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Development of High Water Content Tissue Phantoms for Quality Assurance in
Hyperthermia
Cengizhan Huseyin
Department of Electrical Engineering
Chalmers University of Technology

Abstract
As cancer persists as a notable health challenge worldwide, novel therapeutic ap-
proaches are required to complement current treatment modalities. Hyperthermia
therapy is recognized to be an effective approach, which can be combined with either
chemotherapy or radiation therapy in order to effectively treat tumors using elec-
tromagnetic radiation to generate heat. Depending on the size, depth and location
of the tumor, various heating devices are used for treatment. Radiative microwave
and radio-wave systems are commonly used for the treatment of deep-seated tu-
mors in larger anatomical regions, operating within the lower frequency range of
70-120 MHz. To ensure that these devices can deliver adequate heat within the
targeted area, adherence to quality assurance guidelines protocols are important.
These guidelines are pivotal for maintaining the quality of heating devices as well
as protecting the health of individuals receiving treatment. The evaluation of de-
vice performance is conducted through the utilization of physical materials known
as phantoms. The purpose of using phantoms is to replicate the biological and di-
electric properties of tissues in the human body. Depending on the specific tumor
being treated, various phantom materials can be used and combined with each other
in order to simulate the properties of the tissues where the tumor is located. It is
essential for these phantoms to possess sufficient mechanical strength to be able to
endure the experimental conditions, as they will be subjected to heat in clinical trials.

In this thesis, hydroxyethylcellulose was used as a ground component in conjunction
with agar, glycerol and salt to fabricate a mechanically stable phantom that mim-
ics the dielectric properties of muscle tissue, with the aim of treating deep-seated
tumors. To achieve a functioning phantom possessing the desired properties, an op-
timization of the process was performed by analyzing various parameters in regards
to concentration, molecular weight and air bubble formation.

Keywords: Hyperthermia Therapy, Chemotherapy, Radiation Therapy, Radiative
Systems, Phantoms, Hydroxyethylcellulose, Agar, Glycerol, Salt.
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List of Acronyms

Below is the list of acronyms that have been used throughout this thesis listed in
alphabetical order:

EM Electromagnetic
HEC Hydroxyethylcellulose
HT Hyperthermia Therapy
MC Methylcellulose
MW Microwave
Mw Molecular Weight
PEG Polyethylene Glycol
QA Quality Assurance
RF Radio-Frequency
SAR Specific Absorption Rate
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Nomenclature

Below is the nomenclature of symbols and variables that have been used throughout
this thesis.

Symbols & Variables

ε Permittivity
εr Relative Permittivity or Dielectric Constant
ε′

r Real Part of Relative Permittivity
ε′′

r Imaginary Part of Relative Permittivity (Loss Factor)
ε0 Permittivity of Vacuum or Free Space
σr Conductivity
ω Angular Frequency
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1
Introduction

Although there have been advancements in cancer therapy, it remains as one of the
leading causes of death worldwide. Cancer encompasses a broad range of disorders
that may originate in any organ or tissue, characterized by the uncontrolled growth
of abnormal cells, which can subsequently spread into other nearby regions of the
body. This event is often known as metastasis [1]. Human cells usually undergo cell
division, a process in which they grow and replicate, leading to the creation of new
cells to fulfill the body’s needs. When cells approach the end of their lifetime or
suffer harm, they undergo cellular apoptosis, and are subsequently regenerated by
new cells. Occasionally, this orderly mechanism malfunctions, leading to the prolif-
eration of abnormal or injured cells beyond what is expected. These cells have the
potential to develop into cancers [2]. A tumor is a cohesive aggregation of aberrant
cells that results in the formation of a solid mass of tissue. Tumors may be classified
into many categories based on their nature: cancerous (malignant), noncancerous
(benign), or precancerous. Precancerous tumors are initially benign but have the
potential to develop into cancerous tumors if not appropriately managed. Benign
tumors are not malignant and they generally do not have an impact on adjacent
tissue or metastasize to other areas of the body. Malignant tumors, also known as
cancerous tumors, have the ability to invade and spread to adjacent tissues, glands,
and other bodily structures [3].

The estimated number of new cases and mortality rates for the most prevalent cancer
categories in 2022 are depicted in Figure 1. Breast, lung, and colorectal cancer are
the most prevalent types, and colorectal and lung malignancies are the main causes
of mortality [4]. In contrast, detection method advancements and more effective
treatment modalities have contributed to a steady decline in mortality rates for the
majority of common cancer types, including colorectal, lung, and breast cancer, over
the past four decades [5].
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1. Introduction

(a)

(b)

Figure 1.1: a) Incidences of the most prevalent forms of cancer worldwide in 2022.
b) Mortality rates for the occurring cancer types globally in 2022.

Data obtained from: [1].
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1. Introduction

1.1 Background
Currently, there are several modalities for cancer therapy. The most common ther-
apies utilized are chemotherapy, radiation therapy and surgery [6]. Surgery is fre-
quently the initial course of action in the treatment of cancer, but depending on
cancer type and the size of the cancer, it is not uncommon to supplement it with
additional therapies [7]. Chemotherapy eliminates cancer cells through the use of
drugs that inhibit or delay the cells growth. Generally, chemotherapy is administered
for two purposes. One rationale is to mitigate the likelihood of cancer recurrence
through treatment. The alternative purpose is to diminish the size of lesions that
are causing discomfort and other complications [8]. High doses of radiation are em-
ployed in radiation therapy for the purpose of eradicating cancer cells and shrinking
tumor sizes. Radiation therapy destroys cancer cells by causing DNA damage at high
dosages. When DNA is damaged beyond repair, cancer cells cease dividing or per-
ish. Upon cell death, they undergo degradation and elimination by the organism [9].

These conventional cancer treatments however, have a number of limitations and
challenges, due to their expensive nature, adverse reactions and potential risk of
cancer recurrence. Hyperthermia therapy (HT) is becoming recognized as a poten-
tial complement treatment for cancer that can address the limitations of traditional
cancer treatments when combined with them. Hyperthermia therapy can be com-
bined with chemotherapy or radiation therapy to increase the effectiveness and effi-
cacy of cancer treatments [10]. Hyperthermia involves increasing the body or tumor
tissue temperature to specifically treat malignant tumors using heat, with the aim
of reaching 40-45°C for a duration of one hour. The therapy is typically categorized
into three main types based on how it is conducted, including local, regional and
whole-body hyperthermia [11].

A variety of electromagnetic (EM) technologies have been utilized for the purpose of
administering hyperthermia. The main distinction is the frequency of the applicator
utilized [12]. Radio-wave frequency (RF) covers a range of 3kHz to 300 GHz and is
typically used for superficial heating [13], while microwave (MW) frequency covers a
range of 300 MHz to 300 GHz and is normally used for deep tissue heating, and is a
part of the RF range [14]. One important aspect of analyzing how electromagnetic
waves interact with biological tissues involves utilizing "phantoms" that mimic the
properties of these tissues. A phantom is typically described as a physical mate-
rial constructed from various materials that in tandem replicate the biological and
dielectric characteristics of specific biological tissues. Common tissues that are repli-
cated using phantoms include muscle and fat tissues due to their distinct difference
in water content. Tissue mimicking phantoms offer a simulation tool for quality
assurance (QA) and improving therapy, eliminating the need of subjecting a living
organism to risk [15].

3



1. Introduction

1.1.1 Quality Assurance and Deficiencies of Hyperthermia-
Based Systems

Elevated tumor temperatures has seemingly been linked to better clinical outcomes.
The efficacy of hyperthermia treatments in combination with chemo and radiation
therapy however, is still limited by a number of factors, regardless of the type of
tumor being treated. In order to effectively make a tumor more responsive to chemo
and radiation, it is important to administer a sufficient amount of heat to the entire
tumor while also limiting the temperature rise in healthy tissues nearby [16]. Some
HT devices fail to deliver the sufficient amount of heat/thermal dose required to
achieve the intended clinical outcome [17]. The deficiencies in HT devices can be
hindered and controlled by implementing adequate quality assurance guidelines.

