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Abstract: Hepatocellular carcinoma (HC) is a common liver cancer often associated with chronic liver
diseases such as hepatitis B and C-induced cirrhosis. Multiple treatments are available, including
microwave ablation (MWA), which has proven effective. This is attributed to its proved ability to
eliminate liver tumors with a successful rate of more than 85%. However, in order to maintain healthy
tissues and establish good ablation practicability, the temperature involved should be controlled. This
can be achieved by monitoring different parameters including thermal conductivity, heat capacity,
and blood perfusion. For this purpose, an antenna probe is usually employed to localize heat
distributions and identify heating efficiency. Many types and shapes of antenna probes for MWA
have been reported in different studies. Thus, in the current study, a numerical model is established
to investigate the performance of the antenna based on its shape. A finite element model (FEM) was
developed to examine the specific absorption rate (SAR), distribution of temperature, and coefficient
of reflection. Closed and conventional single-slot antennas were targeted via this model. The antenna
was then designed to have a reflection coefficient lower than 10 dB and heating of a spherical shape
profile. The findings of the study can aid in determining the optimal parameters required for the
highest effectiveness of MWA in the treatment of HC at early stages with the lowest amount of
invasiveness and collateral harm.

Keywords: microwave antenna; electrospun PAN; nanofiber coating; cancer ablation; tissue engineering

1. Introduction

Among the different non-surgical treatments for liver tumors, thermal ablation is a
well-studied method [1,2]. Thermal ablations can be categorized into different modalities
including MWA, which is becoming a cornerstone in the treatment for the tumors of the
liver [3]. The most common approach is the imaging-guided percutaneous insertion of
a microwave antenna into the target tissue. The antenna works as a radiation medium
through which to transfer microwave energy into the targeted tissue where heat is released
as result of the oscillation of polar molecules, protein, and water out of phase [4].

MWA as a type of thermal ablation has the ability to destroy cancer cells by raising
the temperature above the physiologically normal threshold while causing little harm to
neighboring tissues. This effectiveness results from the creation of larger and more uniform
ablation zones in a shorter time and fewer treatment steps [5,6]. The rapid fluctuation
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of the electromagnetic field, throughout the MWA thermal ablation process, resulted in
a friction and triggered the heating up of the molecules of water in soft tissues adjacent
to the field source [4,7]. Moreover, MWA has a lower susceptibility to being impacted
by heat transmission due to vascular-mediated cooling. This is because the heating of
tissues to a relatively high temperatures is still achievable. The source of the microwave
fields, which are in fact, the currents passing through the antenna, are affected by the
surrounding tissues, resulting in unpredictable ablation zones and antenna performance.
Because ground pads are not necessary during MWA, it is possible that large tumors can be
treated concurrently using multiple antennas. This is accomplished through utilizing the
use of a very complex design of antenna, which employs diverse mechanisms to control
heat, field, and wavelength [8].

Antenna construction has a significant impact on its functioning, especially when
heating is reversed down the antenna shaft. Due to the lack of a needle with acceptable
mechanical qualities such as puncture force, toughness, and rigidity, the cables used for
the construction of all types of antennas are simply semi-rigid. This is results in a lower
suitability to therapeutic percutaneous puncture. Despite the fact that MWA allows for
open, laparoscopic, or percutaneous surgical techniques to be used in therapy, percutaneous
intervention guided via imaging is clinically more common, taking advantage of its lower
invasion of the patient [9]. Thus, designing an antenna with exceptional mechanical
properties is a vital requirement for percutaneous treatments using MWA.

An antenna’s design varies based on specific applications, and often involves coat-
ing techniques to tailor it for particular purposes. For instance, Mahdi et al. [10] em-
ployed a graphene-coated dielectric resonator antenna (DRA) to investigate human retinal
photoreceptors, showcasing its suitability to the vision spectrum. In another approach,
Moghadasi et al. [11] utilized a graphene-coated nano-aperture biosensor, achieving dual-
band characteristics and enhanced electric field enhancement, enhancing sensitivity. Ad-
ditionally, Zarrabi et al. [12] introduced a cross nano-aperture nanoantenna for mid-
infrared biosensing, improving transmittance and the Q-factor through the incorporation
of graphene and nano-chain elements. These studies exemplify how an antenna’s design
can be adapted to various applications, enhancing its performance and versatility.

