency of 0.9 GHz, the skin encounters the highest total power dissipation density (W/m3), while the lowest is at
4 GHz.

• When it comes to power input, the maximum total power dissipation density (W/m3) occurs at 16 W, whereas the lowest density is
predicted at 4 W.

• At a frequency of 4 GHz, the SAR experiences its zenith, denoting the point at which it quantifies the most substantial extent of EM
energy absorption by skin tissue. Conversely, at 0.9 GHz, the SAR descends, signifying its minimum quantification of EM energy
absorption by the same tissue.

Fig. 16. Mean temperature (Tm) of several layers under varying relaxation times against input power with f = 2.45 GHz, t = 180 s.

Fig. 17. Comparison of temperature increment from the present result (dot line) and (Ozen et al. [1]) (solid line).
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• The study highlights that a higher thermal relaxation time amplifies the thermal wave’s dominance, leading to heat propagation
predominantly in waveform with minimal diffusion.

• The research additionally elucidates that the influence exerted by relaxation times on temperature fluctuations becomes appre-
ciable solely under circumstances characterized by brief exposure durations.

• Integrating a thermal relaxation time into a thermal wave model, like in the case of TWMBT, yields enhanced temperature pre-
dictions when contrasted with the conventional Pennes’ bioheat equation.

To summarize, this study yields valuable insights into the complex dynamics of energy absorption within human skin tissue
exposed to microwave radiation. It underscores the importance of considering various parameters in assessing the thermal impact and
demonstrates the utility of the TWMBT model in predicting temperature distributions with enhanced accuracy. These insights may
have implications for the advancement of clinical thermal technologies and applications within the field of thermal medicine,
including areas such as lasers and cancer hyperthermia.
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