According to the International Standard Organization (ISO), quality assurance is
defined as the term used to describe the process of ensuring that a product meets
specific requirements and standards. It typically answers the question "Are we cor-
rectly following the process and taking measures to prevent inadequacies?" [18]. In
the context of hyperthermia treatment the "inadequacies" refer to identifying flaws of
heating devices and implementing a corrective approach. Phantoms play an impor-
tant role in quality assurance and regulatory compliance of medical devices. They
offer a way to assess and confirm the accuracy as well as reliability of heating sys-
tems. By implementing quality assurance guidelines, deficiencies of heating devices
can be averted [19].

1.1.2 QA and Phantoms
To be able to successfully implement guidelines and analyze the effectiveness of heat-
ing systems, ensuring safety and long-term stability, appropriate phantom materials
need to be utilized. The phantom materials have to fulfill certain requirements when
HT is delivered through EM radiation, in regards to its properties and qualities [71].

1. Be able to accurately simulate the dielectric properties of the tissues where the
tumor is located.

2. Sufficient mechanical strength to be able to endure high temperatures when the
phantom is subjected to heat. Must be able to maintain its primary structure with-
out degrading.

3. The dielectric and mechanical properties should be able to maintain stable over
time.

4. The phantom materials should be biocompatible, non-toxic with the use of cost-
effective and affordable ingredients.

4



1. Introduction

1.1.3 Project Aim
The objective of this thesis is to develop a mechanically stable, homogeneous mus-
cle phantom that closely mimics the dielectric properties of human muscle tissue.
This includes investigating and testing appropriate phantom materials and combin-
ing them to create a functional phantom suitable for quality assurance assessments.
The goal of formulating a simple, cost-effective recipe that can be easily replicated
using affordable materials arises from the need for reliable quality assurance proto-
cols. In this sense, the developed muscle phantom can serve as a tool for verification
of devices for deep microwave hyperthermia treatment.

1.1.4 Scope
1. Finding appropriate phantom materials to develop a mechanically stable muscle
phantom that should be able to assess the performance of devices for quality assur-
ance.

2. The phantom materials utilized should be able to roughly mimic the dielectric
properties of muscle tissue as well as produce a stable and durable phantom gel.

3. Finding the optimal concentration and solidity of the muscle phantom based on
the materials used, that should contain as few air bubbles as possible.

4. Visually evaluate the mechanical stability/durability of the muscle phantom.

5
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2
Theory/Literature Review

This chapter seeks to provide the necessary foundation for understanding the rela-
tionship of parameters discussed in the thesis, in regards to QA in HT therapy. Ad-
ditionally, various phantom materials and properties are introduced and explained.
The sections, dielectric properties (permittivity & conductivity) in tissues is ex-
plained followed by SAR and its relation to MW heating. Two forms of hyperther-
mia therapies, (superficial local & deep regional) is then explained, followed by a
section about different phantom types and finally the importance of hydrogels and
materials utilized to develop the desired muscle phantom.

2.1 Dielectric Properties
The dielectric properties of biological tissues are critical for understanding how they
interact with electromagnetic fields. These properties are characterized by permit-
tivity and conductivity, which define how a material polarizes and conducts elec-
tricity when subjected to an electric field. The majority of the electrons in the
tissue are bonded to the nucleus [20]. An atom’s bound electrons are moved when
an external electric field is applied causing the centroid of the electronic cloud to
diverge from the centroid of the nucleus. As a result the atom is polarized and an
electric dipole is generated. This phenomenon is typically known as polarization [20].

Permittivity (ε) refers to a material’s ability to store electrical energy in an electric
field. It determines the relationship between the electric displacement field and the
electric field, which can be expressed by the equation: [21].

D = εE

where,
D is the electric displacement field,
ε is the permittivity of the material,
E is the electric field strength

7



2. Theory/Literature Review

The relative permittivity εr, also known as the dielectric constant is the ratio of
a material’s permittivity to that of a vacuum. It indicates how much more or
less efficiently a material can store electrical energy compared to a vacuum, and is
typically defined by the following equation [72]:

εr = ε

ε0
(2.1)

where, ε0 is the permittivity of vacuum or free space

The relative permittivity is made up of a real part, indicating the material’s ability
to store energy and an imaginary part, representing the loss factor or how much
energy is lost as heat. The real and imaginary part in relation to the relative per-
mittivity can be defined by the equation: [21].

εr = ε′
r − jε′′

r (2.2)

where,
ε′

r is the real part of relative permittivity
ε′′

r is the imaginary part of relative permittivity

The imaginary part of relative permittivity is connected to the conductivity, σr.
Conductivity refers to a material’s ability to conduct electric current. When an
alternating current electric field is generated, a material’s conductivity dictates how
easily electric charges can pass through it. Highly conductive materials enable elec-
trons to move freely within their molecular structure opposed to low conductive
materials, that have minimal amounts of free electrons. The electrons are thus
securely bound, and it will require a sufficient amount of energy to extract them
[21]. The relationship between conductivity and permittivity at a particular angular
frequency, ω is generally defined by:

σr = ωε0ε
′′
r (2.3)

where,
ω = 2πf (2.4)

and f is the frequency of the generated electric field.[20].

8



2. Theory/Literature Review

In biological tissues, both permittivity and conductivity change with frequency. The
real part of permittivity, ε′

r increases at lower frequencies as a result of the tissue’s
dipoles having more time to align with the electric field [22]. Lower energy storage
capacity results from the dipoles inability to align as rapidly as the frequency in-
creases and ε′

r decreases . The conductivity, σr on the other hand, increases with
frequency due to the higher energy input causing more charge carriers to relocate
[22].

2.1.1 Electrical Properties of Biological Tissues
As the human body and skin is very complex as seen in figure 2.1, biological materi-
als exhibits significant variations in their electrical properties [23][25]. The variations
are mainly influenced by the fluidity of the material in regards to permittivity. Tis-
sues such as muscle tissue tend to have higher permittivity due to the higher water
content. In regards to conductivity, blood and brain have a relatively good con-
ductivity for electric current opposed to tissues such as fat and bone, that do not
conduct heat as efficiently [23].

Another factor that can be contributed to the variations of electrical properties in
tissues are their structural organization. The properties are influenced by both the
arrangement of cells and the extracellular matrix [24]. The arrangement of cells can
affect how electric fields can propagate through tissue, and the chemical composition
of the extracellular matrix can also influence how tissues store and conduct electri-
cal energy. For instance, the permittivity and conductivity vary in bone tissue in
comparison to muscle tissue due to its dense and ordered structure, whereas muscle
tissue have a more loosely organized structure [24].

9
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Figure 2.1: Anatomy of Human Skin
Data obtained from: [25].

Figure 2.2: Frequency Dependence of Permittivity and Conductivity of a Hetero-
geneous Material (Biological Tissues)

Data obtained from: [26].

2.1.2 Electrical Properties of Biological Tissues at Different
Frequencies

In the context of phantom development, the outcome of dielectric properties is in-
fluenced by a number of factors, including the chemical composition of the phantom
and the development procedure. In figure 2.2, it can be seen that the permittivity
of biological tissues decreases rapidly at higher frequencies while the conductivity
increases. At lower frequencies, materials are able to align their dipoles in response
to the electric field for a longer period of time, resulting in an increased dielectric
constant. At higher frequencies however, there is a reduced opportunity for the
dipoles to react completely, resulting in decreased polarizability of the material [27].