Radjenović et al. [13] developing and testing a three-dimensional model, focusing on
early stage hepatocellular carcinoma treatment using MWA. This research highlights the
significance of incorporating temperature-dependent factors such as heat capacity, thermal
conductivity, and blood perfusion in ablation calculations for preserving healthy tissue
effectively. The study demonstrates that the temperature profile in MWA is primarily gov-
erned by the heat-source distribution, with damage zones concentrated around the antenna
slots and tip, leading to an extension of necrotic tissue primarily within the tumor, minimiz-
ing collateral damage to surrounding tissue. In another exploration, by Farina et al. [14],
the dielectric properties of human lung tissue, including neoplastic and non-neoplastic
lung tissue, were rigorously assessed for their relevance to microwave ablation applications.
Notably, lung tumors exhibited significantly higher dielectric properties, making them
more conducive to microwave thermal ablation, which has important implications for the
design of minimally invasive ablation applicators. Recently, Paré et al. [15] introduced a
novel microwave-assisted tissue ablation approach incorporating a chemical ablation agent
at the emission point of the microwave antenna. The study highlights the potential of this
dielectric-based method to enhance precision and reduce collateral damage in minimally
invasive interventions, offering a versatile and promising approach for tissue treatment.

This study established a 2D axial-symmetric model for thermal microwave ablation.
A novel antenna structure was developed using electromagnetic simulations to assess the
temperature distribution, specific absorption rate, and antenna reflection coefficient. The
simulations encompassed the presence of blood perfusion and water for a 2.45 GHz antenna
implanted in the tumor. Furthermore, the influence of temperature on the thermal and
dielectric properties of both malignant and healthy liver tissues was investigated. Through
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these simulations, power dissipation, the temporal evolution of temperature, and the extent
of tissue necrosis resulting from elevated temperatures were estimated.

2. Antenna Design

Because of its simulation capabilities, COMSOL Multiphysics is particularly well-
suited to studying the heating by electromagnetic in a variety of engineering applications.
The COMSOL Multiphysics software (https://www.comsol.com/) includes finite element
modeling packages (FEM), which enables tools to create and simulate the geometrical
properties of the antenna, define the biological characteristics of materials, and determine
the appropriate meshing, including the physics of the component such as heat transfer and
electromagnetics, and it is regarded as an excellent platform for evaluating results [16,17].

Thin coaxial wires ranging in diameter from 1.5 to 3 mm are usually used to construct
antennas for MWA ablation. Several researchers are collaborating to create an antenna
capable of significant tumor ablation while generating minimal retrograde heating that
takes place along the antenna shaft. The aim is to design a viable antenna to be used in
clinical MWA for tumor therapy.

Microwave coagulation therapy involves inserting a small microwave antenna into a
cancerous tissue. The microwaves cause the tumor to coagulate, killing cancer cells. The
utilization of a thin coaxial-slot antenna in this coagulation therapy allows calculations
of the SAR, the radiation field, and the temperature field in liver tissue to be carried out.
The SAR represents the ratio of the power of absorbed heat to the density of the tissue.
The functioning quality of the ablation antenna can be evaluated via measurements of
the antenna’s size, shape, and ablation efficiency. Achieving heating that takes place in a
spherical pattern and a reflection coefficient lower than 10 dB was considered at the stage
of proposing and developing the construction of the antenna.

The fast-paced electromagnetic field oscillation during MWA triggered the molecules
of water in the soft tissues adjacent to field source to generate frictional heat. Additionally,
the microwave field source, which is the currents in the antenna, is influenced by the
surrounding tissues, resulting in unpredictable ablation zones and antenna performance.
To accomplish this task, an advanced antenna design that employs a mechanism that
controls the thermal properties, field, and wavelength [8] distinctively is used. Because
antennas are typically mechanically and geometrically complicated, the properties of the
tissue and electromagnetic material are required for modeling.

