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Preface

The past year | have been working on my Master Thesis Project concerning the design of a cardiac
phantom. This Master Thesis Project will be my last deliverable in order to obtain my Master degree in
Biomedical Engineering, specialization in Medical Instruments and Medical Safety, at the Technical
University (TU) of Delft. Under supervision of Professor Benno Hendriks at the Technical University
Delft/Philips, and Doctor John van den Dobbelsteen at the Technical University Delft, this graduation
project is conducted at the Technical University Delft. The project was performed in collaboration with
the research department of Philips Healthcare in Best, the Netherlands. The objective of this Master
Thesis Project was to develop an anthropomorphic left atrium (LA) phantom containing the dielectric
properties similar to the human heart in the frequency range of 10 kHz — 20 kHz. The steps taken to
achieve this objective are described in this thesis.

Approximately one year of hard work and dedication lead to the accomplishment of this Master Thesis
Project. The entire project was a great experience, involving loads of new theoretical information and
gaining practical skills. This project would not have been possible without the help of people from both
the TU Delft and Philips. | would like to thank my supervisors Professor Benno Hendriks, for helping me
with his expert information and John van den Dobbelsteen, who helped me with all facilities needed
throughout this project. Moreover, | would like to thank Jan van Frankenhuyzen, who offered me great
help and insights regarding 3D printing. Furthermore, Jeroen Bastemeijer from the TU Delft and Mischa
Megens from Philips offered me great help with their electrical engineering-related knowledge.



Abstract

Introduction  Atrial fibrillation (AF) is the most common form of arrythmia. Without treatment, the
heart rhythm usually becomes permanently disrupted and can lead to various heart related complications
as stroke or heart failure. Cardiac phantoms are needed for the development of electrophysiological
instruments and for training and education of electrophysiologist. A tissue mimicking phantom is an
accurate model of organs or tissues mimicking the real life like scenario for a desired goal. Currently, no
cardiac phantoms are available containing all requirements needed.

Objective Therefore, as a first step towards an applicable cardiac phantom for development of
electrophysiology studies, this Master Thesis focused on the design of an anatomically anthropomorphic
left atrium (LA) phantom mimicking the dielectric properties of human heart tissue in the frequency range
of 10 kHz — 20 kHz.

Methods To assess this research goal, the objective was divided into 3 subgoals:

1. Evaluate different tissue mimicking materials with additives to meet the main phantom
requirements.

Three promising types of phantoms were examined: agar-, gellan gum- and polyvinyl alcohol-cryogel-
based (PVA-C) phantoms. The dielectric properties and stiffness of the phantoms were manipulated by
varying the concentrations of materials and by using additives. Graphite powder, charcoal powder, salt
and sodium acetate were examined for increasing the electrical conductivity and oil, sugar and PVC for
decreasing its relative permittivity.

2. Extensively evaluate the most promising cardiac phantom materials.

The most promising phantom tissue materials, based on the main phantom requirements, was used for
the final design of a LA phantom. The cardiac phantom was prepared four times for extensive examination
based on all phantom requirements.

3. Develop a phantom design with comparable anatomy.

As a last step, the phantom was fabricated with comparable anatomy. In this part, a suitable mould was
prepared in order to get a hollow shaped phantom.

Results A 13,0wt% PVA, 0,15wt% salt and 0,05wt% sodium acetate and tap water solution was
used for the final LA phantom design. The flexible cardiac phantom is easily made, affordable and has a
shelf life of at least 1 month. The average difference between the target values and the mean of all four
prepared cardiac phantom samples is 21.9% and 15.0% for permittivity and conductivity, respectively.
Storing the phantoms in an aqueous liquid results in diffusion of salt and sodium acetate and water
absorption of the phantom material. Stability is reached after 1 week. Finally, a cylinder-shaped hollow
cardiac phantom is produced, with the use of a 3D printed mould, as comparable shape of the LA.

Conclusion Producing a cardiac phantom of PVA is proved to be a good model. This research shows
the design of a low cost, easily produced hollow shaped cardiac phantom consisting of 13.0wt% PVA,
0.15wt% salt and tap water. Even though more future work needs to be done for the development of a
cardiac phantom, this research functions as a proof of concept for the development of a flexible phantom
with possibilities to manipulate the dielectric properties and to create a hollow shaped phantom. The use
of PVA as tissue mimicking material (TMM) and the use of 3D printed PVA for creation of the hollow
shapes shows promising results for future development.
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1. Introduction

Atrial fibrillation (AF) is the irregular beating of the atrial chambers, almost always too fast, due to
chaotic uncoordinated electrical activity throughout the atria. Without treatment, the heart rhythm
usually becomes permanently disrupted over time and can lead to various heart-related complications
such as stroke [1] or heart failure. [2] 62% of all daily hospitalizations of the cardiovascular department
in the Netherlands are from patients with atrial fibrillation. Currently, 380.000 people in the
Netherlands have AF and [3] one quarter of the entire population above the age of 40 will have AF [4].
AF is the most common form of arrhythmia [5]. Moreover, recent research came to new insights about
the treatment of AF, where more early rhythm control treatment can lead to fewer strokes and infarcts
[6]. Mostly, AF can be treated with pulmonary vein isolation (PVI). PVI is an electrophysiologic
minimally invasive procedure where electrode catheters are guided through the veins into the heart
where it will eliminate the abnormal electrical activity around the pulmonary veins. To eliminate the
abnormal electrical activity, commonly radiofrequency (RF) energy is used where the cardiac tissue will
respond to the electromagnetic (EM) energy due to its dielectric properties causing scarring of the
cardiac tissue.

A tissue mimicking phantom is an accurate model of organs or tissues mimicking the real life like
scenario for a desired goal. An accurate anatomical dielectric phantom of the human heart could be
extremely important for multiple experiments regarding reliability, accuracy and training purposes of
multiple medical treatments in a controlled way, leading to better patient outcomes [7]. In order to
obtain the desired properties in a phantom, the production process can be altered, the concentrations
can be altered, or additives can be used.

1.1 Problem statement
Currently, validation of new electrophysiological instruments is performed on rigid cardiac phantoms
and therefore lack correct tactile feedback [8]. Furthermore, trainings for electrophysiologists are
experience-based and contain training in real patients. Cardiac phantoms can be used for the
development of electrophysiological instruments and for training entities. These trainings can be
divided into trainings for cardiologists to become electrophysiologists and trainings for
electrophysiologists when new medical instruments are implemented in the hospital. According to the
knowledge of the writer, no cardiac phantoms exist containing all requirements needed that it can be
used for development of electrophysiology studies. Experimenting and training in phantoms ensures
a safe and controlled environment. Therefore, cardiac phantoms are needed for development of
electrophysiology technologies.

1.2 Objective
As a first step towards an applicable cardiac phantom for development of electrophysiology studies,
the aim of this Master Thesis is:

‘Develop a LA phantom mimicking the dielectric values of human heart tissue in
the frequency range of 10 kHz — 20 kHz.’
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To assess this research goal, it will be divided into 3 subgoals:

1. Evaluate different tissue mimicking materials with additives to meet the main phantom
requirements.

2. Extensively evaluate the most promising cardiac phantom materials.

3. Develop a phantom design with comparable anatomy.

1.3 Thesis outline
To systematically address and report all findings, this Thesis has been subdivided into four parts:

Part |: Theory
Previous to this Master Thesis a literature study [9] has been performed to obtain the required
background knowledge. This part will explain the background information needed for this Master
Thesis Project and is divided into the following chapters:

Chapter 2 gives an overview of the theoretical background information about the human heart and its
dielectric properties.

Chapter 3 gives an overview of the theoretical background information about AF and its diagnosis and
treatment.

Chapter 4 summarizes possible phantom materials reviewed in the previous literature study [9].

Part Il: Research of phantom materials
This part explains the research process for finding the most promising tissue mimicking materials
(TMMs) for the development of a LA phantom.

Chapter 5 displays the requirements and wishes of the LA phantom. The requirements were set up
based on the desired goal and the desires of the supervisors and Philips Healthcare.

Chapter 6 explains the evaluation method for the sample phantoms made in this part.

Chapter 7 describes stepwise the design process of the sample phantom production. At the end, most
promising sample phantoms will be compared and evaluated to find the most promising TMM for the
design of the final LA phantom.

Part lll: Cardiac phantom design
This part will elaborate on the most promising TMMs found in the previous part. In this part, the
phantom materials will be extensively evaluated.

Chapter 8 explains the evaluation method for the final LA phantom.
Chapter 9 summarizes all retrieved results to evaluate the final LA phantom.

Part IV: Evaluation
This part will evaluate the results and findings of this Master Thesis project.

Chapter 10 contains the overall discussion of the results of this Master Thesis and describes the
limitations of this research and recommendations for further future research.

Chapter 11 contains the overall conclusions to finalize this Master Thesis project.
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PART [:

Theory

At the beginning of this Master Thesis Project a literature study [9] was performed to obtain the
required knowledge about the human heart and its anatomy, mechanical and dielectric properties,
diseases and treatments and possible tissue mimicking materials. This chapter will provide the most
important background information needed for this Master Thesis Project. Beginning with the dielectric
properties of human heart tissue, its diseases and treatments and ending with promising TMMs.
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2. Dielectric properties human heart tissue

This chapter describes the basics of electrical impedance and the dielectric properties of human heart
tissue. First, some general terminology will be explained. Thereafter, the dielectric properties of
human tissue and in specific human heart tissue will be explained in more detail.

2.1 Electrical impedance general

Electrical impedance (Z), hereafter referred to as ‘impedance’, is a measure of the opposition of a
material to the applied electrical current [10]. Applying a direct current (DC), the impedance is just the
resistance of the material. Applying an alternating current (AC), the impedance consists of a real part,
the resistance (R), and an imaginary part, the reactance (X). Therefore, seen in Figure 1, the impedance
can also be expressed in the polar form as magnitude (|Z|) and phase angle (6) . [11] The resistance
guantifies the drop in voltage of the current passing through the tissue, and the reactance reflects the
time delay between the exploring current wave and the voltage wave and therefore, taking the effect
of the electrical capacitance of the material into account [12] [13] [14].

Imaginary axis
+j
A

X S

F4

Real axis

Figure 1: Impedance vector Z(R,X) consists of a real part (R) and an imaginary part (X). With |Z| the magnitude and (8) the
phase angle [11]

2.2 Electrical impedance of biological tissue
The dielectric properties of biological tissue determine the response of the tissue to an applied EM
field [7]. Because biological cell membranes have capacitive properties, myocardial tissue is not purely
resistive. Therefore, an AC should be applied to take the electrical capacitance of myocardial tissue
into account [10][15][16]. For biological tissue, two things occur when applying an EM field which is
described by the dielectric properties, the absolute permittivity, €, and the electrical conductivity, o,
hereafter referred to as ‘permittivity’ and ‘conductivity’ respectively.

The permittivity describes its ability to trap or store charge, or to rotate dipole molecules. When the
molecule’s positive and negative charge centres do not coincide, an electric dipole moment exist.
Applying an EM field changes the orientation of the dipoles so they can align along the applied field,
producing a field inside the dielectric which opposes the applied field, called polarization, and is
expressed by the permittivity. [17] Mostly, the relative permittivity, €, of biological tissues is used, also
known as the dielectric constant, and describes the ratio of stored electrical energy by an applied
voltage within the tissue, €, relative to the stored electrical energy within vacuum, g, a physical
constant [18]. Water molecules are dipole molecules and have therefore a high dielectric constant
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[19]. Hence, high-water-content tissues, like human heart tissue, have a higher dielectric constant than
low-water-content tissues which is about 10 times as large [20]. The conductivity describes its ability
to transport charge, which are the ionic currents flowing in the biological tissue [21]. Applying an EM
field triggers oxidation-reduction (redox) reactions between the electrode and the tissue [22], resulting
in flowing of electrical current. The averaged conductivity is the effective conductivity. For
inhomogeneous tissue as cardiac tissue the effective conductivity is the averaged conductivity of a
hypothetical homogeneous tissue mimicking the potential distribution found outside the
inhomogeneous tissue [22].

The dielectric properties are completely described by the complex relative permittivity (e*):
g*=¢-je” (1)

with €’ the real part, indicating the degree of polarization (er = €’) and €” its imaginary part, indicating
the dielectric losses (energy converted into heat and dissipates). The imaginary part can be described
by:

7 _ o
gl =— o (2)
with o the total conductivity of the material, g, the permittivity within vacuum and w as the angular

frequency. [23] Both, permittivity and conductivity vary with frequency and temperature [23].

A decrease in the permittivity is associated with an increase of the conductivity and can be categorized
in three main steps a, B and Y, seenin Figure 2, characterizing a type of relaxation occurring in a specific
frequency range and is typical for all tissues [24]. Dielectric relaxation denotes the adjustment of
polarization in response to the applied EM field, where dielectric dispersion denotes the dependence
of permittivity on frequency with the relaxation time as time constant [18].
a-Relaxation occurs at low frequencies in the range of 10 Hz — 10 kHz and is due to the counter-ionic
environment surrounding the membrane surface [18][13][17]. B-Relaxation occurs in the frequency
range of 10 kHz — 10 MHz and its time constant depends on the conduction in tissue and the capacitive
coupling through cell membranes [18][13]. Lastly, the y-relaxation occurs in the GHz frequency range
and is due to the orientation of the dipoles (due to the polarization of water molecules) causing
polarization [18][13][17]. [24][25]
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Figure 2: Ideal representation of conductivity and permittivity of biological tissues as a function of frequency with the three
major a, 8 and Y relaxations categories [32]
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The Cole-Cole model is generally used to describe the dielectric relaxation in biological tissues [17].
Here, each relaxation region is characterized by a single time constant, t, and the complex relative
permittivity (€*) as a function of angular frequency (w) is expressed with the Cole-Cole equation:
* _ €s—€o0
€ ((1)) = &€x + 1+(]'0.)T)1_°‘ (3)
with €. the permittivity at field frequencies where wt >> 1, esthe permittivity at wt << 1, j>=-1 and a

the distribution parameter as a measure of the broadening of the dispersion. The magnitude of the
dispersion is described as [17][26][27]

Ag = g5 — €. (4)

By selecting appropriate parameters to each tissue, equation (3) can be used to predict the dielectric
behaviour over a desired frequency range. S. Gabriel et al. (1996) made a parametric model for
predicting the dielectric properties of biological tissues as a function of frequency in the frequency
range of 10 Hz to 100 GHz [26] treating all biological tissues as homogeneous. This model describes
the dielectric properties of human tissues in terms of multiple Cole-Cole dispersion:

€5~ €00 o

£(0) = £ + Zn (5)

(oD jwe

with o; the static ionic conductivity, €0 the vacuum permittivity and the rest of the parameters
described as in equation (3) [17][26]. Here, each successive summation of the Cole-Cole mode is
plotted, emphasizing the contribution of each dispersion to the final model. The value for €. was fixed
at 4 for high-water-content tissues. Graphs were made showing the dielectric properties of several
biological tissues they received with their parametric model and compared these outcomes with values
found in literature [25] and experiments [28], seen in Appendix A for the plots made for human heart
tissue. Databases based on the founding’s of C. Gabriel et al. (1996) [29] of the dielectric properties for
all tissues at a specific frequency at body temperature were made for the frequency range of 10 Hz —
100 GHz; The Foundation for Research on Information Technologies (IT’IS) database [30]. Little is found
in literature about conductivity measured at frequencies below 100 Hz because of occurrence of errors
in this frequency range, with electrode polarization and lead inductance as the two main sources of
systematic error [17]. This will be more elaborated further on.

-20-



3. AF

This chapter briefly describes the most common form of arrythmia, AF, how it can be diagnosed with
an electrophysiology (EP) study, and how it can be treated with RF cardiac catheter ablation.

3.1 Arrythmia

Arrythmia is a malfunction of the conduction system of the heart resulting in forms of the cardiac
rhythm to be either too slow, bradycardia, too fast, tachycardia, or irregular [31][32]. AF, a form of
supraventricular tachycardia, is the most common arrythmia [5] and is the irregular beating of the
atrial chambers, mostly always too fast, due to chaotic uncoordinated electrical activity throughout
the atria, Figure 3. This results in the atrium to fibrillate at 350 beats per minute up to 600 in extreme
cases [33] and having a heart rate of 100 — 175 beats per minute, compared to a normal heart rate of
60 — 100 beats per minute [34]. AF can cause a reduction in the hearts efficiency and may make you
feel tired and weak. AF normally does not cause life threatening problems if it is treated properly. If it
is not treated properly, AF can be the cause of blood clots, stroke, heart failure and other complications
[35].

Normal heart rhythm Atrial tibnllation

Sinus node =
impulse o
» )&
¥/,
|

—

Abnormal
impulse

Ventricular impulses

Figure 3: Electrical activity during (left) normal heart rhythm and (right) atrial fibrillation [36]

3.2 EPstudy

For the diagnosis of arrythmia, the hearts electrical activity can be recorded. An electrocardiograph
(ECG) is a graphic record of the hearts activity showing a composite of all the action potentials
generated by conductive and contractile cells in the myocardium. While the cause and precise location
of the arrhythmia cannot be detected with an ECG, an EP study can be helpful for the diagnosis of a
broad spectrum of cardiac arrhythmias [31]. An EP study is a minimally invasive study where electrode
catheters are inserted into blood vessels, mostly in the groin, and are guided through the blood vessels
into proper intracardiac positions with the use of X-ray fluoroscopy imaging guidance, allowing imaging
of the soft body tissue [37]. Here, the electrical activity of the heart can be recorded, intracardiac
electrogram (IEGM), and paced [31] allowing the doctor to locate the origin of the arrhythmia. An IEGM
is the recording made of the cardiac electrical activity from an electrode catheter and is essentially an
ECG recorded from within the heart. The IEGM records the depolarization phases of the cardiac tissue
between the electrodes using relatively low frequencies (< 100 kHz) in order to avoid sparking [38].
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3.3 RF cardiac catheter ablation

3.3.1 Introduction

Cardiac catheter ablation, hereafter referred to as ‘ablation’, is a minimally invasive technique for the
treatment of arrythmia. During ablation procedures, faulty tissue in the heart will be destroyed in order
to restore the normal cardiac rhythm. Different ablation methods are used, like RF ablation (100 kHz —
1.5 MHz), microwave ablation (915 MHz or 2420 MHz), cryoablation (tissue freezing to -70 °C), laser
ablation (980 nm laser light) [31] and high-intensity focused ultrasound (20 kHz — 200 MHz) [39]. RF
cardiac catheter ablation is the most common procedure for treating AF [40]. During this procedure,
RF ablation catheters are guided into the heart and pushed up against the heart wall where high-
energy is used leading to desiccation and coagulation necrosis of the underlying tissue, creating scar
tissue, at the aberrant pacing pathways [31]. RF ablation of cardiac arrhythmia uses a sinusoidal AC at
frequencies between 100 kHz — 1.5 MHz [39]. Here, the current oscillates too rapidly for the
myocardium to depolarize and to induce arrhythmia. The heat is generated due to EM dissipation
caused by the dielectric cardiac tissue properties [23]. The water molecules in cardiac tissue rotate due
to the EM-energy causing frictional heating and results in necrosis when tissue temperature exceeds
50 °C [41]. Tissue properties change after death therefore, the creation of ablative lesions during RF
ablation forms an electrical barrier to prevent electrical impulses from propagating through the
damaged cardiac tissue to surrounding healthy tissue stopping the abnormal electrical signals from
propagating to the rest of the heart causing AF [42]. Ablative lesions changes the conductivity [22], and
are usually associated with impedance drops of 5-10 Q. [43]

3.3.2 PVI

AF often originate from the four pulmonary veins entering the LA and can be cured with PVI. While
ablation procedures are minimally invasive, mapping systems are used for creating a 3D map of the
heart’s anatomy. Most mapping systems use X-ray. Philips launched a new mapping system, the
KODEX-EPD, where with the use of dielectric sensing detailed images of the heart’s anatomy can be
made without using X-ray and contrast dye [44]. With ablation procedures first, an EP study is
performed in order to find the focus of the abnormal electrical signal. Once found, the focus will be
destroyed with ablation. There are often more than one focus which will be eliminated by creating
lines of ablation. During PVI, ablation lines are created around the pulmonary veins at the entry point
from the LA, preventing abnormal electrical activity from within the veins to get into the atrium and
triggering AF. [40]

Ablation
catheters

Diagnostic
catheters

Figure 4: Catheters during PVI procedure [36]
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4. Phantom materials

This chapter provides an overview of different phantom materials reviewed in the prior literature
review [9]. The most promising base materials, according to the prior literature review, will be
explained. Thereafter, additives for manipulating the dielectric properties found in the prior literature
review will be displayed.