10



2. Theory/Literature Review

Tissue Permittivity, εr 100 MHz Permittivity, εr 915 MHz
Blood 76.8 61.3
Brain (Cerebellum) 89.8 49.3
Fat 12.7 11.3
Heart 90.8 59.8
Kidney 98.1 58.6
Liver 69.0 46.8
Muscle 66.0 55.0
Stomach 77.9 65.0

Table 2.1: Permittivity of Various Tissues at 100 & 915 MHz
Data obtained from: [28].

Tissue Conductivity, σr 100 MHz Conductivity, σr 915 MHz
Blood 1.23 1.54
Brain (Cerebellum) 0.79 1.27
Fat 0.07 0.11
Heart 0.73 1.24
Kidney 0.81 1.40
Liver 0.49 0.86
Muscle 0.71 0.95
Stomach 0.90 1.19

Table 2.2: Conductivity of Various Tissues at 100 & 915 MHz
Data obtained from: [28].
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2. Theory/Literature Review

2.2 Specific Absorption Rate
Specific Absorption Rate (SAR) is an important parameter in the context of mi-
crowave hyperthermia treatment and electromagentic field exposure. SAR is gener-
ally monitored to ensure that exposure levels are within acceptable limits, especially
for therapies and devices that involve prolonged exposure to microwave radiation
[29][30].

To predict the SAR, which directly correlates microwave radiation with increasing
heat in the target area, Penne’s bioheat equation is commonly used: [73].

ρcp
∂T

∂t
= ∇ · (k∇T ) + Wbcb(Tb − T ) + C + ρ SAR (2.5)

where,
ρ is the mass density of the tissue (kg/m3)
cp is the specific heat capacity of the tissue (J/(kg·◦C))
T is the temperature of the tissue (◦C)
t is time (s)
k is the thermal conductivity of the tissue (W/(m·◦C))
Wb is the blood perfusion constant (kg/m3/s)
cb is the specific heat capacity of blood (J/(kg·◦C))
Tb is the temperature of the blood (◦C))
C is the metabolic heat generation (W/m3)
SAR is the Specific Absorption Rate (W/kg), which represents the power absorbed
per unit mass of tissue due to electromagnetic fields

Here, it is worth to mention that the only external source causing the heat is the
SAR. Additionally, SAR is proportionate to the electric field strength in the target
area [74]:

SAR = 1
V

∫
sample

σ(r)|E(r)|2
ρ(r) dr, (2.6)

where,
V is the volume of the sample under consideration (m3)
σ(r) is the electrical conductivity of the tissue at position r (S/m)
ρ(r) is the mass density of the tissue at position r (kg/m3)
r represents the spatial coordinates within the sample

These equations are often used in conjunction to determine the electric fields and
exposure time required for effective therapy [73][74]. A key feature of the equations
is the electric properties of the tissues, particularly the conductivity, which directly
links the electric field strength to SAR. As the conductivity increases, a greater SAR
is achieved, due to the tissue absorbing more electromagentic radiation. This implies
that, under the same conditions, tissues with higher conductivity (e.g. muscle tissue)
will have higher SAR values opposed to tissues with lower conductivity, such as fat
tissue [29][31]. During therapy, the tissue properties are constant and depends on the
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patient, therefore only the electric field strength has to be determined. For realistic
experiments, both tissue properties and electric fields needs to be determined during
measurements, where the phantoms is required to simulate real tissue properties
[30][73].

Figure 2.3: SAR and Temperature distributions of a phantom model exposed to
mobile phone radiation at 900 MHz frequency. The red color indicates the area
distribution in which most of the RF energy is absorbed, and the blue color the
least energy absorbed

Data obtained from: [32].
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2.3 Hyperthermia Treatment
Effective hyperthermia treatment can often be achieved depending on the location,
depth and size of the tumor.

2.3.1 Deep Regional Hyperthermia
Deep regional HT aims to treat tumors that are located beyond approximately 4
cm beneath the skin surface and specifically targets a regional area of the body
such as the pelvic region [33]. The most commonly used techniques are radiative
RF and MW devices. Beyond 2 cm from the skin, successful clinical outcomes is
often associated with radiative heating of deep-seated tumors in the pelvic region,
such as those in prostate, bladder, rectum and cervix tumors. Radiative external
antennas that emit radiation creates an electromagnetic field that is transferred to
the patient through the use of a water-filled bolus. Target heating can be effectively
achieved by adjusting the phase and amplitude of the antennas to ensure that the
electromagnetic fields they emit interfere constructively. The frequency range used
in radiative heating systems typically operates between 70 and 120 MHz [34]. An
additional method to effectively heat deep-seated tumors is by utilizing capacitive
systems. This method requires one electrode to be placed on the patient while lay-
ing on the treatment bed and another electrode to be inserted. The electrodes are
connected to a powerful generator that functions at frequencies from 8 to 40 MHz
[35].

Figure 2.4: Two RF hyperthermia systems. Radiative-based BSD-2000 3D/MR
(left) and Capacitive-based Thermotron RF-8EX (right)

Data obtained from: [35].
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2.3.2 Superficial Local Hyperthermia
Superficial local HT is intended to treat tumors that are typically located within
a maximum depth of 4 cm and specifically targets small and localized areas of the
body such as lymph nodes in the head and neck region [35]. External devices such
as antennas, capacitive electrodes or infrared lamps are used to deliver the proper
treatment. Superficial HT uses antennas in the frequency range between 400 MHz
and 1 GHz due to their effective energy deposition within 4 cm from the surface.
The aim of the treatment is to develop different therapeutic outcomes by applying
external heat. These outcomes consist of an increased vulnerability of malignant
tumors to the alternative treatment methods, chemotherapy and radiation therapy
as well as improved blood circulation to enhance the transportation of oxygen and
essential nutrients to the specific area [35].

Figure 2.5: Superficial Hyperthermia Treatment
Created in Biorender.
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2.4 Phantom Materials
The ongoing demand for tissue-like samples in the advancement of medical technol-
ogy, along with the scarcity of human tissue due to ethical constraints, has resulted
in the utilization of tissue models or phantoms that mimic the properties of human
tissue [36]. The human body is a sophisticated system with distinct physical and
electrical qualities present in all tissues. The main factor that contributes to the
different dielectric properties of each tissue is the amount of water they consist of.
Tissues such as muscle and brain exhibit high water content and other tissues, as
those in fat and bone exhibit lower content of water in the body. In the past it was
increasingly challenging to accurately represent all human tissue types due to the
phantoms being mostly water-based. Currently more intricate phantoms are being
developed to closely resemble human body tissues, including both heterogeneous
and homogeneous phantoms [36].

2.4.1 Liquid Phantoms
In the early days of phantom development, most tissue-mimicking phantoms were
liquid-based. Liquid phantoms is primarily used for high dielectric constant and
lossy tissues, and is primarily used to mimic the optical properties of biological tis-
sues. Water is the main component of the phantom composition to be able to mimic
the higher dielectric properties. Other materials that are commonly utilized in liq-
uid phantoms are agarose, glycerol, gelatin and polyvinyl alcohol [37]. Advantages
of the water-based phantoms are the flexible and easy fabrication processes, high
availability as well as low cost. Despite the easy and rapid fabrication process, liquid
phantoms have a number of disadvantages. Due to the liquid nature of the phantom,
a container or holder is required to carry the phantom. The container can be suscep-
tible to mold growth, which can have an impact on the electrical properties of the
phantom. Another disadvantage is the loss of water through evaporation from the
phantom materials, leading to alterations in their properties as well as making them
unsuitable for long-term preservation [36][40]. A blood-mimicking phantom, based
on water, glycerol, salt and red dye (hemoglobin) can be implemented to simulate
the dielectric properties of blood, in which the purpose of glycerol is to decrease the
permittivity and salt to increase the conductivity [38].