The antenna’s geometry is divided into four domains. These are the dielectric domain,
the catheter domain, the air domain, and the liver domain. These domains are depicted in
Figure 1.
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3. Experimental and Simulation
3.1. Modeling and Simulation

The mathematical model of microwave ablation simulation is made up of three major
components, including the applicator (antenna probe) model that generates a microwave
field in the tissue, in addition to another part describing the heat distribution throughout
the tissue, incorporating sources, sinks and phase changes. In this component, the heat
source in the current model is microwave radiation, while heat sinks are simulated via
the blood perfusion term in the equation of heat transfer. The final section looks at how
heat affects tumor cells and how to destroy them. All of these ablation model elements are
dependent on the material properties that are selected based on various attributes of the
targeted tissue.

Due to the complexity of the mechanics and geometry of the antenna, the simula-
tions rely on the precision of the utilized properties of both electromagnetic material and
tissue. Thus, the following equations [18,19] describe antenna-driven microwave wave
propagation through tissue:

∇× µr
−1(∇× E)− k0

2
(

εr −
jσ

ωε0

)
E = 0

where ω represents the angular frequency, k0 accounts for the vacuum propagation constant
that can be obtained via k0 = ω

c0
, E refers to the electric field vector, and σ is the symbol

used to include the electrical conductivity of the tissue. Additionally, ε0 represents the
vacuum dielectric constant, εr refers to relative permittivity, and µr is the symbol for
tissue permeability.

Additionally, an effective explanation of heat transmission as part of the MWA process
was achieved via the equation of Pennes, a bioheat equation:

ρc
∂T
∂t

= ∇× (k∇T) + ρbWbcb(Tb − T) + Qext + Qm

where tissue temperature, heat capacity, and density are represented by T, c, and ρ, respec-
tively, while those with the subscript b stand for blood, including Wb, which represents
its perfusion rate. Moreover, Qm is the metabolism heat source that is small enough to be
neglected; however, Qext represents the external heat source, explaining the coupling with
the electromagnetic field and which can be obtained via [20]:

Qext =
σ|E|2

2

At a steady state, about 78% of liver tissue mass is water; however, when the tem-
peratures go higher than 100 ◦C, water will evaporate, reducing its content to less than
20%, causing a significant deviation in the dielectric properties of tissue, and resulting
in increased microwave penetration [21,22]. Because water comprises a large portion of
liver tissue, tissue thermal properties can be considered to be largely similar to the thermal
properties of water with variations depending on temperature and water concentration [23].
To account for the internal evaporation of water in the bioheat equation, we can substitute
an effective value, c′, with that for specific heat, c, as shown via the following relation [20]:

c′ = c− α

ρ

∂W
∂T

In this relation, α represents the latent heat constant of water, where its value is 2260
(kJ/kg), showing that biological damage is affected by temperature and time.

In addition to the relationship between the temperature and the dielectric character-
istics of tissues, the numerical simulation includes blood perfusion, heat capacity, and
thermal conductivity. The selected microwave frequency and input power for this numeri-
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cal simulation was 2.45 GHz and 20 W, respectively. It has been found through reviewing
the literature that a healthy liver, tumoral tissue, and blood can be characterized using lists
of parameters such as that shown in Table 1.

Table 1. Parameters and physical properties of antenna.

Symbol Name Method of Entering Value Physical Property

Blood Density (Rho) 1 × 103 [kg/m3] 1000 kg/m3 Blood Density
Specific heat (C) 3639 [J/(kg·K)] 3639 J/(kg·K) Specific heat of blood

Omega blood 3.6 × 10−3 [1/s] 0.0036 1/s Perfusion rate of blood
Blood Temperature 37 [◦C] 310.15 K Blood Temperature

Epsilon of liver 43.03 43.03 Relative permittivity of liver
Sigma liver 1.69 [S/m] 1.69 S/m Electric conductivity of liver

Epsilon of dielectric 3 3 Relative permittivity of dielectric
Epsilon of catheter 2.6 2.6 Relative permittivity of catheter