4.1 Introduction
A tissue mimicking phantom is an accurate model of organs or tissues mimicking the real life like
scenario for a desired goal. Phantoms can be used for multiple purposes, including testing and
optimisation of surgical equipment, testing and optimisation of imaging systems and for comparison
between systems. Depending on the goal of the phantom, certain properties are more important than
others. A homogeneous replication of the dielectric properties of human heart tissue can give an
approximate simulation of their response and contribution to the overall impedance of a part of the
human heart [45]. An accurate anatomical dielectric cardiac phantom could be extremely important
for multiple experiments regarding reliability and accuracy of multiple medical treatments and
diagnostics, leading to better patient outcomes [7]. Phantoms mimicking dielectric properties of
human tissues, have already been developed [46][47]. However, cardiac phantoms mimicking the
dielectric properties have not yet been extensively examined and developed [48][49][50]. Moreover,
there are to the writers knowledge no cardiac phantoms which can be used for development of
electrophysiology studies. In order to produce the correct tissue mimicking phantom, a base material
has to be chosen with the correct additive materials to create the properties required for the phantom.

4.2 Base material

In the literature study previous to this Master Thesis Project [9] TMMs with additives to control the
conductivity and permittivity were reviewed. In the literature study [9] it was concluded that agar and
gelatin are the most used TMMs for the development of dielectric phantoms, but they seem to struggle
with its shelf life, stability and mechanical stiffness. PVA-C and gellan gum seem to be the most
promising TMMs with PVA-C the most promising. However, these materials have not been extensively
used for the development of dielectric phantoms. Therefore, in this research project, multiple TMMs
will be used in order to evaluate which phantom design will be best suited for the design goal.

4.2.1 Agar and gelatin

Most dielectric phantoms found in literature were fabricated with agar or gelatin as base material
[48][50]. These gels are easy to fabricate, inexpensive and can form homogeneous phantoms [51]. Agar
is a biopolymer and derived from cell membranes of some species of seaweed and red algae [52].
Gelatin is an aqueous based material, consisting of peptides and proteins derived from collagen of
animal tissue [52]. The major drawback of these base materials is the reduced shelf life [53][54].
Preservatives can be added such as sodium azide (NaN3) and sodium dehydroacetate [52], benzoic acid
[55] or formaldehyde (carcinogenic substance [56]) [57]. Precaution is needed when using these
preservatives [58].
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4.2.2 PVA-C

PVA hydrogel is a biocompatible non-toxic synthetic insulating polymer [51][59]. PVA is commonly
used as TMM due to its repeatability, biocompatibility, low cost, long shelf life and excellent
mechanical properties [60]. PVA solutions can be chemically or physically crosslinked and can thereby
be transformed into flexible solid hydrogels. Physical crosslinking occurs with the use of freeze-thaw
cycles and forming PVA-cryogel (PVA-C), which is relatively easy to produce and can be moulded into
complex shapes [61]. The degree of crosslinking is dependent on the concentration of PVA-powder,
the freezing and thawing times and the number of freeze-thaw cycles [62]. Physical crosslinking
addresses toxicity issues compared to chemical crosslinking. PVA has a high water-content and
therefore exhibit mechanical properties similar to biological tissues [63]. Compared to agar-based
phantoms, PVA-C based phantoms show an improved strength and shelf-life [64]. The ionic
conductivity of PVA-C based phantoms depends on variables such as polymer polarity, water content,
salt/ions, and hydrogel structure [65]. Moreover, increasing the amount of freeze-thaw cycles will
decrease the conductivity of PVA [64], the permittivity is independent of the number of freeze-thaw
cycles [62].

4.2.3 Gellan gum
Gellan gum is a low costly anionic polysaccharide and forms a gel during cooling of the heated gellan
gum solution due to a disorder-order coil-helix transition occuring [66]. High-acyl gellan gum provides
a soft and elastic texture with a very homogeneous structure, suitable for mimicking soft tissues [67]
[52]. When storing under correct storage conditions, gellan gum can have a long shelf life [68].
Preservatives as sodium propionate can be used to increase its shelf life [69].

4.3 Dielectric additives
Most soft human tissues and liquids (i.e., excluding adipose tissue and cortical bone) have an electrical
conductivity [48] and relative permittivity greater than water at frequencies below 100 MHz [70].
Additives mostly found in the previous literature study [9] for manipulating the dielectric properties
are shown in Table 1 and will be evaluated individually. The arrows in the figure indicates if the additive
will increase or decrease its dielectric value of water-based phantoms.
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Table 1: Dielectric additives, ‘1’ indicates the additive will increase its dielectric value of water-based phantom tissues,
‘d’indicates the additives will decrease the dielectric value of water-based phantom tissues and “~’ indicates contradiction in
literature.

Additives Affects o Affects &,
Acetone P ~
Conductive components*: Metals, T

carbon based materials,
conductive polymers

Ethanol/ethanediol J

Glycine T

Isopropanol ™

Lignin Non-systematic Non-systematic
Oil** J &

PVC J J

PVP J

Salt T

NaNs T

Sugar/sucrose N} N

* Al powder, brass powder, carbon black, carbon nanotubes, graphite, graphite/nickel nanoparticles, graphene ink
** Mixture of 50% kerosene and 50% safflower oil, vegetable oil

4.3.1 Acetone and isopropanol

Acetone can be used to aid mixing with high concentrations of graphite and carbon black [71]. A.
Santorelli et al. (2015) stated that adding small volumes of acetone, the overall permittivity would be
increased [72]. Which is in contrary with the low value of the relative permittivity of acetone [73]. B.
McDermott et al. (2018) concluded acetone would increase the conductivity of mixtures [71].
However, no values of the increase in conductivity are shown in the study. The same amount of
isopropanol instead of acetone was used. Using the isopropanol was found to significantly increases
conductivity for any given TMM, resulting in way higher conductivity values than the values of human
heart tissue. However, the resultant mixtures were more friable than those that contained acetone or
no mixing aid. Hence, it was preferable not to use isopropanol if possible. It is hypothesized that the
increase in conductivity is a result of improved dispersion of graphite and carbon black in isopropanol
and acetone. Moreover, alcohols are known to prevent agglomeration of these materials resulting in
more conducting pathways. [71]

4.3.2 Conductive components

Metals, carbon based materials, or conductive polymers are typically used in polymers to increase its
conductivity. When the electrical percolation threshold is exceeded, conductive pathways are formed
within the nonconductive polymer matrix. Typically the electrical properties of the composite will
improve, but the mechanical properties will deteriorate. [59] A lot of methods can be used to mix
conductive components in polymers, with solution casting as the most common. Problems may arise
when incorporating electroactive components into a polymeric material due to lack of complete
understanding of the structure-property relationships of the component materials, leading to
unexpected interactions between the component materials. [59]
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4.3.3 Ethanol/ ethanediol
M. Robinson et al. (1991) [74] and S.A. Lopez-Haro et al. (2011) [75] used ethanediol in gelatin and
ethanol in agarose for measurements of the dielectric properties. Ethanol has a low relative
permittivity and will decrease the relative permittivity of aqueous phantom mixtures [70].

4.3.4 Glycine
Glycine will increase the relative permittivity [70]. M. Hagmann et al. (1992) used for their dielectric
muscle phantoms glycine, formamide and urea. Glycine causes the greatest increase in relative
permittivity [70]. Also in the study of Y. Yu et al. (2019) glycine was added to agar and gelatin to
increase its relative permittivity [76].

4.3.5 OQil
M. Lazebnik et al. (2005) [77] created oil-in-gelatin phantoms with a solution of 50% kerosene and 50%
safflower oil. The more amount of oil in the gelatin mixture, the lower the relative permittivity and the
lower the conductivity. Qil has very low permittivity and conductivity.

43.6 PVC
Polyvinyl chloride (PVC) can be used for the fabrication of mechanically stable phantoms with relatively
long shelf lives. PVC can be used as base material, but can also be added for manipulating the dielectric
properties of the phantom. H. Kato et al. (1987) added PVC powder to agar-based phantoms [78].
Moreover, PVC has a low relative permittivity [79][80] and can decrease the phantoms conductivity
[81][78].

4.3.7 PVP
Polyvinyl pyrrolidone (PVP) is a readily available, water-soluble non-toxic polymer and can be added
to lower the relative permittivity [48].

4.3.8 Salt

In most studies, NaCl is used to control the phantoms conductivity. All reviewed studies can be found
in the previous literature study [9]. In the studies of R.K. Chen and A.J. Shih (2013) [67] and M.
Miyakawa et al. (1995) [69] salt (NaCl) was added to gellan gum to increase its electrical conductivity.
S. Jiang et al. (2013) fabricated homogeneous phantoms with the use of PVA-C and NaCl [82]. In this
study NaCl was added to affect the micro-structure morphology of the PVA phantom instead of looking
at the conductivity. The addition of NaCl would disrupt the intra PVA chains and promote the
interactions between polymer chains, which could shorten the gelling time. In studies of M. Kandadai
et al. (2012) [47], Q. Duan et al. (2014) [55] and M. Kandadai et al. (2012) [47] agar-base phantoms
were made, also using NaCl to control its conductivity.

4.3.9 Sodium azide
Sodium azide is very poisonous therefore, precautions are needed when using this product [58]. It is
deadly when swallowing the product, when it is in contact with the skin or inhaling the product. It may
cause damage to organs when prolonged or repeated exposure. When in contact with acids, a very
toxic gas will be formed. [83] H. Kato and T. Ishida (1987) concluded that an increase in NaNs in agar-
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based phantoms will increase the conductivity but this influence is not frequency dependent in the
frequency range of 5-40 MHz.

4.3.10 Sucrose
Sucrose decreases the relative permittivity of water-based phantoms [55] while it has a low relative
permittivity [70]. Polyethylene powder is a more expensive form of sucrose [84] and will also lower
the relative permittivity.
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PART II:

Research of phantom materials

In this part, the approach towards the TMMs for the final cardiac phantom design will be described.
First, a list of requirements and wishes is set up. Thereafter, the methods used for the evaluation of
the requirements will be described. A more extensively inspection will be performed on the final LA
phantom. In this part, multiple ‘sample phantoms’ will be prepared and examined based on the main
phantom requirements. This is an iterative process where different combinations will be used and
compared to each other. Finally, all results will be described, discussed and concluded with the use of

a Harris Profile.
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5. Requirements

The requirements are set up based on findings in literature and the desires of Philips Healthcare. Based
on the possibilities and desires, the requirements are divided into ‘Main requirements’, which are the
most important requirements, and ‘Additional requirements’, which are less important, as seen in
Table 2.

Table 2: Requirements cardiac phantom

Main Requirements
1. The electrical conductivity in the frequency range of 10 kHz — 20 kHz is similar to human
heart tissue
2. The relative permittivity in the frequency range of 10 kHz — 20 kHz is similar to human heart
tissue

3. The phantom should be stored in a solution mimicking the conductivity values of human
blood

4. The phantom is homogeneous
The mechanical stiffness is similar to that of human heart tissue
6. Shelf life of at least one month

b

Additional requirements
The anatomy is similar to the anatomy of the LA
Inexpensive to produce
Ease of manufacturing
Reproducible; same recipe should give the same results
Stable over time; the phantom should retain its dielectric properties over at least one month

Ve |w NI
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6. Evaluation methods
The sample phantoms will be evaluated based on the main phantom requirements and will be done
less extensively than with the final cardiac phantom design. Therefore, this chapter will describe the
methods used for the examination of the samples phantoms in order to meet these requirements.

6.1 Dielectric properties

6.1.1 Impedance measurements
An impedance analyser (4192A LF HP), provided by Philips, will be used for the measurements of the
dielectric properties in combination with the same needle-needle electrode configuration as S.
Poompavai and V. Gowri Sree (2018) [85], seen in Figure 6. Therefore, Figure 5 shows how to connect
the two-needle electrode to the impedance analyser. Moreover, this needle-needle electrode
configuration can be seen as two parallel cylinders of length L, radius r and distance b measured in
meters. If b >>r, the capacitance (C) in Farads can be calculated as:

__ MEgEy

YO

(6)

[86][87] and the conductance (G) in Siemens (S) can be calculated as:

__ To
- b
In (;)

(7)

with g, = 8.854 x 10*? and o the electrical conductivity in S/m [85][88]. With the use of the software
LabVIEW (NI LabVIEW 2013) the impedance analyser will automatically measure the capacitance and
conductance in the frequency range of 10 kHz — 1 MHz with 21 equally distributed steps and will store
the measured data. When substituting the capacitance and conductance into formula (6) and (7), the
relative permittivity and electrical conductivity can be measured respectively with formula (8) and (9).

b
Cln ()
Er= TOL (8)
b
Gln (=
o=0W (9)
L

With the use of MATLAB all measured values of the phantom tissues can be substituted into formula
(8) and (9) to measure the relative permittivity and electrical conductivity respectively at all measured
frequencies. All measurements will be conducted at room temperature (20°C - 23°C), the impedance
analyser should be warmed up (> 30 min) and the ambient temperature should be 23°C + 5°C [89].

Figure 5: Connection image for the two-needle configuration [11]
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Figure 6 Set-up for the impedance measurements, left: complete set-up, right: needle electrode configuration with length L
and distance b

6.1.2 Repeatability impedance measurements

To evaluate the repeatability of the needle electrode impedance measurements, 27 homogeneous
phantom tissues without additives were prepared and measured three times. Repeatability will be
measured as the maximum percentage variation between the measured values and the mean of the
measured values per phantom over all frequency points, averaged over all 27 phantoms [90].
Therefore, various homogeneous phantoms without additives were prepared and measured three
times at different sides. Figure 7 shows an example of the results of repeated measurements in a gellan
gum-based phantom. In total 27 phantoms were prepared and measured for repeatability; 9 phantoms
per base material. The average of all 27 maximum percentage variation between the measured values
and the mean of the measured values over all frequency points is 11% and 4% for permittivity and
conductivity respectively. Most greater variation occur at the higher frequencies. Appendix B ‘B2
Repeatability tests’ shows all results of the repeatability tests.

Relative permittivity gellan gum phantom tissue

108 |
1st measurement
2nd measurement
3rd measurement
Wt E —— mean
10% :
10° 102 10°

Frequency (kHz)

Electrical conductivity gellan gum phantom tissue

i
//JJ 1st measurement
0.315 2nd measurement
3 / 3rd measurement
% 031 L
S
0.305 b
0.3 k& : =
10° 102 108

Frequency (kHz)

Figure 7: Repeatability test for gellan gum-based phantom
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6.1.3 Target values

For the design of an anthropomorphic LA phantom, the dielectric properties of the phantom at room
temperature (20°C — 23°C) should mimic the dielectric properties of human heart tissue at body
temperature (37°C) in the frequency range of 10 kHz — 20 kHz which complies with the frequency range
used in EP study. For this Master Thesis, measured dielectric values of porcine heart tissue at room
temperature will be used as target values. The measurements of the target values will be performed
using the same equipment and method as the measurements on the phantom tissues. Porcine heart
tissue is often used as animal model for human heart tissue, because of the great resemblance
anatomically and physically. Also seen in Appendix A, comparison between dielectric values of human
heart tissue compared to porcine heart tissue shows great resemblance [25]. But, differences between
porcine heart tissue and human heart tissue must be taken into account for further research [91].
Moreover, as a second comparison, dielectric values of human heart tissue at body temperature
derived from the database IT’IS [30] will be used, a common used reference in literature [16].

Accuracy will be the percentage variation between the measured values and the target values over all
frequency points [64]. Ideally, the measured values of the phantom tissue are considered to be
accepted when they are in the range of £10% on the target values, the measured porcine heart tissue
values. This accepted tolerance range is in agreement with the study of V. Lopresto et al. (2011) [92].
In order for the accepted tolerance range of + 10% to comply with the results retrieved from the
repeatability tests, the accepted tolerance range will be £+ 11% and + 10% for permittivity and
conductivity respectively. However, this research project serves as a proof of concept and therefore
the accepted tolerance range is desired and not a requirement.

For the impedance measurements of the target values, a piece of porcine heart tissue, Figure 8, was
brought to room temperature. For repeatability, the measurements were conducted four times. The
first measurement measured the cardiac tissue in the frequency range of 10 kHz — 1 MHz with 21
equally distributed steps, the second, third and fourth measurement measured the tissue in the
frequency range of 10 Hz — 1 MHz with steps of 51, 51 and 21 respectively. The results are showed in
Figure 9. The repeatability is measured to be 9.22% and 1.7% for permittivity and conductivity
respectively, within the frequency range of 10 kHz — 1 MHz, and therefore complies with the results of
the repeatability tests.

Figure 8: Piece of porcine heart tissue during impedance measurements
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Relative permittivity porcine heart tissue
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Figure 9: Measured dielectric values of porcine heart tissue, measured with the 2-electrode measurement set-up

The maximum percentage variation of the first measurement compared to the mean measurement in
the frequency range of 10 kHz — 20 kHz is measured to be 5.4% and 0.8% for permittivity and
conductivity respectively and complies with the repeatability tests. Therefore, the first measurement
will be accepted as the target values of the porcine heart tissue for the phantom tissue. Figure 10
shows the comparison between the dielectric values of human heart tissue at body temperature
derived from the database IT’IS [30] and the results of the porcine heart tissue which will function as
the target values.

«10% Relative permittivity heart tissue
6 F _—_—_____“**7—7,7‘__‘__ 2]
4t _____‘-“*7—77,?‘___
Tl = S Human heart tissue (literature)
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Frequency (kHz)
Electrical conductivity heart tissue
0.4 r =
E 0.3 Human heart tissue (literature)|
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&
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Figure 10: Two target dielectric values: measured porcine heart tissue and dielectric values derived from the database IT'IS
[30]
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6.2 Storage solution

The LA phantom should be stored in a solution mimicking the conductivity values of human blood.
According to The Foundation for Research on Information Technologies (IT'IS) database [30], the
conductivity of human blood is 0.7 S/m. In order to mimic this conductivity value in the ‘storage
solution’, a saline solution will be prepared. Therefore an electrical conductivity-meter (EC-meter)
(Online aquarium spullen) with an accuracy of + 2% full scale, will be used to measure the conductivity
of the storage solution. Results showed a solution made of 0.15 wt% salt in tap water mimics the
conductivity value of blood. Therefore, the phantoms will be stored in the 0.15 wt% saline solution,
hereafter referred to as ‘storage solution’. All results of measured conductivity values of solutions can
be seen in Appendix C.

6.3 Homogeneity

In order to examine the homogeneity of the phantoms, all impedance measurements will be
performed three times at different sides of the sample phantom. The phantom is considered to be
homogeneous, when the measurements are within the repeatability ranges of the impedance
analyser. Repeatability tests showed a maximum percentage variation between the measured values
and the mean of the measured values of 11% and 4% for permittivity and conductivity. Therefore,
phantoms are said to be homogeneous when repeated measurements at various sides of the phantom
shows 11% and 4% or lower variation for permittivity and conductivity, respectively.

6.4 Mechanical stiffness

The final LA phantom should give the same haptic feedback as human heart tissue. Therefore, for the
‘sample phantoms’ a haptic and visual inspection will be performed. The elastance of the phantom
materials can be manipulated by varying the weight percentage (wt%) of the base material and
additives. All wt% mentioned in this Master Thesis refers to the weight of the material relative to the
weight of water used. According to literature, the more wt% base material, the stiffer the phantom
[93]. It will be examined if this will apply to all materials. Moreover, multiple freeze-thaw cycles will
increase the mechanical stiffness of PVA-C phantoms. The stiffness of the phantom will be influenced
by the freezing time, freezing temperature and the rate of the freeze-thaw cycle [63].

6.5 Shelf life
The shelf life of the phantom should be at least one month. This signifies the phantom should remain
their shape, no rupture of the phantom should occur and no growth of mould should occur. A visual
inspection will be performed.

6.6 Discussion
A few discussion points will be presented in this subchapter, containing measurements performed in
this chapter.