Chemical Processes of Liquid Phantoms

The ability of liquid phantoms to flow and adapt to different shapes, makes them
liquid-like. When glycerol is combined with water it dissolves relatively easy due
to the hydrogen bonding between the water molecules and the hydroxyl groups of
glycerol. Even though a chemical reaction does not take place, it helps to increase
the viscosity of the solution, giving it mechanical qualities comparable to those of
soft tissues [62]. Similarly, when gelatin is introduced to warm water, the protein
chains start to hydrate and expand, causing the gelatin to dissolve. The viscosity
and optical properties can then be adjusted by changing the gelatin concentration
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[63]. When salt (e.g. NaCl) is dissolved in water it separates into positive sodium
negative chloride ions. These ions typically increase the ionic strength of the solu-
tion and helps to adjust the electrical conductivity of the phantom to match those
of biological tissues [64].

2.4.2 Semi-solid Phantoms
Phantoms that are semi-solid have capability to easily mold into any desired shape,
while also possessing attributes that make them ideal for replicating the properties
of soft tissues. Semi-solid materials can imitate both high and low permittivity tis-
sues by employing materials such as agar, polyacrylamide and starch. Due to the
lower water content opposed to liquid phantoms, semi-solid phantoms are typically
reinforced with another polymer such as hydroxyethylcellulose or methylcellulose,
developing a hydrogel, to be able increase its mechanical strength and durability
[40]. Advantages of semi-solid phantoms are that they are more convenient to uti-
lize and more efficient at simulating various tissues over a wide frequency range.
Similar to liquid phantoms, they have good availability of materials with relatively
low cost. While there are numerous advantages with semi-solid phantoms, there
are also some disadvantages. Once the desired phantom is developed, its electrical
properties can not be adjusted unlike liquid phantoms, where the permittivity can
be increased further by adding water. The issue of evaporation and dehydration has
also been observed to an extent with semi-solid phantoms, but not as severely as
liquid phantoms. [40]. A semi-solid agar-based gel by Nilsson [39], included agar,
sodium chloride and sugar dissolved in water, in which the purpose of sodium chlo-
ride was to adjust conductivity and sugar to achieve the desired permittivity.

Chemical Processes of Semi-Solid Phantoms

The gel-like consistency of semi-solid phantoms to maintain its shape like a solid
and at the same time have viscoelastic properties similar to a liquid, renders them
as semi-solid. [65]. When agar is dissolved in hot water (generally around 90°C),
the agarose and agaropectin molecules combine to form a homogeneous solution.
Upon cooling (under 40°C), agarose chains form a strong physical gel through hy-
drogen bonding. This produces a semi-solid gel, mimicking the stiffness of biological
tissues such as muscle tissue [65]. Sugar on the other hand separates into two
monosaccharides, glucose and fructose when dissolved in water. Similar to glycerol,
a chemical reactions does not take place, but instead creates hydrogen bonds with
water molecules, increasing the viscosity of the solution. Sugar may also assist in
fine tuning the mechanical stiffness when mixed with agar [66].
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2.4.3 Solid Phantoms
Solid tissue-mimicking phantoms, so called dry phantoms typically contain very
small amounts of water, which allows them to avoid the evaporation issues associ-
ated with the other phantoms. Common materials used to develop solid phantoms
are ceramic powder, silicone rubber, carbon fiber and graphite. The phantoms are
mainly developed using ceramic powders, which are available in a diverse range of
options and have a broad permittivity range. However, developing materials with
high loss that can mimic the natural conductivity of tissues is difficult due to the low
loss properties of ceramic materials [40][41]. Main advantages of solid phantoms is
the evasion of evaporation and dehydration as well as sustaining durability to envi-
ronmental changes opposed to other phantoms. Specialized equipment is necessary
to produce solid materials due to the requirement of high temperatures in mixing
the materials and high pressure in molding them. The use of specialized ceramic
materials and instruments increases the cost of the fabrication process compared
to other materials utilized in tissue-mimicking phantoms. Another disadvantage is
that solid phantoms are difficult to reshape. This issue can however be addressed
by introducing soft and dry materials, utilizing silicone rubber infused with carbon
fiber, making the phantoms more stable and durable over time [40].

Chemical Processes of Solid Phantoms

In the development of solid phantoms, ceramic powders are commonly produced
through sintering, which involves compacting and heating the powders to high tem-
peratures without melting [67]. This permits the particles to bond together via
diffusion processes, yielding a dense, solid structure. Under high pressure, the pow-
der mixture is compressed into a mold, to produce a green body, which serves as a
preliminary shape for the final phantom. The particles start to merge and densify
when the green body is heated to a temperature below the heating point. This
particular procedure can eliminate porosity, improving the phantom’s mechanical
qualities to make it solid-like [67].
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2.5 Hydrogels in Hyperthermia Therapy
This section will discuss various polymers and hydrogels that were explored to de-
velop the desired muscle phantom. The importance of parameters such as molecular
weight, viscosity and concentration is also highlighted along with problems associ-
ated with air bubble formation during the phantom development procedure.

Hydrogels are polymer networks that are interconnected through crosslinking and
have the ability to absorb large amounts of aqueous fluids. These materials are
commonly characterized by their soft, flexible and biocompatible nature. Due to
their high water content, porosity and softness, hydrogels typically exhibit properties
that closely resemble those of living biological tissue, rendering them highly suitable
for various medical applications, such as hyperthermia therapy [42].

2.5.1 Hydroxyethylcellulose
Hydroxyethylcellulose (HEC) is a water-soluble, nonionic gelling agent obtained
from cellulose and primarily utilized as a thickening agent in phantom develop-
ments. Its potential as a hydrogel for hyperthermia applications is promising due
to its distinctive characteristics and biocompatibility [40]. To successfully dissolve
the polymer in water, HEC is commonly heated. It typically undergoes a phase
transition from a homogeneous solution to a semi-solid, gel-like state when cooled
down [44]. HEC offers several advantages:

Water Retention: HEC’s ability to absorb and retain significant amounts of wa-
ter is essential for maintaining hydration, but also preventing dehydration during
hyperthermia therapies [44]. This feature ensures that the hydrogel maintains its
properties, thus maximizing the efficacy of microwave energy absorption and heat
production.

Mechanical Durability: HEC hydrogels can offer mechanical support and sta-
bility for phantoms during hyperthermia procedures, aiding in maintaining the in-
tended shape of the hydrogel [44].

Biocompatibility: HEC being derived from cellulose, a naturally occuring polysac-
charide present in plants, is generally regarded as biocompatible and non-toxic. This
characteristic renders HEC hydrogels appropriate in phantom development for hy-
perthermia therapy, ensuring safety [44].
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Chemical Process of Hydroxyethylcellulose

As hydroxyethylcellulose is introduced and dissolved in water, the water molecules
start to hydrate. The hydroxyl groups in addition with the hydroxyethyl groups en-
gage in the formation of hydrogen bonds with the water molecules [68]. Initially, the
HEC particles undergo expansion as they absorb water. This leads to the penetra-
tion of water molecules into the polymer’s structure, causing the individual polymer
chains to swell and expand. As the swelling continues, the polymer chains start to
disperse, spreading throughout the solution. This represents the dissolution process,
during which HEC particles are fully solvated in water [68]. HEC is also known for its
thickening properties, and typically increases the viscosity of the solution through
the entanglement of the long polymer chains in water. The entanglement of the
chains is responsible for the gel-like consistency and viscosity of HEC solutions [69].

Figure 2.6: Structure of Hydroxyethylcellulose (HEC)
Data obtained from: [45].
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2.5.2 Correlation between Molecular Weight, Viscosity and
Concentration of HEC

To achieve a simple, rigid and durable phantom, it is important to find a balance
between molecular weight (Mw), viscosity and concentration.

The viscosity of HEC solutions are affected by various elements, such as the con-
centration of HEC in the solution, the molecular weight as well as the degree of
subtitution (quantity of hydroxyethylcellulose groups per cellulose unit).
HEC with a greater molecular weight typically consists of lengthier polymer chains.
Lengthier chains have a tendency to intertwine more easily and create a more tangled
network structure within the solution. As mentioned before, this entanglement also
results in an increased viscosity solution [44]. Furthermore, solutions with high
molecular weight, are generally more viscous in comparison to those with lower
molecular weight. The correlation is depicted in table 2.3 below.