Microwave frequency (F) 2.45 [GHz] 2.45 × 109 Hz Microwave frequency
Input power (P) 20 [W] 20 W Input microwave power

3.2. Antenna Fabrication

The coaxial cable consists of 3 main components, as shown in Figure 2. First, it
consists of an inner conductor made of copper with a diameter of 0.5 mm. Second, it
consists of a dielectric material, polyacrylonitrile “PAN”, which comes in power form,
as shown in Figure 2b. Third, it consists of a solvent used with the dielectric PAN, NN-
dimethylformamide (DMF). Fourth, it consists of an outer conductor that comes in the form
of copper wire with a diameter of 3 mm.
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To fabricate the microwave antenna from scratch, 3 steps were conducted. Firstly, to
improve the properties of both the inner and outer conductor, an electroplating technique
was used to deposit graphene onto the surface of the copper wires. Then, based on the
COMSOL simulation program’s design, the inner conductor was isolated from the outer
conductor. In addition, the inner conductor was precisely centered in the outer conductor.
Consequently, an electrospinning technique was utilized. Eventually, a calcination process
was conducted to remove volatile substances.

3.2.1. Electroplating Process

The overall electroplating process employs an electrolytic cell. This involves the
application of a negative charge to the metal. The metal is then immersed in a solution
containing metal salts. This metal salt contains so-called electrolytes that contain ions with
positive charges. Thus, attraction between the two metals is created by negative charges
and positive ones. In this study, the copper wire is a cathode, while the anode is usually
made of a graphene or platinum and could be a sacrificial or an inert one. As shown in
Figure 3, the positive ions of graphene are attracted to the walls of the outer and inner
copper conductors and become plated. The anode in the process is graphene oxide, and
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the cathode is made of copper conductors. In a graphene-containing solution, electrons
flow from the anode to the cathode. Figure S1 (in the Supplementary Materials) depicts the
electroplating process for the inner and outer copper conductors, as well as the conductor
after electroplating.
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3.2.2. Electrospinning Process

Electrospinning is a straightforward and comprehensive method for producing ex-
tremely fine fibers with diameters from several micrometers down to 2 nm. A variety of
materials such as polymer, composite, and ceramic [24] are utilized in this procedure.

The electrospinning apparatus shown in Figure 4 was designed with several key
components. It includes a high-voltage power supply source for delivering a maximum DC
output of 50 kV, a solution reservoir, a syringe with a small-diameter metallic needle, and a
fixed plate or rotary platform as a conductive collector [25,26]. To initiate the electrospinning
process, the prepared PAN gel was poured into a plastic syringe with a 20 mL capacity.
This syringe, loaded with the PAN gel, was then connected to the electrospinning device, as
depicted in Figure 4. The electrospinning process was carried out using three fundamental
components: a high-voltage source operating at 30 kV, a syringe with the needle diameter
of 0.1 mm, with a flow rate of 0.2 mL/h, and a collecting drum set to a low rotation speed
ranging from 70 to 90 rpm.
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After PAN and DMF mixed in a 10% weight ratio, they were dissolved. The agitation of
the solution was then conducted at room temperature for 2 h, followed by 1 h of ultrasonic
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treatment and stirring until uniformity was achieved. The homogeneous precursor solution
was placed in the electrospinning system in a 10 mL plastic syringe. A PAN solution, held
at the end of a capillary tube via surface tension, was exposed to an electric field inducing
an electric charge up on the surface of the solution. Once a critical value of about 15 KV
was reached via the electric field that was applied, surface tension forces were surpassed
by revolting electrical forces. A jet of solution-carrying charges was ejected from the tip of a
Taylor cone. Unstable and sudden jet whipping occurred in the area between the collector
and the capillary tip, evaporating DMF and forming PAN. The drum was filled with spun
polymeric nanofibers, which were then placed in a 60 ◦C incubator overnight before further
calcination. Figure S2a (in the Supplementary Materials) depicts a preparation process
schematic, while Figure S2b (in the Supplementary Materials) depicts a real image of PAN
nanofibers on the inner and outer conductors.