Impedance measurements

Errors may arise during impedance measurements. Using the two-needle electrode configuration, the
potential differences sensed between the electrodes includes the voltage due to the current flowing
through the polarization impedance at the electrode-tissue interface at lower frequencies [18]. lons in
the phantom material tend to move towards the electrode-tissue interface, leading to the
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development of ionic double layers in such regions: electrical double layer. Resulting in a rapid voltage
drop in these layers, implying an enormous electrical polarization of the material and a near-absence
of the electric field in the bulk sample at low frequencies. This effect is called electrode polarization
and can be reduced by using a four-needle electrode configuration. In a four-electrode method, the
two outer electrodes apply the current and the two inner electrodes sense the voltage differences.
The voltage is measured with a very high input impedance, ensuring practically no current flows in the
sensing electrodes and avoids electrode polarization. [94][16] Moreover, using the two-terminal
configuration also contains unwanted elements, parasitics. While the four terminals of the impedance
analyser are connected to each other as shown in Figure 5, lead inductances, lead resistances and stray
capacitance between the two leads are added. [11][95] Moreover, the accuracy of the impedance
measurements can be influenced by [96]:

- Contamination of electrode surfaces

- Geometry of electrodes and phantom tissue
- Frequency change

- Temperature changes

Target values

The measured porcine heart values serve as target values. In Figure 10, the dielectric values of the
measured porcine heart tissue and of human heart tissue derived from the database IT’IS [30] are
shown. A big difference between the two values are shown in the figure. Differences between the
measured cardiac tissue and the cardiac tissue derived from the database can be explained by
differences between porcine heart tissue and human heart tissue [25][91], differences in
measurements due to differences in temperature (porcine heart tissue is measured at room
temperature, human heart tissue values are of cardiac tissue at body temperature) [23], differences
between measurement equipment, electrode configuration and translation of measurements into
permittivity and conductivity. Using the same equipment, electrodes and methods reduces errors
occurring. Because this project serves as a proof of concept, mimicking the measured porcine values
is a good target for the cardiac phantom design. In addition, it is unclear whether the values of human
heart tissue derived from the database IT’IS are the absolute values. A very high permittivity insinuates
electrode polarization occurred [94][16]. Moreover, cardiac tissue is inhomogeneous and therefore
shows variability in dielectric properties. The variation of values ranges from about + 5-10% above 100
MHz to + 15-25% at lower frequencies [28].

At the beginning of this Master Thesis, it was desired to measure the impedance in the frequency range
of 10 kHz — 1 MHz. Therefore, all measurements performed in this part contain measurements
performed in this frequency range. As for the accepted tolerance range of + 11% and + 10% for
permittivity and conductivity respectively, they serve as desired values. However, this research project
serves as a proof of concept and therefore the accepted tolerance range is not a requirement. In
addition, because cardiac tissue is

Storage solution

The storage solution only mimics the conductivity values of human blood and not the permittivity
values. For future work, the permittivity should also be mimicked in the storage solution. However,
this research serves as a proof of concept. Because of the limited time of this project, it is chosen to
only mimic the conductivity. Moreover, the storage solution is only measured using the EC-meter,
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while the device measures with an accuracy of + 2% full scale according to the instruction manual of
the device. However, in the study of H.W. Choi et al. (2011) [97] the conductivity values of human
blood are compared to a 0.45% saline solution (4.5g salt per litre water) and 0.9% saline solution (9g
salt per litre water), as seen in Figure 11.

All experiments in this project will be conducted at room temperature (20°C - 23°C), therefore it is
expected that a saline solution slightly below 0.45% saline will give the same conductivity values as the
conductivity value of human blood, 0.7 S/m. However, the found storage solution does not seem to
match. Furthermore, it is not mentioned whether saline solutions reported in Figure 11 are sterile
saline or non-sterile saline. In all probability, these results are of sterile saline. This is of great

importance while, as seen in Appendix C, a great difference between conductivity values of tap water
and distilled water is shown.
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Figure 11: Conductivity values of human blood, 0.45% saline solution and 0.9% saline solution varied with temperature,
figure from H.W. Choi et al. (2011) [97]
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6.7 Conclusion
Table 3 gives an overview of all evaluation points for the sample phantoms, with the definition and
accepted ranges as described in this chapter.

Table 3: Evaluation methods for sample phantoms

Requirement phantom Definition Accepted ranges

Dielectric properties Phantom should mimic + 11% for permittivity and + 10%
measured dielectric and conductivity
properties of porcine heart
tissue

Storage solution All phantoms should be -

stored in a solution of 0.15
wt% salt in tap water,
which mimics the
conductivity value of blood
Homogeneity Phantom should be Variation of repeated
homogeneous measurements at various sides
of the phantom should be <11%
for permittivity and <4% for
conductivity
Mechanical stiffness Phantom should give the -
same haptic feedback as
human heart tissue
Shelf life Length of time of the > 1 month
phantom without
becoming unusable
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7. Sample phantoms

This chapter describes the production process of the sample phantoms. An experimental method is
used to evaluate the effects of different additives in three types of base materials. The ‘sample
phantoms’ will be evaluated based on the material properties of the main requirements, this will be
done less extensively than for the final phantom design. First, the most promising additives and base
materials of the previous literature study will be selected. Thereafter, an experimental method will be
used to find the most promising phantom materials for the final LA phantom design. This process is
conducted in a few steps. Each subsequent step is affected by the prior step, therefore the results of
all steps individually will be reviewed, discussed, and concluded. To conclude which phantom design
will be most promising for the final cardiac phantom, all results will be described, discussed and
concluded with the use of a Harris Profile. The following steps will be conducted:

Step1 Possible influences of the storage conditions will be examined

The dielectric properties of the base materials will be compared to the
Step 2 dielectric properties of the target values in order to examine what additives
should be added to manipulate the dielectric properties

Step 3 The influence of the additives on the dielectric properties will be examined
Measuring

impedance &
analysing
impact of

additives Step4 Promising sample phantoms will be prepared

7.1 Phantom preparation

7.1.1 TMMs

Three base materials will be evaluated: agar, gellan gum and PVA. Gellan gum and PVA are the most
promising base materials for the development of a dielectric cardiac phantom according to the
previous literature study [9]. Agar is mostly used as base material for dielectric phantom fabrication
and resulted in the research project of P.G.T. van Berckel to have a longer shelf life compared to gelatin
[98]. The base materials used in this research project are: PVA-C (99+% hydrolyzed, molecular weight
89000-98000, Sigma Aldrich), commercially available Agar powder (Agar Agar powder, De
Kruidenbaron) and High acyl Gellan Gum (Gellan Gum LT100, Special Ingredients).

According to the previous literature study [9] promising additives to control its relative permittivity are
ethanol, glycine and PVP. Promising additives for controlling its conductivity are salt and acetone
(acetone in combination with metals or carbon based materials). And for controlling both conductivity
and permittivity are metals, carbon based materials, oil, PVC and sugar. It was chosen to experiment
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with all these additives except for PVP and metals while these materials are costly and the outcomes
are not certain to be positive for this research. As for the carbon based materials, graphite powder and
charcoal powder will be used while these materials seem promising and are low costly commercially
available. Moreover, ammonia was also examined for controlling its permittivity while ammonia has a
low permittivity [99]. Therefore, the additives which will be examined in this research project are
bioethanol (=95% Ethanol, Selchemie), glycine (100% glycine amino acid powder, My Vegan),
Poly(vinyl chloride) powder (Average Mw 62,000, average Mn 35,000, Sigma Aldrich), ammonia (Sel),
salt (Fijn zeezout, JOZ0), acetone (Etos), sunflower oil (AH Basic), granulated sugar (Kristal suiker, AH),
activated charcoal powder (Original powdere by nature superfoods) and graphite powder
(Grafietpoeder 99%, natuurlijke kwaliteit, Werken met merken). Sodium acetate (Natrium acetaat, Van
Beekum Specerijen) will be used as preservative for the gellan gum- and agar-based phantoms and for
the phantom preparation with the use of oil, a surfactant (dishwashing detergent (afwasmiddel
Original, AH)) will be used to act as emulsifier and therefore decreasing the surface tension between
the oil and water. Using a dish washing detergent as surfactant was based on the study of M. Lazebnik
et al. (2005) [77].

7.1.2  Working protocol

As for the phantom preparation, the amounts of additives and base materials will be varied and
evaluated based on the requirements as described in the previous chapter. The protocols for the
phantom preparations are based on literature and own findings. All phantoms will be composed of
100ml tap water, deionized water or 0.9% saline. The mould which will be used for the phantoms will
be a silicone ice-cube mould (Dotz) in order to make phantoms with dimensions of 3.3x3.3x3.3 cm. The
phantoms should be stored in a closed container refrigerated in the storage solution to prevent it from
drying out and to avoid air contact [100]. All phantoms prepared during this research project are shown
in Appendix B.

Agar

The working protocols for the agar-based phantoms is partly based on findings of T. Kao et al. (2008)
[101] and will be as follows: Pre-weigh all ingredients. Put a beaker on the stove, heat the water until
85°C and keep at this temperature. When using salt as additive, add salt while magnetically stirring for
5 minutes until the mixture is completely dissolved. Add Agar powder and preservative to the mixture
and mix for 15 minutes more. Afterwards, gradually add the additives while magnetically stirring until
mixture is homogenously mixed. Remove the beaker from the stove, pour the mixture into a mould
and allow it to cool down and solidify.

Gellan gum

The working protocols for the gellan gum-based phantoms were partly based on the findings of R. Mao
et al. (2001) [68] and will be as follows: Pre-weigh all ingredients. Put the beaker on the stove and heat
the water until 85°C. Add the additives and preservative while magnetically stirring until the mixture
is homogeneously mixed while keeping the mixture are 85°C. Then, disperse gellan gum gradually in
the mixture. After the mixture is completely mixed, heat up the mixture until 100°C and mix for 15
minutes more. Water losses due to evaporation should be corrected by adding water of approximately
80°C - 90°C. Remove the beaker from the stove and pour the mixture into a mould. Allow the mixture
to cool down at room temperature and to solidify.

PVA-C

The working protocols for the PVA-C-based phantoms is partly based on the findings of E. Repetti

(2019) [102] and will be as follows: Pre-weigh all ingredients. Fill the beaker with water at room

temperature. Add all additives while magnetically stirring until mixture is homogeneously mixed. Add
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gradually PVA powder to the mixture with continued stirring and stir for 5 minutes more. Heat up the
mixture until 96°C and mix for 60 minutes. After mixing, pour the mixture into a mould and allow to
cool down till room temperature. When using graphite powder, charcoal powder, PVC and/or glycine
as additive, continue stirring while cooling down the mixture until room temperature. After the
mixture is cooled down, start the freeze-thaw cycle. Put the mould with mixture for 24 hours in the
freezer. After 24 hours, thaw the mixture for 24 hours at room temperature.

7.2 Step 1: Storage conditions

7.2.1 Methods
As predefined, the phantoms should be stored refrigerated in a closed container in the storage
solution. In this subchapter the influence of the storage condition on its shelf life and stability will be
examined. Because the storage solution is a 0.15 wt% saline solution, salt diffusion might occur and
should be examined. Therefore, the stability will be tested by measuring the dielectric properties of
the sample phantoms before storage and after storage. The storage conditions will be examined per
base material separately.

7.2.2 Results
Appendix B ‘B3 Shelf life’ shows the shelf life with other storing conditions for all base materials and
Appendix B ‘B4 Salt diffusion’ gives more results regarding salt diffusion. However, the shelf life
reported in Appendix B gives an approximation. Other conditions might influence the shelf life, like
touching the phantoms more often would stimulate mould growth. Shelf life and stability when storing
according the correct storage conditions will be described below.

Agar

Multiple agar phantoms were produced and stored according to the previous explained conditions.
For all phantoms, mould growth appeared after three weeks storage as seen in Figure 12. Moreover,
salt diffusion occurs when storing agar phantoms in a saline solution. Figure 13 shows the change in
dielectric values over 5 days of an agar phantom prepared by mixing 6g agar powder to 100ml of tap
water and afterwards stored in a 0.9% saline solution. The dielectric properties were measured
immediately after the phantom was prepared and cooled down to room temperature; day 1.
Thereafter, the agar phantom was stored in a 0.9% saline solution and the dielectric properties were
measured after 1 day and after 5 days of storage. Here, the maximum percentage variation between
the measured values and the mean of the measured values over all frequency points is 66% and 61%
for permittivity and conductivity respectively.

Figure 12: 5.66 wt% agar phantom mould growth; left: after three weeks, right: after five weeks
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Figure 13: Salt diffusion 5.7 wt% agar phantom prepared with tap water, stored in 0.9% saline. Top: Relative permittivity,
bottom: electrical conductivity

Gellan gum

Multiple gellan gum phantoms were produced and stored according to the previous explained
conditions. For all phantoms, the shelf life is more than 1 month. But, on average 5% of the gellan gum
material seperates after three weeks of storage, seen in Figure 14. Moreover, the gellan gum phantoms
absorb in two weeks’ time on average 69% water by weight. Furthermore, salt diffusion occurs when
storing gellan gum phantoms in a saline solution. A 2.9wt% gellan gum phantom tissue was prepared
with tap water and stored for one week in a 0.9% saline solution. The maximum percentage variation
between the measured values and the mean of the measured values over all frequency points is 62%
and 54% for permittivity and conductivity respectively.

Figure 14: Gellan gum phantom stored in saline solution where phantom material gets loose. Left: storage for 2 weeks,
right: storage for 3 weeks
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Relative permittivity gellan gum phantom tissue
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Figure 15: Salt diffusion 2.9wt% gellan gum phantom prepared with tap water, stored in 0.9% saline. Top: Relative
permittivity, bottom: electrical conductivity

PVA-C
Multiple PVA-C phantoms were produced and stored according to the previous explained conditions.

For all phantoms, the shelf life is more than 1 month. PVA-C phantoms absorb in two weeks’ time on
average 48% water, Figure 16. Furthermore, a PVA-C phantom prepared by mixing 10g PVA-powder
with 100ml tap water was stored in a 0.9% saline solution. The dielectric properties were measured
after the phantom underwent 1 freeze-thaw cycle and the phantom was at room temperature; day 1.
Afterwards, the PVA-C phantom was stored in a 0.9% saline solution and the dielectric properties were
measured after 1 day and after 1 week of storage. Results are shown in Figure 17. Here, the maximum
percentage variation between the measured values and the mean of the measured values over all
frequency points is 66% and 56% for permittivity and conductivity respectively.

Figure 16: Change in size of PVA-C phantom tissues due to water absorption & drying out of the phantom. Left phantom:
stored for 1 week in water. Middle phantom: stored for 1 day in water. Right phantom: stored for 2 days in air.
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Figure 17: Salt diffusion in 9.1wt% PVA phantom prepared with tap water, stored in 0.9% saline. Top: Relative permittivity,
bottom: electrical conductivity

7.2.3 Discussion and conclusion

As for the agar phantoms, the shelf life did not realize the required 1 month. The gellan gum and PVA-
C phantom tissues did realize the required shelf life of at least 1 month. But, the gellan gum phantom
tissue seems to result in material separation when stored in a liquid. Moreover, water absorption
occurs in the gellan gum and PVA-C phantoms, which might affect the dielectric properties and should
be investigated during stability tests which will be examined in Part lll [64]. Finally, salt diffusion occurs
in all phantom tissues when stored in water [103]. The maximum percentage variations between the
measured values and the mean over all frequency points is for all phantoms much greater compared
to the variation seen in PVA-C phantom due to water absorption.

7.3 Step 2: Base materials

7.3.1 Methods

Due to salt diffusion occurring in all phantoms, all phantoms should be prepared with the same saline
solution as the storage solution. Moreover, no additional salt can be added for increasing the
conductivity. In this step, sample phantoms with the storage solution will be prepared without
additives. The dielectric properties will be measured and compared to the target values in order to
examine how the dielectric properties should be manipulated. Because at this stage of the phantom
preparation, the wt% of the base materials can still variate due to possible effects on the stiffness of
the phantoms, various phantoms will be prepared with different wt% of base material.

7.3.2 Results
Results of an agar-based, gellan gum-based and PVA-C-based phantom tissues are shown in Figure 18,
Figure 19 and Figure 20 respectively and are representable for all phantom tissues made. In Appendix
B ‘B5 Base materials in comparison with target values’ all results and possible influences of varying
with wt% are shown.
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Figure 19: 2.9wt% gellan gum phantom compared to target values
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Figure 20: 13.0 wt% PVA-C phantom compared to target values

7.3.3 Discussion and conclusion
Results show that for agar-based phantoms the permittivity should decrease and the conductivity
should increase with the use of additives. For gellan gum-based phantoms both the permittivity and
conductivity should be decreased and for PVA-C-based phantoms the permittivity should be decreased
and the conductivity should be increased. Table 4 gives a clear overview of the results.

Table 4: Dielectric values of base materials compared to the target values. (1) indicates the dielectric value of the phantom
tissue should be increased and (/) indicates the dielectric value of the phantom tissue should be decreased in order to get
the same dielectric values as the target values.

Base material Permittivity Conductivity
Agar N T
Gellan gum J N
PVA-C J ™

7.4 Step 3: Additives

7.4.1 Methods

Table 1 shows if the additive should increase or decrease the dielectric values of the phantom tissue
when added according to literature. In this step it will be examined if this is in line with own findings
when preparing phantom samples with additives. Multiple sample phantoms will be prepared with
one additive. Thereafter, the measured dielectric properties will be compared to the properties of the
sample phantom with the same mixture without the additive. An increase or decrease of the dielectric
values is said to occur when the mean percentage variation between the measured values and the
mean of the measured values over all frequency points exceeds the accepted tolerance range of 11%
and 10% for permittivity and conductivity respectively.
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Moreover, according to literature sugar diffusion occurs in aqueous solutions [104]. While salt diffusion
occurs when the phantoms will be stored in the storage solution, sugar will also be tested on diffusion.
A phantom will be prepared with added sugar and will be stored in the same solution as it will be
prepared in. Impedance measurements will be performed over a period of one week to examine
whether diffusion might occur.

7.4.2 Results
Table 5 shows the expected results compared to the actual results. Here, a slight change indicates the
mean percentage variation lies between 11% - 22% for permittivity and 10% - 20% for conductivity.
Additionally, it was examined if antifrost, the surfactant and the preservative used would change the
dielectric values. Antifrost might be needed for the PVA-C phantoms when using closed rigid moulds.
Graphics of all results of the impedance measurements are shown in ‘Appendix B’ ‘B8
Increase/decrease of additives’.

Table 5: Dielectric additives, ‘1’ indicates the additive will increase its dielectric value, ‘|, ’indicates the additives will decrease
the dielectric value and “~’ indicates contradiction in literature.

Additives Affects &, Affects o
According to Result According to Result
literature literature

Acetone ~ J Slightly ™ No influence

Ammonia N J Slightly No influence

Antifrost ™ Slightly No influence

Charcoal powder ™ ™ ™ M Slightly

Ethanol N J Slightly No influence

Glycine M No influence No influence

Graphite powder (+ T N T T

acetone)

Oil (+ surfactant) N} NP No influence

Preservative (sodium N ™

acetate)

PVC J J N2 N

Salt ™ ™ T

Sugar N% N N N

To examine whether sugar diffusion occurs, a 13.0wt% PVA phantom is made with 28.6wt% sugar and
is stored in the same solution as it is prepared in. Figure 21 shows the results where the maximum
percentage variation between the measured values and the mean of the measured values over all
frequency points is 62% and 26% for permittivity and conductivity respectively.
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Figure 21: PVA-C phantom with added sugar tested on diffusion

7.4.3 Discussion and conclusion
A good match with literature and own results is shown. After this examination, it is clear what influence
the additives have on the phantom materials, seen in Table 5. Furthermore, diffusion of sugar is tested
and an enormous increase in permittivity and conductivity is shown in Figure 21, indicating sugar
diffusion occurred. Therefore, sugar will not be used for the sample phantoms.