HEC (Grade) Molecular
Weight (Da)

Viscosity (Room
Temperature)

Concentration
(%)

Natrosol L 90,000 75-150 5
Natrosol G 300,000 250-400 2
Natrosol M 720,000 4500-6500 2
Natrosol H 1,000,000 1500-2500 1
Natrosol HX 1,000,000 1500-2500 1
Natrosol HHX 1,300,000 3500-5500 1
Natrosol HHW 1,300,000 3500-5500 1

Table 2.3: Correlation between Molecular Weight, Viscosity and Concentration of
HEC

Data obtained from [44].

The concentration of HEC in a solution is another cruicial factor influencing the
viscosity. An increase in the concentration of HEC results in a higher number of
polymer chains per unit volume in the solution. The elevated polymer chain den-
sity promotes more frequent interactions among the chains, leading to increased
entanglement and a higher viscosity of the solution [46]. Essentially, higher con-
centrations provide more opportunities for polymer chains to engage in interactions
and establish a complex network structure, thereby enhancing the resistance to flow.
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2.5.3 Methylcellulose
Another promising material that holds potential for application in phantoms is
methylcellulose (MC). Methylcellulose is a cellulose ether derivative that exhibits
semi-flexibility and is attributed to its capacity for solubilization in water [47]. MC
is generally considered safe due to its non-toxic nature, biocompatibility and cost-
effectiveness, making it a safe and efficient material to be utilized in tissue phantoms.
Similar to HEC, MC-based hydrogels exhibit constrained durability over extended
periods due to the phenomenon of thermal gelation. For lower molecular weights,
MC necessitates the application of heat in order to undergo gelation, unlike HEC,
which is capable of gel formation under cold conditions. However, this phenomenon
is constrained when dealing with higher molecular weights. At similar molecular
weights, MC is typically more viscous in comparison to HEC [48].

Chemical Process of Methylcellulose

Hydration is the first step that occurs when methylcellulose is dissolved in water.
The water molecules are surrounded by the polymer chains and begins with the hy-
drophilic (water-attracting) parts [70]. The water molecules then force the polymer
chains apart, causing them to swell as the chains hydrate. The swelling leads to
an increase in viscosity, making the solution thicker. After hydration, the hydro-
gen bonds, holding the polymer chains together are broken by the water molecules
penetrating the chains. This eventually causes methylcellulose to gradually disperse
into the water [70].

Figure 2.7: Structure of Methylcellulose (MC)
Data obtained from: [47].

2.5.4 Perfax (Methylcellulose-Based)
A methylcellulose-based powder, also called perfax, consisting of water, powder
wallpaper paste and salt is of great interest. An advantage of this phantom is that
it does not require heating for dissolution and can be used as reference phantom
to develop a muscle phantom recipe, in order to evaluate the QA of deep regional
hyperthermia [49]. Perfax is a type of powder ahesive based on polymers such
as modified starch or methylcellulose and is initially synthesized as a wallpaper
paste and wallcovering adhevies [50]. This powder is of great benefit to mimic the
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dielectric properties of muscle tissue [46]. A limitation of the perfax phantom is
the insufficient solidity. Its inadequate solidity causes it to behave fluidly at room
temperatures, affecting the desired firmness and shape. As mentioned earlier, this
attribution can have a connection to the specific molecular weight of MC utilized in
the perfax powder.

2.5.5 Materials to Increase Mechanical Stability
Agar:
Agar is a polysaccharide that is naturally found in a number of red seaweeds, con-
sisting of a combination of agarose and agaropectin. This hydrogel is a promising
material due to its extraordinary thickening and gelling characteristics and can be
combined with other hydrogels such as HEC to increase the gel’s mechanical strength
[51]. Agar gels exhibit outstanding thermal stability, enabling them to endure the
elevated temperatures produced in microwave hyperthermia experiments without
notable deterioration. Such stability plays a vital role in upholding the integrity of
the phantom and ensuring the consistency of experimental outcomes [52]. Derived
from natural origins, agar is widely recognized for its biocompatibility, rendering it
suitable in phantom development [50]. The critical constraint of agar-based phan-
toms lies in their toughness, making them fragile and prone to breakage during
handling as time passes [54].

Gelatin:
Another hydrogel that serves as a commonly used gelling agent in phantoms is
gelatin. Gelatin consists of peptides, and proteins formed through the physical,
thermal or chemical breakdown of collagen derived from various tissue such as skin,
cartilage, tendon and bone [54]. The enduring stability over an extended period
at room temperatures, cost-effectiveness, biocompatibility as well as easy manu-
facturing of gelatin-derived phantoms, render them appropriate for utilization in
phantoms. A limitation of gelatin is its ability to sustain durable at elevated tem-
peratures opposed to hydrogels such as agar/agarose [54].

2.5.6 Materials to Reduce Permittivity
Glycerol:
Glycerol is a compound found abundantly in nature and exists either in its free
state or more commonly as an ester known as glycerides. it exhibits great versatil-
ity as a coupling agent due to its full miscibility in water, enabling customization
of permittivity to suit a broad spectrum of tissue properties [55]. Glycerol has a
lower dielectric constant (46.5) compared to water (80.1) [56]. This adaptability is
particularly cruicial in the context of phantom development, where achieving the
desired permittivity is very important. Glycerol is considered to be optimal from a
human safety standpoint due to its non-toxic nature and bacteria-static properties
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[55].

Figure 2.8: Measured Permittivity of Various Water/Glycerol Mixtures in relation
to Frequency

Data obtained from: [55].

As seen in figure 2.8, the permittivity demonstrates a steady reduction as the glyc-
erol concentration rises across all frequencies. A significant decrease in permittivity
is observed at frequencies above 1 GHz [55].
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Polyethylene Glycol:
Another material that can be used to reduce the permittivity of phantoms is polyethy-
lene glycol (PEG). It is a synthetic polymer that is water-soluble, biocompatible and
is widely utilized in the biomedical field. PEGs are typically available in a wide range
of molecular weights, where they exhibit a liquid state below molecular weights of
600 Da and a solid state above 1000 Da [57]. PEG has a significantly lower dielectric
constant compared to glycerol, and although it is typically more preferred to reduce
the permittivity of phantoms, in terms of cost-effectiveness, the dielectric constant
is very low and can affect other properties of the phantom as well. A limitation of
utilizing PEG can be associated with the high molecular weights, typically leading
to a very high viscosity as well as mixing difficulty [58].

2.5.7 Salt to Increase Conductivity
Sodium Chloride:
Sodium chloride, also called table salt, plays a pivotal role in phantom development,
in the context of hyperthermia treatment. The human body exhibits a specific de-
gree of electrical conductivity, due to the existence of electrolytes, such as potassium,
sodium and chloride ions [59]. Through the incorporation of sodium chloride into
the phantom, it is able to modify the conductivity in order to closely replicate that
of human tissue. Sodium chloride is easily accessible, biocompatible and non-toxic
at moderate concentrations as well as cost-effective, making it a viable option for
adjusting conductivity in phantoms [59].

2.5.8 Occurrence of Air Bubbles in Phantoms
The mixing process of phantoms commonly induces the dissolution of air into the
fluid, generally if the mixing is done above liquid level, and the presence of undis-
charged air may result in the formation of air bubbles in the final phantom. The
elimination or reduction of the dissolved air is important due to the fact that air
bubbles represent areas characterized by different optical attributes, such as zero
scatter and absorption [60]. This can eventually impact the dielectric properties of
the phantom and lead to inaccuracies in electrical assessments. If deviations are
observed due to air bubbles, a vacuum chamber is typically used as an alternative
to remove the bubbles [60].