3.2.3. Calcination Process

The calcination process is divided into two stages: stabilization and carbonization [27].
During the stabilization stage, a furnace in the air set to 250 ◦C for 1 h was used with the
aim of achieving the specific structure of an infusible pecking-order polymer. The purpose
of conducting this step was to prevent the melting of the samples at high temperatures [7].
During the carbonization stage, an inert gas, namely argon, was introduced into the system
at a 400 mL/min flowrate and an increasing heating rate temperature of 5 ◦C/min towards
the desired temperature, which in this case was 900 ◦C, for 60 min. Additionally, this was
carried out for the purpose of removing the air from the tube due the fact that oxygen
presence at high temperatures could lead to damage to the samples. Moreover, different
structures of carbon nanofibers such as graphite or amorphous carbons are obtainable at
temperatures higher than 600 ◦C.

According to the literature review [28–30], if the calcination atmosphere is inert gas,
then the diameters of the fibers decrease as the temperature rises. Furthermore, dur-
ing higher-temperature calcination processes there is an increase in the atomic percent-
ages of carbon materials, demonstrating that additional non-carbon components are sepa-
rated [31]. Figure S3 (in the Supplementary Materials) depicts the outer copper conductor
after calcination.

3.2.4. Inner Conductor Centering

As mentioned before, the electrospinning technique is a way center inner conductor
within the outer one. The internal conductor was coated with a layer of PAN nanofibers
until its diameter reached 2.5 mm (equal to the space between the inner conductor and
the inner wall of the outer conductor) over the inner conductor. In this step, calcination
was not performed, and the insulating properties of PAN were needed to isolate the inner
conductor from the outer conductor. Figure S4 (in the Supplementary Materials) shows the
inner conductor after the electrospinning process.

To create the final shape of the antenna, the monopole single-slot antenna structure
was selected. A 1 mm slot needed to be cut in the outer conductor of the coaxial cable,
5 mm away from the end of the cable. Consequently, a very thin metal blade was used
to maintain the accuracy of dimensions. A point of contact between the inner and outer
conductors was introduced by wrapping another copper wire around that point to ensure
that the two conductors touched along the diameter of the outer conductor. Finally, a thin
layer of fibers was deposited to the outer conductor only for decorative purposes. Figure S5
(in the Supplementary Materials) illustrates the final shape of the proposed antenna.

4. Results and Discussion
4.1. Nanofiber Coating Characterization

Figure 5 displays SEM images depicting electrospun PAN nanofibers at different
magnifications. These nanofibers exhibited a random distribution, forming a fibrous
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tissue. Notably, the electrospun nanofibers displayed a range of fiber diameters, with their
morphology and average diameter spanning from approximately 100 to 200 nm.
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4.2. Simulation Results

Figures 6 and 7 show the results of a 2D axial-symmetric diagram of liver tissue
subjected to a microwave frequency of 2.45 GHz and an input power of 20 W. Model-
generated temperature distributions are displayed. Calculations were performed at a
frequency of 2.45 GHz, an ablation period of 600 s, and an input power of 20 W to determine
the appropriate value of the input power that causes tumor ablation. The isocontours
associated with a fraction of damage equal to one can be used to calculate the optimal input
power that results in the least amount of healthy tissue damage. The isocontour that best
suits the necrotic tissue corresponds to an input power of 20 W.

The density of microwave power adsorbed in tumoral liver tissue during MWA at
2.45 GHz and a 20 W input power at the end of the 600 second ablation procedure was
determined. A microwave field oscillates rapidly, causing polar molecules, primarily of
water, to rotate and absorb some electromagnetic energy. The absorbed power density is
greatest near the antenna and diminishes with distance. The antenna’s energy is converted
into heat, which kills cancer cells as it passes through the tissue. The excitation of polar
water particles generates the majority of the heat, with ionic polarization accounting for
only a small portion of the total heat generated. The heated zone is nearly spherical in
shape and completely surrounds the tumoral tissue. The ablation period and input power
are chosen to heat only a small area of healthy tissue around the tumor [32].