7.5 Step 4: Sample phantoms preparation

7.5.1 Methods

After it was examined what the effect of the additives would be on the dielectric values, the sample
phantoms can be prepared. Therefore, for manipulating the dielectric properties of the phantom
materials the additives shown in Table 6 will be used in order to mimic the target dielectric values.
Multiple phantoms will be prepared and examined based on the measured dielectric values. First,
phantoms with one additive with different wt% will be prepared and analysed. For the second batch
of phantom preparation, the trend seen for the dielectric values, the ‘ease’ of mixing and a haptic and
visual inspection will be taken into account. This experimental process will continue until a good fit for
the phantom samples can be realised.
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Table 6: Additives used for manipulating the dielectric properties

Agar
Permittivity ({/) Conductivity (1)
Qil Graphite powder
PVC Charcoal powder
Sodium acetate
Gellan gum
Permittivity (V) Conductivity ()
Qil Qil
PVC PVC
PVA-C
Permittivity ({/) Conductivity (1)
Oil Graphite powder
PVC Charcoal powder
Sodium acetate
7.5.2 Results

The dielectric values of all succeeded phantoms were measured and compared to the target values.
Appendix B ‘B7 Sample phantoms’ shows all results. In this subchapter, only the most promising
prepared phantoms will be reported per base material.

Agar

5.7wt% agar phantoms were prepared while this appeared to result into the best possible stiffness.
Less base material resulted in too brittle phantoms and more base material resulted in too stiff
phantoms. Graphite resulted as a good additive for increasing the conductivity, but also increased the
permittivity while this value should be decreased. Hence, it was chosen to combine graphite and oil as
additive. In line with this theory, the same was done with charcoal. However, charcoal resulted to have
no effect on the dielectric values. Agar with added PVC resulted in a more brittle phantom, but could
be mixed homogeneously. Agar phantoms with oil were prepared and resulted in a good decrease in
permittivity. However, the phantoms did not pass the visual inspection as can be seen in Figure 22.
Moreover, agar did not mix well with sodium acetate, seen in Figure 22, the phantom did not solidify.
Of all agar phantoms made, Figure 23 shows the best resulted phantoms per additive used regarding
the dielectric values. Phantom ‘A2’ of Figure 23 resulted as the most promising agar-based phantom
material. But, as a result the 5.7wt% agar phantoms did not pass the haptic inspection while the
phantoms are still too stiff and more brittle than elastic what is desired.

Figure 22: Agar phantoms. 1: oil as additive, 2: PVC as additive, 3: graphite & oil as additive, 4: sodium acetate as additive

-48-



Relative permittivity agar phantom tissues
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Figure 23: 5.7wt% agar phantoms closest to the target values (HT), with AO: no additives, A1: 16.7wt% PVC, A2: 23.1wt% oil,
A3: 9.1wt% graphite, A4: 2.9wt% charcoal, A5: 28.6wt% oil & 2.9wt% charcoal

Gellan gum

2.8wt% gellan gum-based phantoms were prepared with oil and PVC to decrease the dielectric values
of the phantom tissue. Both, oil and PVC as additive resulted in a homogenous prepared phantom
tissue as seen in Figure 24. Phantom preparation above 16.7wt% PVC did not succeed, while the
mixture gets clumpy. Figure 25 shows the results for the best prepared gellan gum-based phantom:s.
Dielectric measurements resulted in phantoms GG1 and GG2 as seen in Figure 25 to be the most
promising gellan gum-based phantom materials.

Figure 24: Gellan gum phantoms, left: oil as additive, right: PVC as additive
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Relative permittivity gellan gum phantom tissues
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Figure 25: 2.9wt% gellan gum phantoms closest to the target values (HT), with GGO: no additives, GG1: 16.7wt% oil, GG2:
23.1wt% oil, GG3: 16.7wt% PVC

PVA-C

For the PVA-based phantom tissue, 13.0wt% PVA-powder resulted in a good phantom stiffness and
was used for the sample phantom preparations. Charcoal did not manipulate the conductivity as
expected, as seen in Figure 27. Moreover, charcoal precipitates even when using small amounts of
charcoal (4.8wt%). Adding graphite did influence the conductivity and permittivity, but also increases
the stiffness of the phantom. 13.0wt% PVA-based phantoms with added graphite resulted in too stiff
phantom tissues and therefore the wt% of PVA powder was decreased. Results are shown in Figure
28. Also, graphite precipitates when using high amounts of graphite powder (20.0wt%). This is noticed
when touching the phantom tissue, it can be felt that the bottom of the phantom tissue is much stiffer
than the rest of the phantom. Added PVC resulted in both a decrease in permittivity and a decrease in
conductivity. But, also PVC powder precipitates when using high amounts of PVC (16.7wt%), seen in
Figure 26. Therefore, lower amounts of PVC powder (4.8wt%) was used in combination with sodium
acetate. Furthermore, oil is used in combination with sodium acetate for decreasing its permittivity
and increasing its conductivity respectively. Figure 29 shows the results of the best prepared 13.0wt%
PVA-based phantoms and Figure 30 shows all phantom tissues closest to the target values with P1 and
P2 as the most closest to the target values.

1

4

Figure 26: PVA-C phantoms. 1: charcoal as additive, 2: graphite as additive, 3: PVC as additive, 4: sodium acetate as additive
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Figure 27: Influence of different wt% charcoal on 13.0wt% PVA-C phantom tissues
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Relative permittivity PVA-C phantom tissues

PO
W P1
P21
P3
P4
P5
P6
*  HT

10 11 12 13 14 15 16 17 18 19 20
Frequency (kHz)

|

Electrical conductivity PVA-C phantom tissues

0.45 | PO
P1
0.4 F . P2 |

E 3 P3
B 035 F a3

e L - P5 [

037 P6 | ]

1 L L L o L ] * HT

10 1 12 13 14 15 16 17 18 19 20
Frequency (kHz)

Figure 29: 13.0wt% PVA-C phantoms closest to the target values (HT), with PO: no additives, P1: 20.0wt% graphite, P2:
4.8wt% charcoal, P3: 0.05wt% sodium acetate, P4: 33.3wt% oil, P5: 0.07wt% sodium acetate & 4.8wt% PVC, P6: 0.07wt%
sodium acetate & 33.3wt% oil

Relative permittivity PVA-C phantom tissues

10° '
%LL‘_’_’_Z’_’_’_’_’ e
—e e
e ]
<104 F P1 o
P2
P3
* HT
103 | | L | L | | L |
10 11 12 13 14 15 16 17 18 19 20
Frequency (kHz)
Electrical conductivity PVA-C phantom tissues
0‘45 r T T o T T T T E
. 04F ]
B 035 F| P1 ]
o P2
0.3k P3 ]
* HT
RS S ] L L L ] ] 1
10 11 12 13 14 15 16 17 18 19 20

Frequency (kHz)

Figure 30: PVA-C phantoms closest to the target values (HT), with P1: 10.7wt% PVA, 0.01wt% sodium acetate & 31.0wt% oil,
P2: 13.0wt% PVA & 0.05wt% sodium acetate, P3: 13.0wt% PVA & 33.3wt% oil

7.5.3 Discussion and conclusion
Some challenges during the preparation of the phantoms were encountered. Agar-based phantoms
did not always solidify. Solidification of agar-based phantoms is dependent on the procedures taken,
the ratios of each ingredient [105] and the pH-value of the mixture [106]. Preparing gellan gum-based
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phantoms cannot be done easily. Water evaporates quickly and should be refilled before the mixture
gets lumpy. Gellan gum powder can be added to water or saline between 80 - 85 °C. After the gellan
gum powder is completely mixed, the mixture should be heated to 100 °C. Again, evaporated water
should be refilled. When water is refilled, the water should not be below 80 °C, otherwise the mixture
will get lumpy. Moreover, when water is refilled, make sure the ‘new’ mixture is heated to 100°C,
otherwise the gellan gum mixture will not become solid when cooling down. When the mixture is
finished, the gellan gum can be poured into a mould. When pouring the gellan gum mixture, it becomes
very quickly solid. Therefore, the mixture should be poured quickly into the mould. Additives as PVC,
graphite and charcoal easily precipitates in PVA-C-based phantoms. The optimum wt% base material
for agar was 5.7wt% and for gellan gum 2.9wt%. No significant change in stiffness is seen in the gellan
gum-based phantoms when changing the wt% gellan gum powder. As for PVA-C-based phantom,
13.0wt% base material resulted to be a good match regarding the stiffness (when no graphite is
added). A variation in the amount of PVA-powder would give good results as well.

Furthermore, sodium acetate resulted in a big increase of the phantoms conductivity. And oil resulted
in a big decrease of the phantoms permittivity, but resulted in oily phantoms which is not desired.
Charcoal powder does not seem to influence the electrical conductivity considerably for all phantoms
made. This could be due to the percolation threshold which is not achieved. Therefore, higher amounts
of charcoal were added in the PVA-C phantoms to check whether the percolation threshold would be
achieved. However, this resulted in precipitation of the charcoal powder in the PVA-C phantom.
Moreover, the percolation threshold for the conductive components charcoal and graphite varies with
base material used. Literature showed that the percolation threshold for carbon black in many
composites corresponds to approximately 3-15 wt% carbon black [107]. Carbon black with a
polyethylene terephthalate resin has a low percolation value of 0.58wt% [108]. Carbon in other forms,
like carbon nanotubes, show different percolation values [109]. However, the percolation threshold of
active charcoal is unknown. The percolation threshold of graphite lies much higher [110].
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7.6 Discussion and conclusion

To conclude which phantom material will be the best fit for the final cardiac phantom, a Harris profile
will be used. Therefore, all most promising phantom tissues as described in this chapter will be
evaluated and compared to each other. This evaluation will be based on the predefined requirements
and will be described per property. In the previous subchapter, the phantom tissues with dielectric
values closest to the target values were previewed. These phantom tissues, the most promising

phantom tissues, will be compared to each other and are defined as shown in Table 7.

Table 7: Most promising phantom tissues

Phantom tissue
Al
G1
G2
P1

P2

7.6.1 Dielectric properties

Figure 31 shows the dielectric values of these most promising phantom, with the average percentage
difference between the phantom tissue and the measured cardiac tissue in the frequency range of 10
kHz — 20 kHz shown in Table 8. For all phantoms shown in this part, not all dielectric values are within

the predefined accepted tolerance range.

Ingredients

5.7wt% agar + 23.1wt% oil

2.9wt% gellan gum + 16.7wt% oil
2.9wt% gellan gum + 23.1wt% oil
10.7wt% PVA + 0.1wt% sodium acetate +
31.0wt% oil

13.0wt% PVA + 0.05wt% sodium acetate
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Figure 31: Phantoms closest to the target values (HT)
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Table 8: Average difference between phantom tissue and target values (HT)

Sample phantom tissue Average difference between phantom tissue and HT (%)
Permittivity Conductivity

Al 20.8 8.4

Gl 88.4 3.3

G2 46.1 11.7

P1 7.1 23.5

P2 44.2 8.4

7.6.2 Storage

The final cardiac phantom should be stored in a saline solution, the predefined ‘storage solution’,
containing the same conductivity as blood. It can be concluded that agar-, gellan gum- and PVA-C-
based phantom tissues can be stored in the appropriate solution. But, in all stored phantoms salt
diffusion occurs. Moreover, gellan gum- and PVA-C-based phantom tissues, absorb water what might
result in a decrease of the dielectric properties [64]. Furthermore, storing gellan gum-based phantom
tissues in the storage solution results in phantom material separation (approximately 5% material over
3 weeks storage time). As for the phantoms G1 and G2, the oil with surfactant seems to escape
resulting in a cloudy storage solution, Figure 32.

Figure 32: Phantom tissue G1 in storage solution

7.6.3 Homogeneity
As predefined, phantoms are said to be homogeneous when repeated measurements at various sides
of the phantom shows 11% and 4% or lower variation for permittivity and conductivity, respectively.
Table 9 shows the results for the homogeneity tests, with the average percentage difference between
the measured value of the phantom tissue and the mean value of the phantom tissue together with
the maximum percentage difference. All phantoms pass the homogeneity test, except for phantom G2
which shows a maximum difference of 11.8% between the measured permittivity and the mean.

Table 9: Homogeneity results of most promising phantom samples

Sample phantom tissue Average difference between measured value and the mean,
(Maximum difference) (%)
Permittivity Conductivity

Al 3.6(5.1) 2.3(2.4)

G1 8.8 (10.6) 2.6 (2.8)

G2 8.7 (11.8) 3.0(3.2)

P1 2.1(2.8) 2.1(2.1)

P2 4.9 (6.5) 1.6 (1.6)
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7.6.4 Mechanical stiffness

The mechanical stiffness in this chapter is only haptic and visually examined. Agar-based phantoms do
not seem to get the desired elasticity. Moreover, results showed that agar-based phantom tissues with
oil as additive are not easily prepared and the oil does not seem to mix well with the phantom tissue,
as seen in Figure 33, resulting in no solidification of the phantom (left in the figure) or a too tough
phantom (right in the figure). Gellan gum-based phantoms are extremely elastic, do not break easily
but need to be stiffer. The mechanical stiffness of the PVA-C-based phantom tissues can be easily
manipulated by changing the wt% of PVA powder and changing the amounts of freeze-thaw cycles. As
for sample phantom P1, the addition of oil gives an oily phantom, seen in Figure 34 on the left.
Phantom ‘P2’ results in a slightly translucent phantom tissue with desired mechanical properties,
Figure 34 on the right.

Figure 33: Agar-based phantom tissues with oil as additive. Left: oil with surfactant, right: oil

Figure 34: PVA-C phantom sample tissues. Left: 'P1', showing oily resulted phantoms. Right: ‘P2’, showing the slight
translucent phantom

7.6.5 Shelf life

As for the shelf life of the phantoms, mould growth appeared after three weeks of storing the agar-
based phantoms. The gellan gum- and PVA-C-based phantoms appeared to have a shelf life of at least
one month.
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7.6.6 Harris profile
A Harris profile will be used to give an overview of all results of this subchapter. Here, all most
promising phantom tissues will be evaluated and compared to each other, in order to find the best fit
for the cardiac phantom TMMs. Table 10 shows the Harris profile, resulting in phantom sample tissue
‘P2’ as the best fit for the cardiac phantom TMM.

Table 10: Harris Profile, evaluation on the main requirements

Phantom tissue

Al G1 G2 P1
Property - - + | ++ | - = + | ++ | - = + | 4+ | - = + 4+

Conductivity
Permittivity
Storage
Homogeneous

Mechanical
stiffness
Shelf life
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PART III:

Cardiac phantom design

In this part, the most promising sample phantom will be extensively examined to evaluate if the
phantom material meets all requirements needed for the development of the LA phantom. This
evaluation will be done more elaborately than in the previous chapter. First, the methods used for the
evaluation of all requirements will be described. Thereafter, cardiac phantom samples will be prepared
four more times for the final evaluation. The evaluation on all main requirements will be described
separately in this part and the evaluation on all additional requirements will be described together.
Finally, all results will be discussed and concluded.
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8. Evaluation methods

Table 2 shows all requirements needed for the final cardiac phantom. In the previous part, sample
phantoms were evaluated based on the main requirements. In this part, the most promising sample
phantom will be evaluated more elaborately based on all requirements. The most promising sample
phantom will be produced four more times, the cardiac phantom samples, and will be evaluated as
shown in this chapter. Some methods are equal to the methods described in Chapter 6 and will
therefore be only referred to Chapter 6. Additional and/or extended methods will be described in this
chapter.

8.1 Dielectric properties

8.1.1 Impedance measurements

All dielectric measurements will be performed six times on the cardiac phantom samples at room
temperature. The 2-needle electrode configuration as used in Chapter 6.1.1 cannot be used for
measurements at the cardiac phantom because of the thin walls; the needles of the 2-needle electrode
are too long. Moreover, as already discussed in Chapter 6.6, electrode polarisation can occur when
using a 2-needle electrode. This can be limited using a 4 point needle electrode as already seen in
Chapter 6.1.1. Therefore, Philips provided a 4-needle electrode as seen in Figure 35. Figure 36 shows
the connection image of the 4-terminal configuration, which can also reduce the effects of lead
impedances and contact resistances as compared to the 2-terminal configuration. The signal current
path and the voltage sensing leads are independent when using the 4-terminal configuration. Hence,
the voltage sensing leads do not detect the voltage drop caused by the lead inductances, lead
resistances and contact resistances on the current leads. [11] The 4-point needle electrode is
fabricated with high precision and is made in duplicate. In that way, at Philips measurements can be
performed at the exact same way and conditions as measurements at the TU Delft. Moreover, the new
needle electrode will be connected to the same impedance analyser as described in Chapter 6.1.1.
First, the 2-needle electrode method will be compared to the new 4-needle electrode method.

- -

Figure 35: Four needle electrode, with the distance between the needles b = 5.0 mm, radius of the needles r = 0.5mm and
length of the needles L = 5.0mm
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Figure 36: Connection image for the four-needle electrode method [11]

For the comparison of the ‘old’ method using the 2-needle electrode and the ‘new’ method using the
4-needle electrode, measurements were done six times on two phantom samples. Figure 37 shows the
results of the measured Capacitance in Farads (F) and the measured Conductance in Siemens (S). Figure
45 shows comparisons of all 3 methods used: in blue the ‘old’ 2-needle electrode method, in red the
‘new’ 4-needle electrode method using all 4 needles and in yellow the ‘new’ 4-needle electrode using
only 2 needles. It is expected that the capacitance would decrease using the 4-needle electrode
because less electrode polarisation should occur and results are in agreement with this expectation.
But, it is not expected the conductance would decrease. Because the 4-neelde electrode is made with
precision, it is chosen to use the 4-needle electrode for all further measurements. But, because the 4-
needle electrode is not working as expected, a 2-point measurement will be performed using the 4-
needle electrode. So, only wire 2 and 3 will be used and therefore the 4-needle electrode will function
as a 2-needle electrode configuration. Appendix D shows the results of the 3 methods used on the
second phantom, giving the same results.
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Figure 37: Comparison between the ‘old’ 2-needle electrode (2 point old), the 4-needle electrode (4 point) and the 4-needle
electrode functioning as a 2-needle electrode (2 point new)
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Figure 38: Dielectric measurements with the four needle electrode

8.1.2 Target values

New measurements will be performed using the 4-needle electrode with the 2-needle electrode
method. The measurements will be conducted on porcine heart tissue in the frequency range of 10kHz
— 20kHz with 21 equally distributed steps and will function as the new target values. All previously
performed impedance measurements, were measured in parallel mode parameters of capacitance and
conductance. In this part, new measurements are conducted on the porcine heart tissue, but are
measured in series mode parameters in forms of magnitude, |Z|, and phase angle, 6. For converting
the impedance in the polar form into the rectangular-coordinate form R + jZ, the following formulas
can be used

Rs=|Z| cos© (10)
Xs=]Z| sin® (12)

with Rs the series resistance and Xs the series reactance. Series and parallel mode impedance values
are identical. But, Rs is not equal to the parallel resistance Rp except when the Xs = 0 and the parallel
susceptance equals zero (Bp = 0). Using the susceptance can be easier for parallel combinations of real
and imaginary components of the impedance. In which case

=—L -v=G+jB (12)
R+jX

1
VA
where Y represents admittance, G conductance, and B susceptance. However, the series and parallel

mode parameters are related with each other by using the following equations, which are functions of
the dissipation factor (D) [11],

D =252 (CsRs (13)
Xs
Rs
OP =ty 7 e
Cs = Cp(1+D?) (15)

with w = 2nf the angular frequency, Cs the series capacitance and Gp the parallel conductance. By
substituting equation (15) into (13), the formula for converting the Rs and Xs into Cp is

1

= wXs (1+D?) (16)

Cp
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with D equals % . [11] Now, the previous found formulas (8) and (9) can be used for rewriting the

parallel capacitance and parallel conductance into the relative permittivity and electrical conductivity
respectively can be used.

For validation, two phantom samples were measured four times. The first measurement is performed
by measuring the capacitance and conductance in parallel mode parameters and the second
measurement is performed by measuring the magnitude and phase angle of the impedance in series
mode parameters. These two measurements are performed directly after each other without moving
the electrodes in the phantom sample. Thereafter, this process is conducted three more times. Results
are shown in Figure 39. Results of the second phantom sample are shown in Appendix E.