25



2. Theory/Literature Review

26



3
Materials and Methods

This chapter seeks to describe the methods used in the development and assessment
of muscle phantoms in MW HT. The material selection process is described, with
an emphasis on the purpose of HEC, agar and glycerol in achieving the appropriate
mechanical and dielectric properties. The phantom development procedure is dis-
cussed in detail, from material mixing to obtaining the gel phantom. Additionally, it
includes the optimized recipes for different phantom compositions, aimed at specif-
ically simulating the dielectric properties. This chapter further explains the setup
used to assess the dielectric properties, including the equipment and measurement
techniques.

3.1 Phantom Development Process
The phantoms were developed with the intention to be utilized solely as test samples
and a total of 200 g phantom was developed for each phantom using a 250 ml glass
beaker as a phantom holder. An exception was the perfax phantom, which was
developed using a pot. As the perfax phantom could form a gel without heating,
it did not require a water bath opposed to the HEC/Muscle phantom. In figure
3.1 the experimental setup and procedure can be observed for the muscle phantom.
The pot is placed on a heating plate and is used as a water bath to be able to heat
up the phantoms. As seen in the figure, the beaker is placed inside the water bath
for heating and an overhead stirrer is placed inside the beaker for mixing. As HEC
generally forms a gel when cooled down, 2/3 of the solution was heated to dissolve
the powder and the remaining 1/3 was added after dissolution to form a gel. This
process was performed based on the equipment that were available in the lab. With
more advances equipment the method of procedure can be refined.

3.2 Material Selection
In the development of the muscle phantom, HEC is used as a base component that
is dissolved in water. The use of higher molecular weights of HEC has been shown
to be very promising to produce a mechanically stable gel, even at lower concen-
trations. It is readily dissolved in both hot and cold water and is biocompatible
with a number of materials, making it a promising material. To further adjust the
mechanical and dielectric properties of the gel phantom, three materials that are
biocompatible with HEC are selected. Agar is employed as a gelling agent, that
increases the gel’s mechanical strength when combined with HEC. Agar is resistant
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to high temperatures and is relatively firm at room temperature, which is important
as the phantoms are stored at room temperature. To adjust the dielectric proper-
ties, permittivity and conductivity, glycerol and salt (NaCl) are employed. As the
simulation of the permittivity is expected to be around 66.0, a material with a closer
dielectric constant to that of water is preferred. Glycerol have a dielectric constant
around 46, compared to polyethylene glycol, that have a much lower value, generally
lower than 20, depending on the molecular weight. As glycerol have a value closer
permittivity to that of water, it was preferred based on the materials available. Sim-
ilarly, salt is utilized to increase the conductivity to the expected value of 0.71. The
positive and negative ions of salt conducts electricity, when dissolved in water.

28



3. Materials and Methods

Figure 3.1: Experimental Setup and Procedure of Muscle Phantom
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3.3 Phantom Development

3.3.1 Perfax Phantom
The perfax phantom serves as a benchmark for evaluating viscosity and solution
thickness, making it ideal for comparative analysis. The amount utilized for each
ingredient is necessary for the simulation of dielectric properties of muscle tissue at
100 MHz.

Ingredients Amount
Perfax Powder 40 g
Salt (NaCl) 3,5 g
Water 1 L

Table 3.1: Ingredients of Perfax Phantom

Method of Procedure:
All ingredients are mixed at room temperature

1. 1 L of water is poured into a pot, followed by the addition of salt (NaCl).

2. Perfax powder is gradually added, as the solution is mixing, using an
overhead stirrer.

3. Upon complete dissolution of the perfax powder without the presence of
any lumps, the mixing process is complete.

4. The pot is sealed and stored at room temperature for approximately 24 h.
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3.3.2 Hydroxyethylcellulose Gel
Hydroxyethylcellulose serves as a foundational element in the muscle phantom to
guarantee the suitable levels of viscosity, thickness and firmness prior to the intro-
duction of additional substances.

Three distinct HEC products are employed for experimental conditions with the aim
of finding a balance between molecular weight and concentration of the final solu-
tion. As the higher molecular weights are generally limited to 2-3 wt%, the recipe
illustrated in table 3.2 demonstrates a 2 wt% concentration to analyze the phantom
solidity.

- (Hercules, Natrosol Plus)
- (Natrosol 250 M Pharm)
- (Natrosol 250 HHX Pharm)

Ingredients Amount
Hyroxyethylcellulose (Natrosol) 4 g
Salt (NaCl) 0.7 g
Water 196 ml

Table 3.2: Ingredients of Hydroxyethylcellulose Phantom at 2 wt%
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Method of Procedure: All ingredients are mixed at elevated tempera-
ture

1. A pot is positioned onto a heating plate, containing hot water. The hot
water is intended to be used as a water bath. A thermometer is placed inside
the water bath.

2. Of the total volume of water, two-thirds is transferred to a beaker and is
subsequently immersed in the water bath. The remaining one-third is stored
in a refrigerator.

3. Salt is introduced into the solution. The HEC powder is then gradually
incorporated as the temperature rose, in order to avoid powder lumps and
mixing difficulty. The solution is mixed using an overhead stirrer as the
ingredients are added.

4. The HEC powder achieved complete dissolution without any visible
aggregates in a temperature range of 60-70 ◦C of the water bath. As this
temperature range appeared to be promising for full dissolution of HEC, it
was used for the remaining experiments

5. To cool down the phantom, it is extracted from the water bath and the
remaining one-third of stored water is gradually poured into the solution.

6. As the phantom cools down, it undergoes the gelation process and a
homogeneous phantom is achieved.

7. The beaker is then sealed to avoid evaporation and possible contamination,
and is stored at room temperature.
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3.3.3 Muscle Phantom
To achieve the desired muscle phantom, the HEC phantom is combined with other
promising materials, (agar and glycerol) to attain the envisioned dielectric and me-
chanical properties. Agar is incorporated into the solution in order to confer solidity
upon the phantom. The introduction of glycerol served the purpose of reducing the
permittivity, given the high dielectric constant of water.

Method of Procedure: All ingredients are mixed at elevated tempera-
ture

The procedure is very similar to that of the hydroxyethylcellulose phantom

1. A pot is positioned onto a heating plate, containing hot water. The hot
water is intended to be used as a water bath. A thermometer is placed inside
the water bath.

2. Of the total volume of water, two-thirds is transferred to a beaker and is
subsequently immersed in the water bath. The remaining one-third is stored
in a refrigerator.

3. Salt is introduced into the solution. The HEC powder is then gradually
incorporated as the temperature rose, in order to avoid powder lumps and
mixing difficulty. The solution is mixed using an overhead stirrer as the
ingredients are added.

4. Once the HEC powder becomes perceptibly dissolved, glycerol is gradually
added to the mixture.

5. As the solution starts to thicken, agar is added to the mixture in order to
increase the solidity of the phantom.

6. The solution is subsequently agitated until the presence of aggregates is
no longer visible. This is typically attained at a temperature range of 70-80
◦C of the water bath.

7. To cool down the phantom, it is extracted from the water bath and the
remaining one-third of stored water is gradually poured into the solution.

8. The phantom starts to solidify and hydrate as it cools down, and a
homogeneous gel is achieved after a continuous 15-20 minutes of mixing.