When absorbed energy is converted into thermal energy, the tissue temperature rises.
Blood perfusion limits the size of the heated area. The temperature rises in time with
ablation, peaking at around 134 ◦C after 600 s. As shown in Figure 8.
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The graph in Figure 9b depicts the temperature dependence over time at four test
points (A, B, C, and D). A similar tendency of all test points is evident as shown via all the
curves. The temperature in channel D (near the heating center) quickly increased to around
70 degrees Celsius after 70 s, and then steeply increased to 105 degrees Celsius after 600 s.
In contrast, after 600 s, channel C, which is the furthest away from the antenna, has the
lowest temperature of around 43 ◦C.
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Figure 9. (a) Configuration of the antenna and positions of four test points (A, B, C, D); (b) tumor
layer temperature around antenna.

It is clear from Figure 10 that the concentration of damage zones is always around
either the antenna’s tip or slots, but the reverse heating effect is smaller. Thermally ablative
devices cause the necrosis of tissues due to them having two distinct heating zones, known
as an active heating zone and a passive heating zone. The active heating zone appears
closest to the device, where energy intensity is high and tissue absorption is rapid [32]. The
passive zone, on the other hand, is located outside the active zone, away from the ablation
device, and has a lower energy intensity.
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Figure 10. Fraction of damage tissue.

The completion time for necrotic tissue is shown in Figure 11 below at four test points
(A, B, C, and D). For test sites A, B, and D, tumor damage gradually increases at the start of
the ablation. Subsequently, it reaches a saturation region, representing the tumor necrosis
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completion time. Point D has the quickest tumor necrosis completion time, whereas point
C has incomplete tumor necrosis.
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4.3. Testing the Proposed and Fabricated Antenna

The S11 reflection coefficient in dB, which represents the amount of power reflected
back from a system, can vary depending on the specific application and desired perfor-
mance. A lower value of S11 indicates a better impedance match and reduced power
reflection. However, the acceptable range for S11 can differ based on system requirements
and design specifications. For instance, in microwave systems, a common target for S11
may be −10 dB or lower, indicating a reflection of less than 10% of the incident power.
At −10 dB, approximately 90% of the power is transmitted or absorbed by the device or
system, with only around 10% being reflected.

In this study, we connected a coated antenna to a VNA setup and configured the
sweep parameters as follows: starting at 2 GHz and ending at 5 GHz, until the desired S11
reflection coefficient of −27.877 dB was reached. This resulted in a significant improvement
of over 200% in the reflection efficiency.

5. Conclusions

This study delves into the treatment of early-stage hepatocellular carcinoma using
microwave ablation through comprehensive simulation studies. To achieve this, we devel-
oped and rigorously assessed a complete three-dimensional model using the finite element
method within the COMSOL Multiphysics platform. This model accounted for a realistic
representation of liver tumor exposure to radiation from a single-slot microwave antenna
operating at 2.45 GHz, incorporating data on biological materials. The simulation results
unveiled that the symmetric simulation of the ablation process yielded optimal operating
parameters for this intricate antenna–tumor combination, with an input power of 20 W and
an ablation time of 600 s. It is worth noting that varying antenna types or tumor shapes
would necessitate distinct operating parameters. To ensure the preservation of healthy
tissue, precise ablation time determination must consider temperature-dependent factors
such as heat capacity, thermal conductivity, and blood perfusion. The efficiency of mi-
crowave ablation hinges significantly on the heat source distribution, which predominantly
governs the temperature profile. During ablation, the temperature surges and peaks in
proximity to the microwave antenna slot. For different antennas or tumor shapes, tailored
surgical techniques would be a requisite. Post-saturation, the influence of diffusion and
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heat conduction due to blood perfusion becomes prominent. Consequently, damage zones
are concentrated primarily near the antenna’s tip and slot, resulting in nearly spherical
temperature distributions. The extension of necrotic tissue occurs predominantly within
the tumor, with only a minimal impact on the surrounding healthy tissue, underscoring
the precision and efficacy of microwave ablation as a therapeutic approach.

Supplementary Materials: The following supporting information can be downloaded at
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