Relative permittivity
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Figure 39: Comparison between measured capacitance and conductance in parallel mode parameters (1.1 - 1.4) and
measured magnitude and phase angle in series mode parameters (2.1 —2.4)

The new measurements on the same porcine heart tissue as described in Chapter 6.1.3 are repeated
5 times, Figure 40. Results are shown in Figure 41 and will function as target values in this chapter.
Moreover, as comparison between the old measurement method used and the new measurement
method used, in Figure 42 the methods are compared to the dielectric values of human heart tissue
derived from the database IT’IS [30].
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Figure 40: Measurements on porcine heart tissue with 4-points needle electrode
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Figure 41: Measurements performed in porcine heart tissue
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Figure 42: Comparison between new measurements on porcine heart tissue and the old measurements of porcine heart
tissue and the dielectric values of human heart tissue derived from the database IT'IS [30]

8.2 Storage solution

The cardiac phantom tissue will be stored in a 0.15wt% saline solution (0.15wt% salt in tap water) and
therefore mimicking the conductivity value of human blood. Because salt diffusion occurs, the cardiac
phantom tissue should be prepared with the same solution as it will be stored in. Moreover, it will be
examined whether sodium acetate diffusion will occur. Therefore, two PVA-based phantom materials
will be produced with tap water. The two phantom materials will be made out of the same mixture,
where sodium acetate will be added to one of the two mixtures. Impedance measurements will be
performed on both sample phantoms when finished and will afterwards be stored in tap water. After
a period of time, impedance measurements will be conducted on both of the phantom samples for
comparison. As a second step, the storage solution will be measured with an EC-meter and with the
impedance analyser for comparison. In Part Il a saline solution of 0.15wt% salt in tap water was used
as storage solution. The storage solution was measured with the EC-meter. For validation, multiple
saline solutions are prepared and measured together with the previous defined storage solution, with
the EC-meter and the impedance analyser using the new needle-electrode. The saline solutions are
prepared by diluting 0.9% saline solution (Baxter Viapack NaCl 0,9% Fysiologisch Serum Voor Irrigatie
1000ml, New Pharma) with distilled water. Figure 43 shows the results.
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8 Electrical conductivity saline solutions
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Figure 43: Comparison between measurements performed with an EC-meter (EC) and measurements performed with the
impedance analyser (IM). (1) 0.9% saline, (2) 0.6% saline, (3), 0.45% saline, (4) 0.36% saline, (5) storage solution of 0.15wt%
salt in tap water and conductivity blood derived from database IT’IS [30]

8.3 Homogeneity
As predefined, phantoms are said to be homogeneous when repeated measurements at various sides
of the phantom shows 11% and 4% or lower variation for permittivity and conductivity respectively.
The cardiac phantom samples will be measured 6 times, each at a side of the cubic shaped cardiac
phantom sample.

8.4 Mechanical stiffness
The mechanical properties of human heart tissue are anisotropic, varies within the heart and is
dependent on the timing of the cardiac cycle [49]. Because the mechanical properties varies, literature
shows diverse values of the mechanical stiffness. Most literature report the myocardial Young's
modulus of the left ventricle (LV). According to L.A. Reis et al. (2016) the Young’s modulus of the human
myocardium ranges from 20 kPa (end of diastole) to 500 kPa (end of systole) [111], which corresponds
to the values of the myocardial ventricles reported in the study of L. Korn (2018) [49]. In the studies of
A. Arani et al. (2017) [112] and Kolipaka et al. (2011) [113] lower values of the left ventricular
myocardial Young’s modulus are reported; 8.2 kPa and 5.64 + 1 kPa in end-systole respectively. The
Young’s modulus of cardiac tissue and the myocardium is comparable [114]. The available data in
literature that quantifies the passive mechanical properties of human heart tissue, and more
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specifically of the LA, is very limited. F. Nemavhola (2017) [115] performed biaxial tensile tests on
porcine tissue of the LV, mid-wall and right ventricle (RV) resulting in Young’s moduli approximately
between 30 — 45 kPa in the RV in the cross fibre direction and longitudinal direction respectively. For
this graduation project it is of importance that the phantom tissue gives approximately the same haptic
feedback as human heart tissue. But, in order to quantitatively examine the stiffness of the cardiac
phantom, compression tests will be performed to examine the Young’s modulus. Because the Young's
modulus of the LA is lower than that of the LV [116], it is chosen that the Young’s modulus of the
phantom tissue should range between 10 kPa — 50 kPa.

In order to meet the mechanical requirement, the cardiac phantom samples will be tested with a
compression test additional to the haptic examination. An uniaxial compression test will be performed
using a linear stage (PRO-115, Aerotech, USA/UK) to exert force on the phantoms via a square object
with a surface area of 1600 mm?2. For measuring the force, a 22N Force Sensor (LSB200, FUTEK, USA)
will be mounted between the square surface and the linear stage. The Young’s modulus (E) can be
calculated by measuring the elastic, reversible deformation (strain) in the linear region (at low strain
values, typically < 20%) of the stress-strain curve by dividing the uniaxial stress with the strain:

_ F/A
T AL/Lg

(17)

with F the force, A the phantoms surface, AL the change in height of the phantom and Lo the initial
height of the phantom [114]. The phantoms surface will be 33x33 mm and the initial height 33 mm. All
tests will be carried out at room temperature. K. Verma et al. (2018) examined the compressive
behaviour of human heart tissue [117]. Results showed that the Young’s modulus is strain rate
dependent. Therefore, four different strain rates will be tested; 0.003/s, 0.05/s, 0.063/s and 0.1/s. In
order to match the strain rate, the compression speed of the linear stage will be set to 0.1 mm/s, 1.65
mm/s 2.08 mm/s and 3.3 mm/s. The raw data of the compression test will consist of the measured
output voltage, the speed of the linear stage and the position of the linear stage. First, the force sensor
has to be calibrated in order to convert the output voltage to a measured force. Thereafter, the
measured force can be used to calculate the stress. The calculations will be done using MATLAB.

The measured Young’s moduli of the four cardiac phantom samples will be compared to studies that
measured the Young’s moduli of PVA-C tissue, A.H.A. Wahab et al. (2019) [93], and of cardiac tissue,
M.S. Sirry et al. (2016) [118]. While little literature is found about uniaxial compression tests on human
heart tissue, the mechanical properties in the study of M.S. Sirry et al. (2016) are characterised for rat
myocardium. K. Verma et al. (2018) [117] performed compression tests on human heart tissue, but
used a very low strain rate (0.001/s). To match this strain rate with the cardiac phantom samples, a
compression speed of 0.033 mm/s should be used. However, the lowest possible compression speed
of the linear stage is 0.1 mm/s. Because the Young’s modulus is strain rate dependent, it is chosen to
mimic the study of M.S. Sirry et al. (2016) [118]. M.S. Sirry et al. (2016) used a preload to 1g, while this
effect can be negligible, the compression tests performed in this project will not use a preload. All
other conditions will be replicated. Although, M.S. Sirry et al. (2016) measured a higher Young’s
modulus (145 kPa) compared to the desired range for the cardiac phantom (10 kPa — 50 kPa) the
compression test will be replicated for comparison of the cardiac phantom tissue. Furthermore,
compression tests will be conducted on multiple variations of the cardiac phantom sample in order to
examine the influence of varying the wt% PVA-powder and multiple freeze-thaw cycles on the stress-
strain relationship.
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8.5 Shelf life
As for the evaluation of the shelf life, the same haptic and visual inspection will be performed as
described in Chapter 6.5.

8.6 Anatomy
Literature showed that the thickest part of the LA, at the anterior wall, is approximately 4-5 mm and
the thinnest part, posterior or anterior aspect of the atrium, is approximately 3 mm [119]. Because the
phantom material is flexible and should not collapse when the cardiac phantom contains the hollow
shapes, it will be chosen to make the wall of the cardiac phantom 5 mm. Two simplified versions for
the LA will be made: a cylinder and a sphere. Both shapes will contain 4 hollow tubes, representing the
pulmonary veins.

For the mould preparation, the desired shape should be made in duplicate with an overall increase in
size of 5 mm normal to the surface, which can be done using the 3D modelling software Rhino. The
smaller shape will be named ‘inner core’ and the increased shape will be named ‘outer core’. The inner
core represents the hollow shape. The outer core will be used to make a negative image in a solid
structure, the outer mould. The inner core should fit perfectly with a range of 5 mm in the outer mould.
Both, the inner core and the outer mould can be 3D printed ensuring a reproducible mould. The inner
core should be printed with dissolvable PVA, using the Ultimaker3. The outer mould can be printed
with polylactic acid (PLA), using the Ultimaker2 or Ultimaker3 when PVA support material is needed.
Make sure a filling hole is present and a few smaller holes for releasing air inside the closed mould.

When both moulds are printed, the inside of the outer mould can be coated with Smooth-On XTC-3D
[120] to make the mould watertight. Thereafter, the inner core should be placed within the outer
mould and the cardiac phantom material can be poured into the mould. Make sure no air bubbles are
trapped inside the mould. The filled mould can be placed inside the freezer for the freeze-thaw cycle
to solidify the phantom material. When the freeze-thaw cycle is completed, the inner core should be
dissolved in the storage solution of the cardiac phantom material ensuring no salt diffusion. Appendix
F will explain all points of attention during the mould preparation. While the hollow cylinder shaped
cardiac phantom should not collapse, the wt% of PVA powder can be altered to manipulate its stiffness
and multiple freeze-thaw cycles can be used. However, this will affect the dielectric properties of the
cardiac phantom tissue and therefore impedance measurements should be performed also on these
variations of the cardiac phantom.

8.7 Additional requirements
The additional requirements contain the anatomy of the phantom explained in the previous
subchapter, the costs for fabrication of the cardiac phantom, the ease of manufacturing, the
reproducibility of the phantom production and the stability of the dielectric properties over time.
Because the cardiac phantom fabricated in this project serves as a proof of concept, no real cost
analysis will be done. The costs will be calculated and will be given in a range. The ease of
manufacturing contains the phantom material fabrication process, the mould making and mould filling
process. As for the reproducibility, four phantom samples will be prepared and the impedance
measurements will be compared to each other. If the maximum percentage variation between the
mean of the measured values over all frequency points of all four phantom samples does not exceed
the previous defined repeatability values of 11% and 4% for permittivity and conductivity respectively,
than the cardiac phantom tissue is said to be reproducible. As for the stability, in Chapter 7.2 it was
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mentioned that PVA-C phantoms absorb water what might influence the dielectric properties [64].
Therefore, to examine what the influence on the dielectric properties is of the water absorption, a
9.1wt% PVA phantom was prepared with 0.9% saline and stored in 0.9% saline. Figure 44 shows the
results of repeated impedance measurements with 1 day and 1 week in between. Here, the maximum
percentage variation between the measured values and the mean of the measured values over all
frequency points is 22% and 9% for permittivity and conductivity respectively.
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Figure 44: PVA-C phantom tissue prepared with 9.1wt% PVA powder prepared with 0.9% saline solution, stored in 0.9%
saline solution

In this chapter, impedance measurements will be performed over a period of time in order to see
whether the PVA-C phantoms will become stable at a time after storage. Here a cardiac phantom
sample will be compared to a phantom sample containing no additives. All actions will be performed
simultaneously in order to obtain equal conditions.

8.8 Discussion
This subchapter will discuss all measurements performed in this chapter.

Dielectric measurements

As for the comparison between the 4-point needle and the 2-point needle electrode, it is expected
that the capacitance would decrease using the 4-needle electrode because less electrode polarisation
should occur and the results agree. However, it is not expected that the conductance would increase.
[28][94]1[16] Because the 4-neelde electrode is made with precision, it was decided to use the 4-needle
electrode for all further measurements. Since the 4-needle electrode is not working as expected, a 2-
point measurement will be performed using the 4-needle electrode. So, only wire 2 and 3 will be used
and therefore the 4-needle electrode will function as a 2-needle electrode configuration. Figure 45
shows comparisons of all 3 methods used: in blue the ‘old’ 2-needle electrode method, in red the ‘new’
4-needle electrode method using all 4 needles and in yellow the ‘new’ 4-needle electrode using only 2
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needles. The figure shows the results of the 3 methods used on the second phantom, showing the
same results.
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Figure 45: Comparison between the ‘old’ 2-needle electrode (2 point old), the 4-needle electrode (4 point) and the 4-needle
electrode functioning as a 2-needle electrode (2 point new)

Storage solution

Figure 43 shows the results of the comparison between the measurements conducted with the EC-
meter and the impedance analyser. Here, it can be seen that the measurements of the EC-meter does
not match the measurements performed with the impedance analyser. Moreover, results show that a
0.36% saline solution comes close to the conductivity values of human blood.

Stability

Water absorption occurs in PVA-C phantoms, what might affect the dielectric properties [64]. This is
demonstrated in the measurements of the PVA-C phantom, Figure 44. Because the amount of salt in
the phantom tissue is equal to the amount of salt in the storage solution, no salt diffusion can take
place. But, as results show, a decrease in permittivity and conductivity is seen which proves the
absorption of water changes the dielectric properties. This decrease of dielectric values should be
considered for all dielectric measurements.
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8.9 Conclusion

Table 11 gives an overview of all requirements for the final cardiac phantom with the definition and
accepted ranges for the evaluation methods.

Table 11: Evaluation methods for final cardiac phantom tissue

Requirement phantom
Dielectric properties

Storage solution

Homogeneity

Mechanical stiffness

Shelf life

Anatomy

Inexpensive to produce

Ease of manufacturing

Reproducible

Stable over time

Definition

Phantom mimics measured
dielectric properties of
porcine heart tissue

All phantoms are stored in
a solution of 0.15 wt% salt
in tap water, which mimics
the conductivity value of
blood

Phantom is homogeneous

Phantom gives the same
haptic feedback as human
heart tissue

Length of time of the
phantom without
becoming unusable

The phantom has the same
anatomy as the LA

Low costly materials for the
phantom preparation

Easy mixing procedure for
the phantom material
fabrication, easy mould
preparation and easy
mould filling process
Repeated cardiac phantom
production should give
same results

The cardiac phantom
retains its dielectric
properties over time
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Accepted ranges
1 11% for permittivity and + 10%
and conductivity

Variation of repeated
measurements at various sides
of the phantom should be <11%
for permittivity and <4% for
conductivity

The Young’s modulus of the
phantom tissue should range
between 10 kPa — 50 kPa

= 1 month

The phantom can be produced
in the desired shape: cylinder
and sphere. With an overall wall
thickness of 5mm

Maximum variation of the
measured dielectric values of
the mean of all reproduced
cardiac phantoms should be
<11% for permittivity and <4%
for conductivity

= 1 month



9. Results final LA phantom

In this chapter, the most promising ‘sample phantom’ will be extensively examined based on all
predefined requirements. First, the methods for the cardiac phantom tissue preparation will be
explained. The final LA phantom tissue will be prepared four more times, the cardiac phantom samples,
and will be evaluated based on the requirements as described in the previous chapter. All results will
be reviewed per main requirements separately, the additional requirements will be reviewed together
in one subchapter. Except for the additional requirements regarding the anatomy of the phantom, this
chapter will be explained separately.

9.1 Cardiac phantom production

For the preparation of the cardiac phantom material, first pre weigh all ingredients as seen in Table
15. Fill the beaker with the saline solution (storage solution) at room temperature. Add sodium acetate
while magnetically stirring until mixture is completely mixed. Gradually add PVA powder to the mixture
with continued stirring and stir for 5 minutes more. Cover the beaker with aluminium foil to minimize
water evaporation. Evaporated water can be supplemented with distilled water. Heat up the mixture
until 96°C and mix for 60 minutes. Turn off the stove and allow the mixture to cool down till room
temperature with continued stirring. When the mixture is cooled down, pour the mixture into the
mould and start the freeze-thaw cycle. Put the mould filled with the phantom mixture for 24 hours in
the freezer. After 24 hours, thaw the mixture for 24 hours at room temperature. Remove the mould
carefully from the phantom tissue and store in the storage solution which is the same saline solution
used for the phantom preparation. Allow the 3D-printed inner core to dissolve.

Table 12: Ingredients for the cardiac phantom tissue

Ingredients Weight (g) Wt%
Saline solution 100 -

PVA powder 15 13,0
Sodium acetate 0,05 0,05
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9.2 Dielectric properties
Figure 46 shows the results of the four cardiac phantom samples and the target values. Table 13 shows
the average percentage variation between the cardiac phantom samples and the target values.
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Figure 46: Results of the dielectric measurements of the four cardiac phantom samples (1 —4) compared to the target values
(HT)

Table 13: Average percentage difference between hear phantom samples and the target values

Cardiac phantom sample

Average difference between cardiac phantom and HT (%)

Permittivity Conductivity
1 20.0 11.9
2 28.7 13.7
3 13.6 21.3
4 254 12.9
Mean 21.9 15.0

As for the anatomy of the cardiac phantom, which will be described in Chapter 9.7, phantoms were
prepared with an increase in wt% PVA-powder and underwent an extra freeze-thaw cycle. This can
affect the dielectric properties and is therefore examined. Figure 47 shows the results of the cardiac
phantom sample (HPO), the cardiac phantom sample composed of 16.7wt% PVA-powder (HP1), the
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cardiac phantom sample composed of 16.7wt% PVA-powder which underwent an extra freeze-thaw
cycle (HP2) and the target values (HT).
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Figure 47: Comparison between cardiac phantom sample (HP0), cardiac phantom sample made with 16.7wt% PVA-powder
and 1 freeze-thaw cycle (HP1), cardiac phantom sample made with 16.7wt% PVA-powder and 2 freeze-thaw cycles (HP2)
and the target values (HT)

9.3 Storage

As already concluded in Chapter 7.2, the predefined storage conditions gives good results. PVA-C
phantoms absorb in two weeks’ time on average 48% water what influences the dielectric properties.
Moreover, salt diffusion occurs and therefore the cardiac phantom should be stored in the same
solution as its prepared with. As a final check, it is examined whether the sodium acetate will diffuse
out of the cardiac phantom. Figure 48 shows the results of the phantom with added sodium acetate
(P) and the phantom without additives (N). Measurements where conducted before storage (0), after
1 week of storage in tap water (1), after 2 weeks storage (2) and after 3 weeks storage (3).
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Figure 48: Sodium acetate diffusion. Phantom P prepared with sodium acetate and tap water, phantom N without additives.
Measurements taken before storage in tap water (0), after 1 week storage (1), after 2 weeks storage (2), after 3 weeks
storage (3)

Chapter 8.2 reported a 0.36% saline solution results in a solution with conductivity values more closer
to the conductivity values of blood as reported in the database IT’IS [30] than the storage solution used
for the cardiac phantom preparation. Therefore, a cardiac phantom sample is prepared with a 0.36%
saline solution instead of the storage solution as reported. Results are shown in Figure 49.
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Figure 49: Comparison cardiac phantom sample (HP) with cardiac phantom tissue prepared with 0.36% saline and the target
values (HT)

9.4 Homogeneity
As for the homogeneity tests, all four cardiac phantom samples were measured six times each at a
different side. Results are shown in Table 14. Appendix G shows all results of the impedance
measurements performed on cardiac phantom sample 1 —4.

Table 14: Results homogeneity tests of the cardiac phantom samples

Average difference between measured value and the mean,
(Maximum difference) (%)

Cardiac phantom sample

Permittivity Conductivity
1 5.7 (7.4) 2.9(3.1)
2 6.0 (6.3) 2.4(2.8)
3 18.8 (19.0) 18.2 (19.1)
4 4.8 (6.9) 2.3(4.4)
Mean 8.8(9.9) 6.5 (7.4)

9.5 Mechanical stiffness

Figure 50 shows the setup for the compression tests. First, the noise is measured and the force sensor
is calibrated for all four strain rates. Thereafter, the force is used for the calculation of the stress in
MATLAB. Here, the data is filtered by a moving average to create a clear line. All compression tests are
performed at room temperature. Figure 51 shows the results from the compression tests of one of the
four phantomes. It can be seen that for the higher strains, the stress differs per strain rate used. For the
smaller strains, the measured stresses are comparable. The average of all four measurements per
strain rate is shown in Figure 52. Measured stresses are comparable at low strains, therefore, the
Young’s modulus should be calculated at low strains (< 15%).
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Figure 51: Stress strain curves of one phantom with different strain rates
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Figure 52: Mean stress-strain responses of one phantom at four different strain rates

The Young’s modulus (E) of all four cardiac phantom samples at all four strain rates are calculated at
15% strain using MATLAB. Results are shown in Table 15, see ‘Appendix B’ ‘B8 Boxplots of calculated
Young’s moduli of the cardiac phantom samples’ for boxplots made. The Young’s modulus of the
cardiac phantom sample at strain rate 0.003/s at 25% strain is calculated to be 17.0 + 1.5 kPa which is
not near the values found in the study of M.S. Sirry et al. (2016) [118] where a Young’s modulus of 145
kPa was measured.