9. The beaker is then sealed to avoid evaporation and possible contamination,
and is stored at room temperature for further assessment of the dielectric
properties.
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3.3.3.1 Compositions of Muscle Phantom For The Optimized Recipes

HEC 250 HHX (wt%) Agar (wt%) Glycerol (wt%) Salt NaCl (g)
Phantom 1 2.5 1.5 16 0.7
Phantom 2 2.5 1.5 20 0.8
Phantom 3 2.5 1.5 25 1.0
Phantom 4 2.5 1.5 35 2.0
Phantom 5 2.5 1.5 40 1.4
Phantom 6 2.5 1.5 50 1.4

Table 3.3: Compositions For the Optimized Phantoms

The composition of the optimized phantoms are illustrated in table 3.3. To achieve
the desired permittivity and conductivity of 66.0 and 0.71 of muscle tissue, both the
glycerol and salt contents are optimized to analyze which phantom are at a closer
proximity to the values. The HEC and agar content are definite to be able to have
an accurate assessment. The content of both the materials were determined based
on mixing difficulty, observation of the solidity as well as the amount of air bubbles
generated after the gel is obtained.

To obtain a sufficient muscle phantom, the solidity and thickness of the phantom
were analyzed by visually observing the properties using three distinct HEC prod-
ucts, varying in molecular weight. This assisted in finding a sufficient Mw for HEC.
The assessment also requires the appropriate concentration of HEC, as very high
concentrations often lead to mixing difficulty and undesired properties. Two factors
are important when finding the suitable concentration, which will be assessed. One
of them is the amount of air bubbles that is present at a particular concentration,
and the other is the acquired solidity achieved. The amount of air bubbles that oc-
curs in the phantom depends on a number of factors, such as the process of mixing
as well as the rate of the mixer used. The air bubble formation will be analyzed by
utilizing various mixing rates of the overhead mixer at the particular concentration
chosen.
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3.4 Dielectric Properties Assessment
The dielectric properties of the phantoms is assessed using the Dielectric Assessment
Kit for Thin Layers (DAK-TL), connected to a Rohde & Schwarz ZNBT8 16 chan-
nels vector network analyzer. A phantom sample is put on a mechanically driven
platform, which moves the sample toward the probe at the operator’s specified force.
The measuring device is managed by specific software installed on an external PC,
which displays and saves the measurement data. To be able to analyze a wide
range frequency of interest, two different probes are used: A red-marked probe,
DAK12-TL2 (frequency range: 4-600 MHz), and a yellow-marked probe, DAK3.5-
TL2 (frequency range: 200 MHz to 1 GHz). During each measurement, the phantom
samples were further pushed toward the probe surface with a consistent force using
the mechanically driven platform to ensure adequate phantom-probe contact. The
permittivity and conductivity of each sample at the frequency range of interest can
then be analyzed.

During the evaluation of the perfax phantom, the red-marked probe (DAK12-TL2)
was used to analyze the permittivity and conductivity at the frequency range of 10-
200 MHz. The yellow-marked probe, (DAK3.5-TL2) was utilized for the dielectric
properties assessment of the hydroxyethylcellulose (HEC) phantoms at the frequency
range of 200 - 490 MHz. During the assessment of the muscle phantom, the red-
marked probe was yet again utilized, focusing on the frequency range spanning from
60-550 MHz. The primary object of the dielectric assessment is to replicate the
standard values of muscle tissue at approximately 100 MHz.

Figure 3.2: Schematic of the Measurement Setup for the Dielectric Properties
(DAK-TL2)

Data obtained from [61].
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4
Results & Discussion

This chapter seeks to describe the results of the produced muscle phantoms, with
a focus on the mechanical strength & dielectric properties. It starts by assessing
the perfax phantom’s properties at increased temperatures, providing information
on its long-term stability. The chapter then discusses the optimization of the muscle
phantoms, including the analysis of HEC concentration, air bubble formation and
the mechanical properties of the phantoms. Finally, it assesses the dielectric prop-
erties and compares them with the target values for muscle tissues, highlighting the
significance of the results.

4.1 Dielectric Properties of Perfax Phantom at
Elevated Temperatures

In figure 4.1, the graph in a) represents the change in permittivity at elevated tem-
peratures (30-45 ◦C), and b) denotes the change in conductivity. As the experiment
was conducted 3 weeks after phantom development, minor deviations are observed
in both permittivity and conductivity from their expected values.

The purpose of the experiment is to observe the change in dielectric properties at
elevated temperatures intended for treating deep-seated tumors. As illustrated in
the graphs, the permittivity decreases with in increase in temperature, whereas the
conductivity exhibits a rising trend. The variations observed within the tempera-
ture range are deemed not substantial, leading to the inference that alterations in
temperature of the phantom does not exert a significant influence on its properties.

The y-axis represents the a) permittivity, b) conductivity and the x-axis represents
the temperature (◦C).
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4. Results & Discussion

(a)

(b)

Figure 4.1: a) Permittivity at Elevated Temperatures b) Conductivity at Elevated
Temperatures
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4.2 Phantom Process Optimization

4.2.1 Analysis of HEC Gel Solidity

HEC (Product) Viscosity Solidity
Hercules, Natrosol Plus Low Low
Natrosol 250 M Pharm Moderate Moderate
Natrosol 250 HHX Pharm High Moderate

Table 4.1: Viscosity of HEC Products, Differing in Mw

Three HEC products, differing in molecular weights were examined in order to inves-
tigate the viscosity and consistency of the resulting phantom gel. As seen in table
4.2, the distinct products exhibited various viscosity concentrations and solidity.
This confirms that higher molecular weights of polymers typically leads to higher
viscosity of the resulting gel. Similarly, Higher molecular weights seem to increase
the solidity of the gel as well. When finding a balance in molecular weight, it is also
important to consider mixing difficulty, to avoid formation of lumps and aggregates
in the solution. A visual observation of the phantom solutions determined that the
HEC formulation, Natrosol 250 HHX Pharm exhibited a denser texture in compar-
ison to the Natrosol 250 M Pharm product due to its elevated molecular weight,
thus warranting its selection for subsequent investigative procedures.

Figure 4.2: HEC Gels, Each Containing Distinct Molecular Weights
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4.2.2 Analysis of HEC Gel Concentration
In order to achieve a rigid gel, and avoid mixing difficulty as well as the formation of
air bubbles in the final muscle phantom, adequate concentration levels are required.
The HEC product, Natrosol 250 HHX Pharm is utilized for the concentration as-
sessment.

Concentration of HEC (Na-
trosol 250 HHX)

Air Bubbles (Amount) Solidity

3wt% No Moderate
3.5wt% Few Moderate
4wt% High High

Table 4.2: Air Bubbles and Solidity assessment of HEC at Various Concentrations

From the data presented in table 4.3, one can discern that higher levels of HEC, lead
to an increased formation of air bubbles within the resulting gel. The firmness of the
gel also appears to rise as a result of enhanced interweaving and linking of polymer
chains. Despite the fact that a 4wt% HEC facilitated the attainment of the desired
solidity in the phantom, a noticeable quantity of air bubbles persisted, a factor that
is important to eliminate in order to achieve an accurate dielectric assessment. In
most instances, a minimal number of small air bubbles in gel phantoms typically
have negligible effects on their properties, hence the concentration of 3.5wt% HEC
emerged as the most suitable option to strike a balance between solidity and the
presence of air bubbles.

Figure 4.3: Phantom Appearance of Natrosol 250 HHX at Various Concentrations:
Left: 3wt% to Right: 4wt%
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4.2.3 Air Bubbles Formation Assessment
The process of mixing plays a pivotal role in attaining a consistent and even dis-
tribution of HEC within the gel. The speed at which the mixer is employed often
influences both the quantity and size of air bubbles generated within the solution
as a result of the incorporation of air. An assessment of the HEC gel is conducted
across different mixing velocities to examine the effects on air bubble formation.