Table 15: Young's moduli of the cardiac phantom samples

Sample tissue E (kPa) £ SD
Cardiac phantom sample at 0.003/s 13.5+1.3
Cardiac phantom sample at 0.05/s 140+1.4
Cardiac phantom sample at 0.063/s 12915
Cardiac phantom sample at 0.1/s 12.3+1.5
Mean 13.2+1.4

Multiple phantom samples underwent the compression tests to examine the influence of varying the
wt% PVA-powder and multiple freeze-thaw cycles on the stress-strain relationship. The left figure of
Figure 53 shows the results of the compression tests performed on two phantoms with varying wt%
PVA-powder. It is clearly seen that the stress strain curve of Phantom 2 containing more wt% PVA-
powder gives a steeper curve than of Phantom 1, resulting in a higher Young’s modulus. Furthermore,
compression tests were performed after the phantom underwent 1 freeze-thaw cycle and after the
phantom underwent 2 freeze-thaw cycles. Results are shown in Figure 53 on the right, where it can be
seen that the phantom which underwent 2 freeze-thaw cycles has a higher Young’s modulus than the
phantom which underwent 1 freeze-thaw cycle.
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Figure 53: Stress strain curve of two PVA-C phantom tissues. Left: different wt% PVA, with Phantom 1: 13.0wt% PVA,
Phantom 2: 16.7wt% PVA. Right: different freeze-thaw cycles, with 1 freeze-thaw cycle (1 FTC) and two freeze-thaw cycles

(2FTC)

All resulted Young’s moduli are shown in Table 16 together with values derived from the study of A.H.A.
Wahab et al. (2019) [93]. Here it can be seen that the Young’s modulus of the cardiac phantom sample
composed of 0.36% saline is comparable to the Young’s modulus found for a 10wt% PVA phantom
tissue with 1 freeze-thaw cycle as reported in the study of A.H.A. Wahab et al. (2019) [93].
Furthermore, the Young’s modulus of the cardiac phantom sample composed of 16.7wt% PVA and
which underwent 2 freeze-thaw cycles is comparable to that of the 15wt% PVA phantom which
underwent 1 freeze-thaw cycle as reported in the study of A.H.A. Wahab et al. (2019) [93].

Table 16: Young's moduli of performed compression tests and derived from literature

Tissue
Cardiac phantom sample
Cardiac phantom sample

Cardiac phantom sample
Cardiac phantom sample

Cardiac phantom sample

10wt% PVA phantom
(1 freeze-thaw cycle)

15wt% PVA phantom
(1 freeze-thaw cycle)

9.6 Shelf life

Additional
Mean four cardiac phantom
sample at different strain
rates
Fifth phantom sample at
strain rate 0.063/s
Composed of 0.36% saline
Composed of 16.7wt% PVA
(1 freeze-thaw cycle)
Composed of 16.7wt% PVA
(2 freeze-thaw cycles)
Derived from the study of
A.H.A. Wahab et al. (2019)
(93]
Derived from the study of
A.H.A. Wahab et al. (2019)
(93]

E (kPa)
13.2+14
15.7£2.0

21.0+1.8
439+5.3

71.1+6.1

25+4

91+42

As already seen in Chapter 7.2, the shelf life of the cardiac phantom tissues resulted to be at least one
month, which complies with the requirement.
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9.7 Anatomy

Figure 54 shows the 3D printed cylinder mould, with the outer mould of grey PLA and the inner mould
composed of white dissolvable PVA. Four pins, shaped in truncated cones, were printed to secure the
outer moulds to each other. Diameters of the pins used are shown in Appendix F. The PVA inner core
is secured at the top and bottom of the cylinder to the outer mould to secure the inner core exactly in
the middle of the outer mould. Therefore, an overall wall thickness of 5mm can be ensured. At the top
and bottom four holes were created in the 3D printed design for air bubbles to escape and to fill the
mould with the cardiac phantom material. The cylinder shaped phantom resulted in good appearance,
Figure 55. On the down side, air bubbles were still trapped in the mould resulting in air bubbles in the
final phantom. The sphere shaped phantom did not succeed and more care in the mould preparation
should be taken.

Figure 54: 3D printed cylinder mould

Figure 55: Cylinder shaped phantom
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Figure 56: 3D printed sphere shaped mould. (1) One of the four smaller outer moulds to slide over one of the four cylinders of
the inner mould. (2) The big outer mould. (3) The PVA-printed inner core. (4) The resulted 3D printed mould. (5) The failed
sphere shaped cardiac phantom

9.8 Additional requirements
No real cost analysis is done for the cardiac phantom. However, the only more expensive materials are
PVA-powder, PVA-filament and PLA-filament for the 3D printer. The costs for the cardiac phantom
materials used and for the mould preparation ranges between 50 - 80 euro. Moreover, the cardiac
phantom material is easily made. The mould preparation for the cardiac phantom material with correct
anatomy is challenging. But, once the correct mould is prepared the mould can be printed repeatably.
As for the reproducibility, Figure 46 already showed the dielectric values of all four phantoms made.
Table 17 shows the results of the reproducibility tests. Figure 57 shows the results for the stability tests
where the cardiac phantom sample is compared to a PVA-C phantom sample without additives with
same PVA-powder/tap water ratio. Both phantoms were simultaneously made, measured and stored.

Table 17: Reproducibility results of cardiac phantom samples

Cardiac phantom sample Average difference between mean value of cardiac phantom
sample and the mean of all cardiac phantom samples
(Maximum difference) (%)

Permittivity Conductivity
1 1.6 (3.0) 3.6(4.2)
2 5.6 (6.2) 1.4 (1.7)
3 6.9 (7.2) 7.4(7.6)
4 2.9(3.5) 2.4(2.6)
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Figure 57: Stability tests. Phantom P as the cardiac phantom sample, phantom N without additives. Measurements taken
before storage in tap water (0), after 1 week storage (1), after 2 weeks storage (2)

9.9 Discussion and conclusion

9.9.1 Dielectric properties
It can be concluded that the accepted tolerance range of +11% and +10% for permittivity and
conductivity is not achieved. The dielectric values of the cardiac phantom sample come close but
should come closer. Moreover, a decrease in permittivity and conductivity is shown with an increase
in wt% PVA-powder. Increasing its freeze-thaw cycles does not seem to affect the dielectric properties
significantly.

9.9.2 Storage

Sodium acetate

It can be concluded that sodium acetate diffusion occurs when stored in the storage solution. The
phantom sample with added sodium acetate was stored in tap water. Results as seen in Figure 48 show
the phantoms become stable after 1 week storage, whereas the measurements of P1 and P2 are equal
and the measurements of N1 and N2. After measurements of P2 and N2 were conducted, the storage
liguid (tap water) got refreshed expecting no change of dielectric values would occur between
measurement P2 and P3. However, results show the opposite. It can be seen that the dielectric values
of P3 come near the values of N3, suggesting sodium acetate diffusion took place. This signifies, all
dielectric measurements performed on the cardiac phantom samples after stability is reached are of
the cardiac phantom composition without sodium acetate. So therefore, the measurements
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performed after 1 week of storage are of phantoms composed of 13.0wt% PVA, 0.15wt% salt and tap
water.

Storage solution

A phantom sample produced with 0.36% sterile saline was compared to the cardiac phantom sample
prepared as described in Chapter 9.1. Results show the conductivity values of the 0.36% saline cardiac
phantom sample better mimic the conductivity values of the target values (HT). As for the permittivity
values, the cardiac phantom sample (HP) better mimics the permittivity values of the target values.

9.9.3 Homogeneity

All cardiac phantom samples prepared are within the predefined range for homogeneity, except for
phantom number 3. Figure 58 shows the results of the six impedance measurements performed on
cardiac phantom sample 3. It can be seen that the 6" measurement deviates from the rest of the
measurements. As described, al cardiac phantom samples were measured six times. The 6%
measurement of all cardiac phantom samples was measured at the top of the phantom sample. For
some cardiac phantom samples, a layer arose on top of the liquid form of cardiac phantom sample
(before the freeze-thaw cycle). This layer eventually resulted in a much stiffer layer on top of the
phantom sample compared to the rest of the sample. This layer should be avoided when the phantom
undergoes the freeze-thaw cycle. It was decided to not remove this layer by cutting, while this could
influence impedance measurements and compression tests results. Moreover, this deviation of the 6%
measurement is also seen in the fourth cardiac phantom sample, seen in Appendix G.
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Figure 58: Results of impedance measurements of cardiac phantom sample 3, with 15t — 6t all 6 measurements performed
each at a different side of the phantom, the mean and the target values (HT)
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9.9.4 Mechanical stiffness

Very few uniaxial compression tests are performed on cardiac tissues. Mostly biaxial tensile tests are
performed, while the mechanical stiffness of cardiac tissue varies in fibre length direction and the
cross-section. Moreover, the Young’s modulus should be calculated in the linear region. However,
most biological tissues such as human heart tissue respond nonlinear to compression at strains higher
than 10% [117][121]. Therefore, the Young’s modulus of cardiac tissue should be calculated at low
strains while M.S. Sirry et al. (2016) [118] measured the Young’s modulus between 25% - 30% strain.
Furthermore, uniaxial compression tests as performed in this Master Thesis are not very accurate
measurements. Determining the ‘zero’ for the compression tests on your phantom samples is
challenging. The surface of the sample should be exactly the same at every sight of the phantom. Then,
the phantom should perfectly line with the compression surface that the phantom tissue does not
touch the compression surface, but does touch the compression surface as soon as the measurements
starts. In literature, it is not explained how the ‘zero’ is specified. Therefore, it was chosen to specify
the ‘zero’ in this project as the first positive measurement point of all positive consecutive points. Also,
the measured Young’s modulus of the cardiac phantom composed of 16.7wt% PVA (1 freeze-thaw
cycles) is measured after the phantom was stored for 3 days in liquid while the Young’s modulus of the
same cardiac phantom which underwent 2 freeze-thaw cycles is measured without storing the
phantom in liquid. This could influence the results. Furthermore, according to S. Jiang et al. (2013), the
addition of NaCl to PVA-C phantoms would disrupt the intra PVA chains and promote interaction
between the polymer chains. Therefore, the gelling time would shorten [82] and the crystallinity would
increase resulting in a stiffer phantoms [103]. This could be used when the cardiac phantom material
should be stiffer.

9.9.5 Anatomy

In the previous literature study, a way of fabricating a cardiac phantom in desired shape was
mentioned using a silicone mould. The referred study, of J. Laing et al. (2018) [122], described a way
of fabricating a hollow patient-specific cardiac phantom of PVA-C. Figure 59 shows the fabrication
process as reported in their study. For the mould fabrication in this Master Thesis, this process as
described in Figure 59 was also considered as an option. However, using this process results in a
phantom containing an open end while the inside blood pool model has to be pulled out by stretching
the flexible heart model. In this project, it was desired to create a closed hollow phantom where only
the pulmonary veins are open. Moreover, a 3D printed mould ensures a more repeatable phantom
preparation in desired shape.

In addition, a new design for the cylinder shaped phantom was created as seen in Figure 60. This is the
exact same mould as used in Chapter 9.7 with three more added holes for releasing the air bubbles.
The resulted cylinder-shaped cardiac phantoms showed air bubbles at the top of the bigger cylinder.
The filled mould was placed horizontally as seen in the lower figure of Figure 60. Whether these air
releasing holes would fully resolve the trapped air bubbles problem is uncertain and unfortunately due
to the limited time for this Master Thesis project this was not realised.
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Figure 59: Workflow showing the manufacturing of a patient-specific cardiac model. Step 1) Displaying the initial blood pool
segmentation. Step 2) The thickened 3-D printed blood pool model. Step 3) The 3-D printed blood model. Step 4) The silicone
mould generation using the 3-D printed container. Step 5) The completed silicon mould. Step 6) The silicone mould with the
blood pool model aligned within. Step 7) The completed silicone model with the blood pool model inside. Step 8) The completed
hollow silicone model. [122]

Figure 60: New cylinder mould model, containing 3 extra holes for releasing air bubbles
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9.9.6 Additional requirements

The costs for the cardiac phantom materials used and for the mould preparation ranges between 50 -
80 euro, which is considered to be low. However, considering the time spent for preparing the
material, preparing the mould, printing the mould, filling the mould and finally dissolving the PVA 3D-
printed inner core, the cardiac phantom is more expensive. Furthermore, as defined previously, the
cardiac phantom is said to be reproducible if the maximum percentage variation between the mean of
the measured values over all frequency points of all four phantom samples does not exceed the
previous defined repeatability values of 11% and 4% for permittivity and conductivity respectively. As
Table 17 shows, cardiac phantom number 3 does not comply with the repeatability tests regarding its
conductivity value. When preparing the phantom materials, water easily evaporates and should be
refilled precisely. However, if this is not done correctly, the dielectric measurements could vary
resulting in a deviation between multiple prepared cardiac phantoms. Moreover, cardiac phantom
samples became stable after 1 week of storage.
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PART IV:

Evaluation

In this part, all most important results and findings will be reviewed and discussed. Moreover,
recommendations for further research will be given and the Master Thesis project will be concluded.
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10.Discussion and recommendations

This chapter contains the overall discussion of this Master Thesis and recommendations for further
research. The goal of this chapter is to reflect on the most important results of this Master Thesis to
determine the research contribution of this research project. The most important results of the
research parts Part Il and Part Il will be reflected. Furthermore, the most important limitations will be
reviewed. Finally, recommendations for further research will be given based on findings obtained
during this research project.

10.1 Most important results and interpretations

Part Il: Research of phantom materials

Cardiac phantoms mimicking the dielectric properties already have been developed [48][49][50].
However, the cardiac phantoms found in literature either contain a different frequency range of
interest, have a limited shelf life, or do not take the mechanical properties of human heart tissue into
account. Therefore, none of the cardiac phantoms found in literature can be used for development of
electrophysiology studies. Hence, in part Il, three most promising base materials, according to the prior
literature review [9], agar, gellan gum and PVA-C were examined with additives to manipulate the
dielectric properties. Relevant studies for the production of homogeneous phantoms were mimicked
and useful information about promising additives was extracted from literature [68][101][102]. First,
a storage solution was produced with 0.15wt% salt in tap water, mimicking the conductivity values of
human blood tissue according to the database IT’IS [30], a common used reference in literature [16].
Additives used were graphite powder, charcoal powder and sodium acetate for increasing the
electrical conductivity and oil and PVC for decreasing its relative permittivity.

Experiments showed that the addition of sodium acetate results in a great increase of the phantoms
conductivity. Moreover, oil results in a great decrease of the phantoms permittivity. However, the
addition of oil resulted in oily phantoms which is not desired. Also, oil and other additives in agar-based
phantoms sometimes caused solidification problems of the phantom. Solidification of agar-based
phantoms is dependent on the procedures taken, the ratios of each ingredient [105] and the pH-value
of the mixture [106]. Using graphite (> 20.0wt%), charcoal (> 4.8wt%) or PVC (> 16.7wt%) as additive,
precipitation occurs in PVA-C phantoms. Furthermore, charcoal powder did not affect the conductivity
as desired. This could be due to the percolation threshold of charcoal powder which varies per form of
charcoal and base material used [107][108][109].

As a result, five sample phantoms with closest dielectric values to the target values were compared to
each other and evaluated based on the main requirements of the cardiac phantom. All results of the
five most promising sample phantoms are shown in Table 18. Agar phantoms did not get the desired
elasticity and did not realize the required shelf life. Gellan gum phantoms are difficult to prepare. As
prepared, they resulted in too soft and not always homogeneously phantoms. Phantom P2 of Table 18
resulted to be the most promising cardiac phantom and is further investigated in Part lll. However, all
sample phantoms produced in this part were measured without storing the phantoms. This is
examined in Part Ill in order to comply with the additional requirement concerning the stability of the
phantom. Water absorption influenced the dielectric properties [64] and therefore could have
influenced the results for examining the most promising phantom material. Therefore, all phantoms
should be measured after 1 week of storage. Furthermore, it is decided to only mimic the conductivity
values of human blood in the storage solution because of the limited time of the project. Moreover,
this research project serves as a proof of concept and therefore only manipulating the conductivity
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values of the storage solution is a good first step towards the cardiac phantom which eventually can
be used for development of electrophysiology studies. Ultimately, the permittivity also should be
mimicked in the storage solution which can influence the dielectric properties of the cardiac phantom.

Table 18: Results of most promising sample phantoms, all composed of 0.15wt% salt in tap water

Most promising phantom samples

Properties Al G1 G2 P1 P2
Ingredients* 5.7wt% agar 2.9wt% GG 2.9wt% GG 10.7wt% PVA  13.0wt% PVA
23.1wt% oil 16.7wt% oil 23.1wt% oil 0.1wt% s.a. 0.05wt% s.a.
31.0wt% oil

Dielectric € :20.8 € :88.4 €:46.1 g:7.1 €:44.2

properties 0:8.4 0:33 o:11.7 0:235 0:84

(%)

Storage - Salt diffusion - Salt diffusion - Salt diffusion - Salt diffusion - Salt diffusion
- Water - Water - Water - Water
absorption absorption absorption absorption
- Phantom - Phantom
material material
separation separation
- Cloudy storage - Cloudy storage
solution solution

Homogeneity & :3.6 €:8.8 € :8.7 g:2.1 €:4.9

(%) *** 0:2.3 0:2.6 0:3.0 0:21 0:1.6

Mechanical Too stiff, Too soft and Too soft and Good stiffness  Good stiffness

stiffness brittle and elastic elastic but oily

oily
Shelf life < 3 weeks > 1 month > 1 month > 1 month > 1 month

* GG = Gellan gum

s.a. = Sodium acetate

**The average percentage difference between phantom tissue and target values
***The average percentage difference between measured value and the mean

Part Ill: Cardiac phantom design

In this part, the most promising phantom sample was prepared four more times and extensively
evaluated based on all phantom requirements. Hence, the cardiac phantom tissue evaluated in Part llI
consists of 13.0wt% PVA, 0.15wt% salt, 0.05wt% sodium acetate and tap water.

Main requirement 1 & 2: The electrical conductivity and relative permittivity in the frequency range of
10 kHz — 20 kHz is similar to human heart tissue

In order to compare the dielectric properties of the cardiac phantoms and the target values, the
average percentage difference over all frequency points was measured which is in line with the method
used in the study of N. Arteaga-Marrero et al. (2019) [64]. Ideally, the measured values of the phantom
tissue are considered to be accepted when they are in the range of £ 11% and + 10% for permittivity
and conductivity respectively on the target values and complies with repeatability tests performed.
The accepted tolerance range is based on the study of V. Lopresto et al. (2011) [92]. However, the
dielectric properties of the cardiac phantom samples are not within the desired accepted tolerance
range. The mean of all four cardiac phantom samples produced varies from the target values with
21.9% and 15.0% for permittivity and conductivity, respectively.
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Differences found between the used target values and the dielectric values of human heart tissue
derived from the database IT’IS [30] can be explained by differences between dielectric properties of
porcine heart tissue and human heart tissue [25][91]. Moreover, dielectric properties are temperature
dependent and the porcine heart tissue is measured at room temperature, while the human heart
tissue values are of tissue at body temperature [23]. Furthermore, differences between measurement
equipment, electrode configuration and translation of measurements into the dielectric values
permittivity and conductivity can cause differences in results.

Main requirement 3: The phantom should be stored in a solution mimicking the conductivity values of
human blood

PVA-C phantoms should be stored refrigerated in a closed container in liquid [102]. When stored in a
liquid, water absorption takes place and salt diffusion occurs when stored in a solution with different
salt composition, influencing the dielectric properties [64]. Moreover, it is resulted that sodium acetate
diffusion also occurs. Therefore, all results are based on a phantom tissue composed of 13.0wt% PVA,
0.15wt% salt and tap water.

Main requirement 4: The phantom is homogeneous

Phantoms are said to be homogeneous when repeated measurements at various sides of the phantom
shows 11% and 4% or lower variation for permittivity and conductivity, respectively. The mean
percentage of variation between the measured value and the mean is on average 8.8 and 6.5 for
permittivity and conductivity, respectively. For three of the four cardiac phantom samples prepared it
can be said to be homogeneous. The strong deviation seen in the supposing non-homogeneous
phantom is caused by the 6" measurement. The 6" measurement of all cardiac phantom samples was
measured at the top of the phantom sample. For some cardiac phantom samples, a layer arose on top
of the liquid form of cardiac phantom sample (before the freeze-thaw cycle). This layer eventually
resulted in a much stiffer layer on top of the phantom sample compared to the rest of the sample and
resulted in a much rougher surface. This layer should be avoided when the phantom undergoes the
freeze-thaw cycle. It was decided to not remove this layer by cutting, while this could influence
impedance measurements and compression tests results.

Main requirement 5: The mechanical stiffness is similar to that of human heart tissue

For this research project, it was of importance to fabricate a flexible cardiac phantom giving
approximately the same haptic feedback as human heart tissue. The cardiac phantom succeeded in
the haptic evaluation. Moreover, uniaxial compression tests were performed to calculate the Young's
modulus of the cardiac phantoms. However, comparison between calculated Young’s moduli of the
cardiac phantoms and human heart tissue is rather difficult. Literature shows diverse values of the
Young’s moduli of human heart tissue, while the mechanical properties are anisotropic, varies within
the heart and is dependent on timing of the cardiac cycle [49]. Nevertheless, in order to meet the
mechanical requirement the cardiac phantom approximately gives the same haptic feedback as human
heart tissue. In addition, the stiffness of PVA-C phantoms can be easily manipulated by changing the
wt% of PVA-powder [93], changing the freezing time, freezing temperature and the rate of the freeze-
thaw cycle [63]. Furthermore, according to S. Jiang et al. (2013), the addition of NaCl to PVA-C
phantoms would disrupt the intra PVA chains and promote interaction between the polymer chains.
Therefore, the gelling time would shorten [82] and the crystallinity would increase resulting in a stiffer
phantom [103]. Changing these elements, also influences the dielectric properties and should
therefore be taken into account.

Main requirement 6: Shelf life of at least one month
Storing the cardiac phantom in the storage solution results in a sufficiently long shelf life (> 1 month).
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Addition requirement 1: The anatomy is similar to the anatomy of the LA

In this project, a cardiac phantom in the shape of a simplified version of the LA is successfully produced.
The final cardiac phantom is cylindrically shaped and contains 4 hollow tubes representing the four
pulmonary veins. In order to create such a closed hollow phantom with only four small openings of the
pulmonary veins, an outer mould 3D-printed with PLA and a solvable inner mould 3D-printed with PVA
is used. This simplified version is a good first step in the possibilities for the production of the cardiac
phantom with correct anatomy.

Additional requirement 2: Inexpensive to produce

Additional requirement 3: Ease of manufacturing

Additional requirement 4: Reproducible; same recipe should give the same results

Additional requirement 5: Stable over time; the phantom should retain its dielectric properties over at
least one month

The cardiac phantom is an inexpensive (50 — 80 euros), easily produced phantom. For evaluation of
the reproducibility of the cardiac phantom design, the average percentage difference between the
cardiac phantom samples and the mean of all cardiac phantom samples was calculated. The phantom
is said to be reproducible if these values do not exceed the defined repeatability values of 11% and 4%
for permittivity and conductivity, respectively. Results show all four produced cardiac phantoms can
said to be reproducible, except for one of the four phantoms produced which does not comply
regarding its conductivity value. When preparing the phantom materials, water easily evaporates and
should be refilled precisely. Therefore, the dielectric measurements could vary resulting in a deviation
between multiple prepared cardiac phantoms. Storing the phantom in liquid, water absorption and
diffusion influences the dielectric properties of the phantom. Stability of the cardiac phantom is
reached in 1 week. However, it can be more extensively investigated if the phantom will reach its
stability after a shorter period.

10.2 Limitations of experiment

Promising phantoms have been made, but some technical limitations have occurred during this
research project which may have influenced the results obtained. At first, the storage solution made
in Part Il was only measured with an EC-meter with an accuracy of £ 2% full scale assuming the device
measured the conductivity accurate enough. To continuously use the same storage solution for the
phantom preparation and for the storage, the amount of salt and tap water was weighted rather than
making a saline solution and measuring the conductivity with the EC-meter. Therefore, all sample
phantom were prepared with the same storage solution. Nevertheless, the storage solution was
measured in Part Il with the new 4-point needle electrode and resulted in different conductivity values
as measured with the EC-meter. New sterile saline solutions were prepared and a 0.36% saline solution
resulted to have a conductivity more closer to human blood as the used storage solution of 0.15wt%
salt in tap water. This result is in good agreement with results found in the study of H.W. Choi et al.
(2011) [97]. Using a different storage solution will affect the dielectric values of the cardiac phantom.
Therefore, the correct storage solution with high accuracy must be made in advance.

Furthermore, the used electrode method for the impedance measurements was greatly based on

accessibility and therefore ease of manufacturing because of the limited time for this research project.

Determining the best possible electrode method for the cardiac phantom tissue is very specific and

needs thorough investigation. The main error occurring when using a two-needle electrode

configuration is electrode polarization which as example can be limited by using a four-needle

electrode configuration or adapting the formula used for deriving the dielectric properties
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[18][11][94][16]. Therefore, for limiting errors, the dielectric values of the porcine heart tissue
measured with the same equipment and same method is best suited as target values for this research
project which serves as a proof of concept.

10.3 Recommendations for further research

This section contains the recommendations for further research based on the findings obtained during
this research project. Five recommendations will be given regarding TMMs for manipulating the
dielectric properties of the cardiac phantom in order to ultimately get the desired dielectric properties.
Before measuring the dielectric properties of the cardiac phantom, two things are of importance. First,
a correct storage solution mimicking both the conductivity and permittivity of human blood should be
prepared. Thereafter, the storage solution should be used for the cardiac phantom preparation.
Second, all measurements of the cardiac phantom tissues should be measured after stability is
reached. In this research project, the stability was measured after 1 week, 2 weeks and 2,5 weeks of
storage and was concluded stability is reached after 1 week. However, it can be examined whether
stability is reached in less than 1 week storage.

Further development cardiac phantom

This research project showed the design of a cardiac phantom. However, the storage solution
mimicking the dielectric conductivity values of human blood can become more identical to the
dielectric properties of human blood. Moreover, the permittivity of the storage solution should also
be mimicked eventually. Because of diffusion occurring when storing the cardiac phantom in the
storage solution, the cardiac phantom should be made of the storage solution. This would influence
the dielectric properties of the cardiac phantom. After the correct storage solution is fabricated, the
cardiac phantom of PVA can be prepared. Changing the amount of PVA powder in the cardiac phantom
will affect the dielectric properties (and stiffness) and can therefore be manipulated into the desired
dielectric properties. For increasing its stiffness, multiple freeze-thaw cycles can be performed. This
will not affect the dielectric properties proportionally. Moreover, it can be examined whether
increasing the amount of salt in the phantom mixture results in a stiffer phantom. After the freeze-
thaw cycle, the excessive salt will leave the phantom by diffusion when storing the phantom in the
storage solution. Figure 61 shows the variants of the cardiac phantom tissue fabricated in this project.
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Figure 61: Comparison between final cardiac phantom tissue (HPO), cardiac phantom tissue prepared with 16.7wt% (HP1),
cardiac phantom tissue prepared with 16.7wt% and 2 freeze-thaw cycles (HP2), cardiac phantom tissue prepared with 0.36%
saline (HP3) and the target values (HT)

QOil as additive

In Chapter 7 the most promising phantoms were compared to each other. Here, the other promising
PVA phantom was prepared with the addition of oil. But, this phantom resulted in an undesired oily
phantom. It can be examined whether the use of a different oil/surfactant ratio, a different oil or a
different surfactant will result in a phantom without feeling oily. Moreover, it has to be examined
whether the oil will not diffuse when stored in the storage solution. Figure 62 shows the dielectric
properties of prepared PVA-C phantoms of this project. These values seen are the phantom values
without storing the phantoms. Moreover, the dielectric properties will change when using the correct
storage solution. Thereafter, the dielectric properties can be manipulated by varying the wt% of PVA
powder and the wt% of oil to get the desired values.
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Table 19: Ingredients of PVA-C phantoms as shown in figure above made with the storage solution

Phantom number P1 P2 P3 P4
PVA-powder 10.7 13.0 13.0 13.0
(wt%)

Sodium acetate 0.1 - 0.05 -
(wt%)

Oil (wt%) 31.0 23.1 - 33.3
Surfactant (wt%) 4.9 4.8 - 5.2

PVC as additive

PVC can be added for decreasing the phantoms permittivity. But, PVC precipitates when using
> 16.7wt% PVC powder. However, it can be examined whether a different PVC powder will result in a
homogeneous phantom. Moreover, the mixing procedure is based on the study of H. Kato and T. Ishida
(1987) [78] where PVC powder is added to an agar-based phantom. Therefore, it should be examined
whether a different mixing procedure would result in a homogenous PVA phantom.

PVP as additive
In this research project, it was decided to not use PVP as additive. However, it still can be examined
whether PVP would be a good additive for decreasing the permittivity of the phantom material [48].
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Use of different base material

Three promising base materials are examined in this research project. According to the prior literature
review performed [9], the base materials hydroxylethyl cellulose, polyurethane, polyester resin and
epoxy resin could be promising for the fabrication of a flexible cardiac phantom. However,
hydroxylethyl cellulose has a very short shelf life [123][84] and is therefore not recommended as base
material for the cardiac phantom. Therefore, polyurethane, polyester resin and epoxy resin can be
examined for a new design of a cardiac phantom. Moreover, polyurethane comes in a variety of
different elasticities while it can be mixed with different ratios. Therefore, it can range in forms of more
elastic to more tougher materials [71]. When using resins, addition of additives can be challenging for
creating a homogeneous phantom [124]. Using a polyester resin with low degree of filling makes it
easier to mix additives homogeneously [79].
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11.Conclusion

The objective of this project was to develop an anthropomorphic cardiac phantom. The most
important criteria for the development of the phantom was to create a flexible phantom containing
the same dielectric properties as human heart tissue. In order to assess this goal, the objective was
divided into 3 subgoals:

1. Evaluate different tissue mimicking materials with additives to meet the main phantom
requirements.

Results showed agar- and gellan gum-based phantoms are not appropriate as base material for a
cardiac phantom design. PVA-C resulted to be a good phantom model for the heart design. Potential
additives for manipulating the dielectric properties are graphite, sodium acetate and salt for
manipulating the conductivity and oil, PVC and for manipulating the permittivity. However, sodium
acetate, salt and sugar resulted to diffuse when the phantom is stored in liquid. Therefore, diffusion
should be taken into account when preparing the storage solution and the phantom material. Graphite
(> 20.0wt%) and PVC (> 16.7wt%) resulted in precipitation of the additive.

2. Extensively evaluate the most promising cardiac phantom materials.
3. Develop a phantom design with comparable anatomy.

This Master Thesis project shows the design of a low cost (50 — 80 euros), easily produced hollow
shaped cardiac phantom consisting of 13.0wt% PVA, 0.15wt% salt and tap water. The amount of salt
is based on the composition of the storage solution mimicking the conductivity values of human blood.
Still a lot of future work needs to be done for the development of a cardiac phantom, yet this research
serves as a proof of concept for the development of a flexible phantom with possibilities to manipulate
the dielectric properties and to create a hollow shaped phantom. The use of PVA as TMM and the use
of 3D printed PVA for creation of the hollow shapes shows promising results for future development.
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Appendices

Appendix A

Findings from literature and experiments of S. Gabriel et al (1996) [25]

Heart
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8E9 Hz) [125]

¢ Porcine (In vivo) at 34 — 36°C (1E6 — 1E8 Hz) [126]
A Canine at 20°C + 1°C (1E8 — 1E10 Hz) [127]
o Human at 36.8°C (1E4 — 1E8 Hz) [128]

o Bullfrog (In vivo) at 22°C (2E8 —

x Canine (In situ) at 37°C (1E1 — 1E4 Hz) [129] [130] [131]

Figure 63: Survey of permittivity and conductivity of tissues in the frequency range 10 Hz to 100 GHz at temperatures as low

as 20 °C [25]

-104 -



Heart Muscle

(b}

1.0E+8

1.0E+7 |- W

1.0E+6 |

1.0E45 oo

Permittivi

1.0E+4 e

1.0E+3

1.0E+2

1.0E+1

1.0E+0

1.0E-1

Conductivity (S/m)

1.0E-2
1.0E+1 1.0E+2 1.0E+3 1.0E+4 1.0E+5 1.0E+6 1.0E+7 1.0E+8 1.0E49 1.0E+10  1.0E+11
Frequency (Hz)

Figure 64: The permittivity and conductivity of bovine heart muscle tissue from measurements at body temperature on three
experimental arrangements with overlapping frequency coverage [28]
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Appendix B
All phantom preparations

B1 All prepared phantoms
Mixing procedures of all prepared phantoms

Phantom Materials** Amount(g) Mixing Temperature Time Additional
number* order (°C) (minutes) information***
1 PVA 10 2 20-85 60
Salt 2 1 20 10
DEMI water 100 1 20
2 PVA 10 2 20-85 60
Salt 10 1 20 10
DEMI water 100 1 20
3 PVA 10 2 32.5-95 60
Graphite 25 1 20-65- 45
325
Tap water 100 1 19.5-85 60
4 PVA 10 1 85 45
Graphite 25 2
Tap water 100 1
5 Agar 3 2 85 3 After 3 min.
clumpy
Tap water 50 1 85 Very stiff and
brittle
6 Agar 2 2 85 15 Very stiff and
brittle
Tap water 50 1 85
7 PVA 10 2 20-285 60 Clumpy while
mixing
Glycine 20 1 20 10
Tap water 100 1
8 Agar 2 2 85 15 Brittle
Tap water 100 1 85
9 Agar 2 2 85 15
Salt 10 1 85 10
Tap water 100 1
10 Agar 2 2 85 15 Releases
graphite
Graphite 25 3 85 30
Tap water 100 1 85
11 Agar 2 2 85 15 Too soft
Glycine 10 3 85 15
Tap water 100 1 85
12 PVA 5 1 20-85 60 Clumpy while
mixing
Glycine 10 2 85-90 120
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13

14

15

16

17

18

19

20

21

22

23

24

25

26

Tap water
PVA
Glycine
Tap water
PVA
Glycine
Tap water
PVA

Glycine
Tap water
PVA
Graphite
Acetone
Tap water

Agar
Graphite
Tap water
Acetone
PVA

Charcoal
Tap water
PVA
Glycine
Acetone
Tap water

Agar
Charcoal
Tap water

Gellan gum
Tap water

Gellan gum
Tap water
Gellan gum
Tap water
Gellan gum
Tap water
Gellan gum
Tap water
Glycine
Gellan gum
Tap water
Graphite

100

10
100

10
100

10
100

25
100

25
100

100

10
100

w N

100

50

50
0,6
50
50

100
10

100

R R R R R RN w R WwN R R RN R R R R R R RRR R

N, W N

(I Y

W PR NWRNRPRNPRPNP
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20-85

20-85

20-85-20

20-85
20

85
85
85

20-85

20

20-85

85
85
85
95

95

20-95

20-98

95-98

95-98

95
95-98

95-98

60

120

60 min at

85 °C

70

5

15 Releases
graphite

30

70 Charcoal
precipitated

5

80
Releases

15 charcoal

30
Clumpy while
mixing
Clumpy while
mixing

50 Sticky phantom

50

50 More brittle

40

50 Sticky phantom

40



27

28

29

30

31

32

33

34

35

36

37

38

39

41

42

Gellan gum
Tap water
Charcoal

Gellan gum
Tap water
Salt

Gellan gum
Tap water
Salt

Agar
Glycine
Tap water
Agar
Glycine
Tap water
Acetone
Gellan gum
Tap water
Salt

Gellan gum
Tap water
Salt

Gellan gum
Tap water
Glycine
Agar

Tap water
Gellan gum
DIW
Gellan gum
DIW
Sodium
acetate
Agar

Tap water
PVA
Charcoal
Tap water
Gellan gum
DIW

Salt
Sodium
acetate
Gellan gum
Tap water
Charcoal

100

100
10

100
10

10
100

10
100

100

N W, N

P NP NPFPNWERNNREPRPWNREPRPWWEWNERPRPWNNEPRPWWPRE

NNPFP W ERERPEPEPNREPRNDN

N
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95-98

95-98
95-98

95-98
95-98

85-95
85
85
85
85
85
85

95-98
85

85-95
95-98
85

85-95
95-98

95
85
85
95-98
85
95-98
85

85
85
20-85
20

95

85

85-95

95-98

95-98

50

40
50

50

15
30

15
30

50

50

50

40
15

50

50

15

50

40

Clumpy while

adding Salt

No solidification

No solidification
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44

45

46

47

48

49

50

51

52

53

54

Sodium
acetate
Gellan gum
DIW

Salt
Sodium
acetate
Gellan gum
DIW

Salt
Sodium
acetate
Gellan gum
Tap water
Gellan gum
Tap water
Gellan gum
DIW

Salt
Sodium
acetate
Gellan gum
DIW

Salt
Sodium
acetate
Gellan gum
DIW

Salt
Sodium
acetate
Gellan gum
DIW
Glycine
Sodium
acetate

PVA
DIW
PVA
DIW

Salt

PVA
Charcoal
DIW
PVA
Glycine

w R

80

100

100

100

100
10

100

100

10

100

10

N = W N
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95-98
85
85-95

98-100

85

85-95

98-100

98-100

98-100

85
85-95

98-100
85
85-95

98-100

85

85-95

95-98

95

20-85
20-85
20
20-85
20

20-85

50

50

50

50

50

50

50

50

40

70

70

10

60

60

No solidification

No solidification

No solidification

No solidification

No solidification

No solidification

No solidification

Softer compared
to PVA with tap
water

Wet and brittle
Phantom broke

Brittle
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58

59
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61

62

63

64

65

66

67

DIW

PVA
Graphite
Tap water
Gellan gum
DIW

Agar

Tap water
Agar

DIW

Agar

DIW
Sodium
acetate
Agar

DIW

Salt
Sodium
acetate
Agar
Graphite
DIW
Sodium
acetate
Acetone
Agar
Charcoal
DIW
Sodium
acetate
Acetone
Agar
Glycine
Sodium
acetate
DIW
Acetone
Gellan gum
DIW
Gellan gum
DIW
Sodium
acetate
Gellan gum
DIW
Gellan gum
DIW

100

10
100

100

100

100

100

100
10

25
100

O RN
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= W N WN

P N RPN WERN w N TWwW N

P NP NN

-110 -

20-85
20

99 -100
98
85
85
85
85
85
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85
85
85

85
85
85

85
85
85

85
85

85

99-100

99-100

99-100

99-100

15

15

15

15

10

15

15

15
15

15
30

40

40

40

40
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69

70

71

72

73

74

75

76

77

78

79

Sodium
acetate
Gellan gum
DIW
Sodium
acetate
Salt

Gellan gum
DIW
Graphite
Sodium
acetate
Acetone
Gellan gum
DIW
Glycine
Sodium
acetate
PVA

0.9% saline
PVA

DIW

Agar
Sodium
acetate
0.9% saline
Gellan gum
0.9% saline
Sodium
acetate
Gellan gum
0.9% saline
Graphite
Sodium
acetate
Acetone
Agar
Sodium
acetate
0.9% saline
Acetone
Graphite
PVA

0.9% saline
PVA

0.9% saline
Graphite
PVA

2

100

10

100
21

N

100
25

100

100

100

100

100
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99-100
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99-100

99-100

20-85

20-85

85

85

85
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99-100

85

85

85

20-85

20-85

20
20-85

40

40

30

40

30

70

70

15

40

40

30

15

15
70

70

70

No solidification

Hard to mix

Too soft

Too soft

Mix by hand

Brittle
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81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

Tap water
Salt

Agar

DIW

Agar

Tap water
Agar

0.9% saline
Agar

Tap water
Gellan gum
Tap water
Gellan gum
0.9% saline

Gellan gum
DIW

Salt

PVA

Tap water
PVA

DIW

PVA

Tap water
PVA

Tap water
Sodium
acetate

PVA
Glycine
Tap water
Gellan gum
Tap water
Salt

Gellan gum
Tap water
Glycine
Gellan gum
Tap water
Salt

Agar

Tap water
Salt

Agar
Glycine
Tap water

100
12

100

100

100

100

100

100

100
10
100
10
100
100

100

10
100

100

100

20

100

100
10

10
100
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20
85
85
85
85
85
85
85
85
99-100