HEC (3.5wt%) Overhead Mixer (rpm) Temperature of Water Bath
(Celsius)

Gel 1 200 –> 400 –> 600 –> 200 64
Gel 2 400 –> 600 –> 800 –> 400 60
Gel 3 600 –> 800 –> 1000 –> 600 62

Table 4.3: Quantity and Size of Air Bubbles at Different Mixing Rates

The mixing velocities for each phantom were observed 3 days after development
according to table 4.4. The velocity values indicate the values at which the mixing
rate was initiated, then steadily escalated to prevent the formation of lumps, and
eventually reverted to the original starting value upon cooling down of the gel. This
assessment has validated that reduced velocity levels of the overhead mixer led to a
decreased presence of air bubbles compared to elevated mixing rates as observed with
"Gel 1". This phenomenon is primarily attributed to a lesser amount of air being
incorporated into the solution during phantom development. There are instances
where a higher mixing speed may be preferred for the production of different kinds
of phantoms with lower viscosity, mainly for reasons related to time effectiveness
and an expedited mixing procedure.

Figure 4.4: Phantom Appearance of Natrosol 250 HHX at Various Mixing Veloc-
ities: Left: Phantom 1 to Right: Phantom 3
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4.2.4 HEC Gel Confirmation
To validate the consistent physical resemblance achieved in gel 1, three additional
HEC gels were produced utilizing identical composition and procedural methodol-
ogy. This is crucial to ensure that identical features of the gel are obtained using
the same recipe.

Figure 4.5: Gel Appearance of Natrosol 250 HHX: Left: Gel 1 to Right: Gel 3

From figure 4.5, it is evident that the HEC gels exhibited a noticeable resemblance
to "Gel 1" as per the previous analysis. The gels denoted as 2 and 3 displayed a
marginally higher presence of air bubbles in contrast to gel 1, a factor that may vary
with time. With the progression of time, these bubbles are expected to gradually
ascend to the surface and dissipate. This analysis provides additional evidence
supporting the assertion that decreased rates of the overhead mixer lead to a decline
in both the size and quantity of air bubbles within the solution.
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4.3 Dielectric Properties Assessment

4.3.1 Dielectric Properties (Mean & Deviation) of HEC Gels
In order to assess the distinctions and variations among the HEC gel properties
using the same recipe, the average values as well as the standard deviation of the
dielectric characteristics were observed.

In figure 4.6 depicted below, the mean permittivity and conductivity of the three
HEC gels are observable alongside their respective measurement uncertainties. The
blue line illustrates the mean values, while the shaded area denotes the standard
deviations from the mean. This analysis holds significance in ensuring the absence
of significant differences among the phantoms concerning their dielectric properties
based on the same recipe. Frequencies exceeding 100 MHz commonly exhibit uncer-
tainties that may extend up to 15%, whereas frequencies below 100 MHz typically
range around 5%. As depicted in a), there are no significant deviations from the
mean permittivity values. The most notable discrepancy spans from 75.1 to 76.02,
corresponding to an approximate 1.2% uncertainty. This validation indicates that
all permittivity values fall within the 5% uncertainty requirement.

In b), the shaded region appears to be broader, indicating a higher uncertainty.
The largest deviation spans from 0.595 to 0.672, resulting in a 13% error rate. This
suggests that one of the phantoms manifested a higher conductivity in comparison
to the other two phantoms. Given that salt (NaCl) is recognized for its substantial
influence on conductivity, the presence of a measurement or experimental error is
conceivable.

The y-axis represents the a) permittivity, b) conductivity, and the x-axis represents
the frequency range.
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(a)

(b)

Figure 4.6: a) Average Permittivity along with Standard Deviation Over the Fre-
quency Range (200-490 MHz) b) Average Conductivity along with Standard Devi-
ation Over the Frequency Range (200-490 MHz)
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4.3.2 Dielectric Properties of Muscle Phantoms
The graph in figure 4.8 a) below illustrates the optimized recipes outlined in table
3.3. In order to achieve the targeted permittivity at 100 MHz, adjustments were
made to the glycerol component. The various coloured lines depicted in a) corre-
spond to the differing levels of glycerol content that were employed. Specifically, the
uppermost blue line is denoted as "16Gly", signifying the utilization of 16% glycerol
in the phantom composition. Based on the graph, it is evident that the black line
(35Gly) and the purple line (40Gly) exhibit permittivity values (65&67) very proxi-
mate to the desired permittivity (66) of muscle tissue as specified in table 2.1 at 100
MHz. Given that both lines demonstrate a deviation error within 5% of the target
value, the glycerol content falling within the range 35-40% emerges as a viable range
for mimicking the permittivity.

To replicate the intended conductivity of muscle tissue (0.71), as specified in table
2.2 at 100 MHz, two "35Gly" phantoms can be observed in b). The red line ex-
hibits a greater conductivity (0.63) in comparison to the blue line (0.57) which is
closer to the target value. Despite surpassing the 5% margin of error, a slight el-
evation in salt concentration could enable the attainment of the desired conductivity.

The y-axis represents the a) permittivity, b) conductivity, and the x-axis represents
the frequency range.

Muscle Phantom Salt (NaCl) Content (g)
35Gly(1) - Red Line 2.0 g
35Gly(2) - Blue Line 1.7 g

Table 4.4: Composition of Muscle Phantom Illustrated in Graph 4.8 b)

Figure 4.7: Final Muscle Phantom (Produced from Phantom Recipe 4)
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(a)

(b)

Figure 4.8: a) Permittivity of the Optimized Phantom Recipes Over the Frequency
Range (60-550 MHz) b) Conductivity of Two 35Gly Phantoms Over the Frequency
Range (60-550 MHz)
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5
Conclusion/Future Outlook

This study has examined a variety of materials, compositions and parameters in or-
der to develop a homogeneous muscle phantom that functions effectively, designed
to evaluate the efficacy of heating devices. The developed muscle phantom demon-
strated satisfactory mechanical strength through the utilization of hydroxyethylcel-
lulose as primary component and agar to enhance the phantom’s durability. In the
treatment of deep-seated tumors, devices that operate at frequencies lower than 120
MHz are commonly favored, making the simulation of dielectric properties at 100
MHz an important consideration. Given the high permittivity of water, glycerol
was employed to reduce the permittivity, while salt (NaCl) was added to increase
the conductivity of the phantom solution. The muscle phantom managed to closely
imitate the dielectric characteristics at 100 MHz with en error of margin within 5%,
and displayed decent firmness.

In comparison with other phantoms, such as the perfax phantom, the produced mus-
cle phantom was shown to be solid at room temperature with viscoelastic properties,
while the perfax phantom formed a relatively weak gel and was very viscous at the
same temperature. The solid feature of the muscle phantom can be attributed to the
use of high viscosity and molecular weight of hydroxyethylcellulose combined with
the thickening agent of agar. In contrast to other semi-solid phantoms (agar-based
phantoms), the muscle phantom can be durable and stable in the long-term due to
the hydrophilic properties of hydroxyethylcellulose, reducing the rate of evaporation.
Agar-based phantoms are more firm initially, but will become brittle and degrade
with time.

In conclusion, the development of a mechanically stable gel phantom that replicates
the properties at approximately 100 MHz has shown to be successful, with the aim
to aid in the treatment of deep regionally located tumors in the human body using
electromagnetic radiation to generate heat.

Further investigation of the developed muscle phantom can be necessary to guarantee
its efficient utilization as a phantom. The final phantom was fabricated using the
accessible equipment available. Using more sophisticated equipment for production
could be conducted to observe any disparities in the quality of the phantom. The
examination of the phantom’s longevity and storage duration can be accurately
conducted by observing the variations in its dielectric properties over an extended
time-period. This procedure can ascertain the duration for which the phantom
remains suitable for evaluating the efficacy of heating devices, with respect to both
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5. Conclusion/Future Outlook

quality and safety. Additionally, subjecting the phantom to elevated temperatures
can facilitate an analysis of its solidity and alterations in properties to validate the
phantom’s suitability as a test object.
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Appendix 1

A.1 Dielectric Properties of HEC Gels

Figure A.1: Permittivity of HEC Gels Over the Frequency Range (200-490 MHz)
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Figure A.2: Conductivity of HEC Gels Over the Frequency Range (200-490 MHz)
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