85-100

95-98

95
20-85

20-85

20-85

20-85

20-85

85-100

85
85-100

85
85-100

85
85
85
85
85
85

15

15

15

15

40

40

70

70

70

70

60

40

40

10

40

15

15
30

Phantom broke

Clumpy while
mixing

Precipitation of
glycine

Too soft & brittle
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98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

PVA

0.9% saline
Glycine
PVA

0.9% saline
PVA

Tap water
Sodium
acetate
Gellan gum
Tap water
Gellan gum
0.9% saline
Gellan gum
DIW

Agar
Sodium
acetate
Tap water
Agar
Glycine
0.9% saline
Agar

0.9% saline

Agar

0.9% saline
Agar

Tap water

Agar

Tap water
Agar

0.9% saline
Acetone
Agar

Tap water
acetone
PVA
Tapwater

PVA
Tapwater

100
10

100

100

1
3
100
3
100
3
100

100

10
100

100

100

100

100

100

100

2

100

100
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20-90

20-90

20-90

99-100

85-100

85-100

85

85
85
85
85
85

85

85

85

85

85

20-95

20-95

60

60

70

40

40

40

15

15
30

15

15

15

15

15

15

No
homogeneous
mixture

Stored in saline

Stored in tap
water

Stored in saline

Stored in tap
water

Turn off stove
and continue
mixing till room
temperature
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114

115

116

117

118

119

120

121

122

123

124

125

Graphite
Agar

Tap water
Agar

Tap water
Salt

Agar

Tap water
Salt

Agar

Tap water
Graphite
Acetone

PVA
Tap water

Charcoal
Agar

Tap water
Charcoal
Agar

Tap water
Glycine
Sodium
acetate
Gellan gum
Tap water

PVA
Tap water

Glycine
Sodium
acetate
Gellan gum
Tap water
Gellan gum
Tap water
Gellan gum
Tap water
Sodium
acetate
Gellan gum

0,5

100

100

10

0,5

100

100

100

[ WWRNRRNRRNRR PR

W ErNWELEDN PP

N

R NRrR N RN PR
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20
85

85

85
85

85
85

85

20-95

20

85

85
85

85

85-100

20-85

20

20 -85
85-100

85-100

85-100

85

15

15

15

15

15

15

15
15

30

40

60

60
40

40

40

40

Precipitation of
graphite

Turn off stove
and continue
mixing till room
temperature

Precipitation of
charcoal

Turn off stove
and continue
mixing

Precipitation of
glycine
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127

128

129

130

131

132

133

134

135

Tap water

Graphite
Gellan gum
Tap water
Charcoal
Gellan gum
Tap water
Glycine
Sodium
acetate
Agar

Tap water
Graphite
Acetone
Agar

Tap water
Graphite
Acetone
Agar

Tap water
Charcoal
Agar

Tap water
Salt

Gellan gum
Tap water
Glycine
Sodium
acetate
Gellan gum
Tap water
Glycine

Charcoal
Gellan gum
Tap water

Graphite
Gellan gum

100

10

100

100

0,5

100

30

100

100

0,5

100

100

NP W EFEPEPNWELENWWENWWENDN N P, W WELNW

N = W N
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85

85-100
85
85
85 -100
85-100
85
85

85

85

85

85

85

85
85

85
85-100
85
85

85
85
85

85-100
85
85

85-100
85-100

40
40

40
40

10

15

15

15

15

15

15

15

40

10

30

40
40

40
40

Mix graphite
with hot water
before mixing
with gellan gum
mixture

Mix charcoal
with hot water
before mixing
with gellan gum
mixture

Mix graphite
with hot water
before mixing
with gellan gum
mixture



136

137

138

139

140

141

142

143

144

145

146

147

148

149

150

151

152

Tap water
Salt

PVA

0.9% saline
PVA

0.9% saline
PVA

0.9% saline
Gellan gum
Tap water
Agar
Tapwater
PVA

0.9% saline
Oil

PVA

0.9% saline
Qil

PVA

0.9% saline
Ammonia
PVA

0.9% saline
Ammonia

PVA

0.9% saline
Glycine
PVA

0.9% saline
Sugar

PVA

0.9% saline
Sugar

PVA

0.9% saline
Antifrost
PVA

0.9% saline
Ethanol
PVA

0.9% saline
Ethanol
PVA

0.9% saline
Ethanol
PVA

100

10
100
12
100
15
100

100

100
15
100
10
15
100
15
15
100
10
15
100
20

15
100

15
100
30
15
100
40
10
100

12
100
60
12
100
40
12
100
70
15

N R R NRRNRRNRPRRRPRRRNRRRRRRRNLER

R PR NPRPRPRNRRNRRRRRNRRNRRN
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85
20-90

20-90

20-90

85-100

85

20

20-90
20

20-90
20

20-90
20

20-90

20-90

20-90
20-90

20-90
20-90

20-90

20-90

20-90

20
20-90

20
20-90

20
20

60

60

60

40

15

15

50
15

50
15

50
15

50

50

10
50

10
50

10

60

60

60

60

15

Turn off stove
and continue
mixing

Stiffer phantom



0.9% saline 100 1
Oil 15 2 20-90 50
Surfactant 5 2
153 PVA 15 1 20 15
0.9% saline 100 1
Oil 15 2 20-90 50
Surfactant 10 2
154 PVA 10 1 20-95 60
Tap water 100
155 PVA 15 1 20-95 60
0.9% saline 100
156 PVA 10 2 20-90 50
0.9% saline 100 1
Sugar 40 1 20-90 10
157 PVA 15 2 20-90 50
0.9% saline 100 1
Sugar 50 1 20-90 10
158 PVA 10 2 20-90 50
0.9% saline 100 1
Sugar 30 1 20-90 10
159 PVA 15 2 20-90 50
0.9% saline 100 1
Sugar 60 1 20-90 10
160 PVA 15 2 20-90 50
0.9% saline 100 1
Glycine 20 1 20-90 10
No soap bubble
161 PVA 15 1 20 15 formation
0.9% saline 100 1
Oil 30 2 20-90 50
Surfactant 5 2
162 PVA 15 2 20-95 60
Tap water 100 1 20 5
Salt 0,15 1
163 PVA 15 2 20 10
Tap water 100 1 20 5
Salt 0,15 1
Qil 10 3 20-95 60
Surfactant 1,5 3
164 PVA 15 2 20 10
Tap water 100 1 20 5
Salt 0,15 1
Qil 20 3 20-95 60
Surfactant 2 3
165 PVA 15 2 20-95 60
Tap water 100 1 20 5
Salt 0,15 1
Sugar 20 1
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166

167

168

169

170

171

172

173

PVA

Tap water
Salt

Sugar
PVA

Tap water
Salt

Qil
Surfactant
PVA

Tap water
Salt

Qil
Surfactant

PVA

Tap water
Salt
Graphite
Acetone

PVA
Tap water

Salt
Graphite
Acetone

PVA

Tap water
Salt
Charcoal
Acetone

PVA

Tap water
Salt
Charcoal
Acetone
PVA

Tap water
Salt

15
100
0,15
50
15
100
0,15
30

15
100
0,15
50
5,5

15

100

0,15
25

15
100

0,15
35

15

100
0,15

15

100
0,15

15
100
0,15

WWRRPNWWRRNPRPRRPREN
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20-95
20

20

20

20-95

20
20

20-95

20

20

20
20

20

20

20

20

20
20

60

60

60

60

60

Turn off stove
and continue
mixing
Precipitation of
graphite

Stiffer phantoms

Turn off stove
and continue
mixing

Stiffer phantom
Precipitation of
graphite

Turn off stove
and continue
mixing
Precipitation of
charcoal

Turn off stove
and continue
mixing
Precipitation of
charcoal



174

175

176

177

178

179

180

181

182

183

184

Sodium
acetate
PVA

Tap water
Salt
Sodium
acetate
Agar

Tap water
Salt
Gellan gum
Tap water
Salt

Agar

Tap water
Salt
Graphite
Agar

Tap water
Salt
Graphite
Agar

Tap water
Salt
Graphite
Agar

Tap water
Salt
Charcoal
Agar

Tap water
Salt
Charcoal
Agar

Tap water
Salt

Oil
Surfactant
Agar

Tap water
Salt

Oil
Surfactant
Agar

Tap water
Salt

Oil
Surfactant

0,5
15
100
0,15

0,1

100
0,15

100
0,15

100
0,15
15

100
0,15
20

100
0,15
10

100
0,15

100
0,15

100
0,15
30

100
0,15
40

100
0,15
40

R RN R

W WkERPEEFEPNWWERPPNWWERPEPRPNWERPRPRPDNWERPPRPNWERPRPRPNWERPERPNWERPRPRPNNPEPWERRERDNEPRE
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20
20

85

85
85-100

85
85

85
85
85

85
85
85

85
85
85

85
85
85
85
85
85

85
85

85

85
85

85

85
85

60

15

40

10

15
10

15
10

15
10

15
10

15
10

15

10

15

10

15

Hard to mix

Hard to mix



185

186

187

188

189

190

191

192

193

194

Graphite
Agar

Tap water
Salt

Oil
Surfactant
Charcoal

Gellan gum
Tap water
Salt

Oil
Surfactant

Gellan gum
Tap water
Salt

Oil
Surfactant
Agar

Tap water
Antifrost
Agar

Tap water
Oil

Agar

Tap water
Oil
Surfactant
Agar

Tap water
Sodium
acetate

PVA

Tap water
Charcoal
PVA

Tap water
Sodium
acetate

PVA

Tap water

20
100

0,15
40

100
0,15
20

100
0,15

100
10

100

15

100

15
100

12

100

NN P W AP WWE RN D

NN P W

PN W WENWENWEDN

RN R R
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85

85
85

85-100

85

85-100

85

85

85

85

85

20
20
20

20
20

20

20

10

15

40

10

10

10

15

60

60

60

Less stiff
compared to 185

Less stiff
compared to 185

No solidification

Turn off stove
and continue
mixing
Precipitation of
charcoal

Turn off stove
and continue
mixing
Precipitation of
graphite



195

196

197

198

199

Salt
Graphite
Acetone

PVA

Tap water
Salt
Graphite
Acetone
Oil
Surfactant

PVA

Tap water
Salt
Graphite
Acetone
Qil
Surfactant

PVA

Tap water
Salt
Graphite
Acetone

PVA

Tap water
Salt
Graphite
Acetone
Qil
Surfactant

PVA

Tap water
Salt
Graphite
Acetone
Qil
Surfactant

0,15

12
100
0,15
35

40

12
100
0,15
40

50
5,5

10

100
0,15
30

10
100
0,15
35

40

10
100
0,15
40

50
5,5

N R R R W

R R R W

R R R W NN R R R W [

N
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20
20

20
20

20

20

20
20

20
20

60

60

60

60

60

Turn off stove
and continue
mixing

Clumpy phantom

Turn off stove
and continue
mixing

Turn off stove
and continue
mixing
Precipitation of
graphite

Turn off stove
and continue
mixing

Turn off stove
and continue
mixing



200

201

202

203

204

205

206

207

PVA

Tap water
Salt
Graphite
Acetone
Oil
Surfactant

PVA

Tap water
Salt
Graphite
Acetone
Qil
Surfactant
Gellan gum
Tap water
Salt

Qil
Surfactant
Gellan gum
Tap water
Salt

Oil
Surfactant
Gellan gum
Tap water
Salt

Oil
Surfactant
Agar

Tap water
Salt
Graphite
PVA

Tap water
Salt

PVA

Tap water
Salt

PVC

12
100
0,15
40

40

10
100
0,15
40

40

100
0,15
15

100
0,15
17
1,5

100
0,15
18
1,5

100
0,15
25
10
100
0,15

10

100
0,15

20

NN PP RWw

N NEFP W WNNRE WNN = = =W

R RPN WR RN NN R W

N
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20
20

20
20

85-100

85

85-100
85-100

85

85-100

85

85

85

20

20

20
20

60

60

40

40
40

10

60

60

Turn off stove
and continue
mixing

Turn off stove
and continue
mixing

Precipitation of
PVC

Turn off stove
and continue
mixing



208

209

210

211

212

213

214

215

216

217

PVA
Tap water
Salt

PVC

Agar

Tap water
Salt

PVC

Agar

Tap water
Salt

PVC
Gellan gum
Tap water
Salt

PVC

Gellan gum
Tap water
Salt

PVC

Gellan gum
Tap water
Salt

PVC

PVA

Tap water
Salt
Sodium
acetate
PVA

Tap water
Salt

Agar

Tap water
PVC

PVA

Tap water
Salt

PVC

Oil
Surfactant
Graphite

10
100
0,15

40

100
0,15
20

100
0,15
30

100
0,15
20

100
0,15
40

100
0,15

15
100
0,15

0,05
12

100
0,15

100
20

12
100
0,15
40

40

NNPFP W WERLREPRLPNWEREERDNW

WELrNRFP PN P P NNNEFEP WNNREPREW

W wwNRE RS

20
20

85

85

85

85

85-100

85

85-100

85

85-100

85

20
20

20
20

85

85

20
20
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60
10

10

40

60

10

10

60

Precipitation of
PVC

Turn off stove
and continue
mixing

Clumpy while
mixing

Turn off stove
and continue
mixing



220

223

224

225

226

227

228

229

230

PVA

Tap water
Salt

PVC

Oil
Surfactant
Graphite
PVA

Tap water
Salt
Sodium
acetate
PVC

PVA

Tap water
Salt
Sodium
acetate
Qil
Surfactant
PVA

Tap water
Gellan gum
Tap water
Salt

Oil
Surfactant
Gellan gum
Tap water
Salt

Qil
Surfactant
Gellan gum
Tap water
Salt

Qil
Surfactant
Gellan gum
Tap water
Salt

Qil
Surfactant
PVA

Tap water
Salt

12
100
0,15
5

30

4

40
15
100
0,15

0,07
5

15
100
0,15

0,07
50
5,5
17,64705882
100
3
100
0,15
18
1,5
3
100
0,15
18
1,5

100
0,15
18
1,5

100
0,15
18
1,5
12
100
0,15

NN P WRFR WNN PR P P Wk e P RPN WWWNPR PR D

NN P W NN P W

N N = W

w

-124 -

20
20

20
20

20
20

20
20
85-100

85

85-100

85

85-100

85

85-100

85

20
20

60

60
10

60
10

60
10
40

60
10

Turn off stove
and continue
mixing

Oily



231

232

233

234

235

236

237

Sodium
acetate
Qil
Surfactant
PVA

Tap water
Salt
Sodium
acetate
Oil
Surfactant
PVA

Tap water
Salt
Sodium
acetate
Qil
Surfactant
PVA

Tap water

Salt
Graphite
Acetone
Qil
Surfactant

PVA

Tap water
Salt
Sodium
acetate
PVA

Tap water
Salt
Sodium
acetate
PVA

Tap water
Salt
Sodium
acetate
PVA

Tap water
Salt
Sodium
acetate

0,1
40

12
100
0,15

0,1
35
4,5
12
100
0,15

0,1
45
5,2
10

100

0,15
35

40

15
100
0,15

0,05
15

100
0,15

0,05
15

100
0,15

0,05
15

100
0,15

0,05

R P WINN R

P P WNN PR

W NN -

[EEN

R RN R R RN R

[N R
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20
20

20
20

20

20

20
20

20
20

20
20

20
20

60
10

60
10

60

60

60

60

60

Oily

Oily

More brittle
Turn off stove
and continue
mixing
Precipitation of
graphite



238

239

240

241

242

243

244

245

246

*Phantom number in red, indicated failed phantom

Gellan gum
Tap water
PVA

Tap water
Salt
Sodium
acetate
PVA

Tap water
Salt
Sodium
acetate
PVA

Tap water
Salt
Sodium
acetate
PVA

Tap water
Salt
Sodium
acetate
PVA

Tap water
PVA
0.36%
saline
Sodium
acetate
PVA

Tap water
Sodium
acetate
PVA

Tap water
Salt
Sodium
acetate

3
100
15
100
0,15

0,05
17

100
0,15

0,05
20

100
0,15

0,05
15

100
0,15

0,05
15
100
15

100

0,05
15
100

5,5
20
100
0,15

0,05

**DEMI water = Demineralised water

R RN R R RN R R RN R R RN RN

N R, N -
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85-100

20
20

20
20

20
20

20
20

20
20
20

20

20
20

20
20

40

60

60

60

60

60

60

60

60



B2 Repeatability tests

Results repeatability tests

Phantom Base

number

58
64
66
77
80
81
82
83
84
87
89
98
100
101
102
105
106
107
108
111
120
122
123
136
137
138
154
Mean

material

Agar
Gellan gum
Gellan gum
PVA-C
Agar

Agar

Agar

Agar
Gellan gum
PVA-C
PVA-C
PVA-C
Gellan gum
Gellan gum
Gellan gum
Agar

Agar

Agar

Agar
PVA-C
Gellan gum
Gellan gum
Gellan gum
PVA-C
PVA-C
PVA-C
PVA-C

Max.
variation
6.1
17.7
6.6
26.7
7.7
9.4
333
8.5
4.7
7.8
8.9
12.1
6.4
16.7
5.7
26.7
12.1
5.8
10.9
14.3
7.5
33
6.5
16.7
8.3
1.8
9.0
11.2

Permittivity (%)

Min. Mean
variation variation
0 1.6
5.7 14.5
0 1.9
6.8 11.5
2.5 2.9
4.2 6.4
0 5.5
3.9 6.0
1.2 2.3
1.7 33
2.0 5.4
0 5.9
3.0 4.4
0 6.2
3.5 4.3
8.6 11.4
0 8.2
0 1.1
3.8 5.8
7.8 10.4
1.3 5.2
0.8 2.5
0.9 4.5
0 5.9
7.2. 8.0
1.7 1.7
0 1.7
2.5 5.5
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Max.
variation
1.9
8.2
0.5
3.4
2.3
5.1
1.4
5.4
1.6
2.2
3.4
4.8
2.6
2.9
4.3
5.7
4.6
0.7
4.7
10.1
3.0
2.1
1.6
35
8.3
1.8
1.3
3.6

Conductivity (%)

Min.
variation
1.7
7.6
0.4
1.9
2.1
5.0
1.2
5.2
1.5
2.1
33
42
2.5
2.0
4.3
4.6
33
0.6
4.6
9.9
2.9
2.0
1.3
2.7
7.2
1.7
1.2
3.2

Mean
variation
1.8
8.1
0.5
2.8
2.2
5.1
1.3
5.4
1.6
2.2
3.4
45
2.6
2.7
4.3
5.5
4.3
0.6
4.7
10.0
3.0
2.1
1.5
3.2
8.0
1.7
1.2
3.5



B3 Shelf life

Shelf life of phantoms with different storage conditions

W1t% Preservative

agar
<2 No
<2 No
5,66 No
5,66 Yes
5,66 No

W1t% Preservative

gellan

gum
<2 No
<2 No
2,9 No
2,9 No
2,9 No
2,9 Yes
2,9 No
2,9 Yes

Agar-based phantoms

Refrigerated Stored in
water

No

No

Yes

Yes

Yes

Yes

No

No

No

Yes

Sealed
airtight

Yes

No

Yes

Yes

Yes

Gellan gum-based phantoms

Refrigerated Stored in
water

No

No

Yes

No

Yes

Yes

Yes

Yes

No

Yes

No

No

No

No

Yes

Yes
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Sealed
airtight

No

No

Yes

No

Yes

Yes

Yes

Yes

Shelf life

2 weeks;
becomes
more brittle
and eventually
break

4 days; mould
growth

14 days;
mould growth
16 days;
mould growth
3 weeks;
mould growth

Shelf life

5 days; mould
growth

4 weeks;
mould growth
10 days;
mould growth
& drying out
of phantom

5 days; mould
growth

5 days; mould
growth

7 days; mould
growth

6 weeks;
mould growth
6 weeks;
mould growth



PVA-based phantoms

Wit% Preservative Refrigerated Storedin Sealed Shelf life
PVA water airtight
<10 No No No No 3 days; drying
out of
phantom
<10 No Yes No Yes 3 days; drying
out of
phantom
<10 No Yes Yes Yes > 1 month
<10 Yes Yes Yes Yes > 1 month
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B4 Salt diffusion

Results of impedance measurements of examination of salt diffusion

Relative permittivity agar phantom tissue

168 Relative permittivity agar phantom tissue 10*
Day 1 Day 1
After 1 day = After 1 day
= After 5 d After 5 days
- 10tk ersdays| | gl
,\‘\\\\\ ~ o N
B oS _ 102 : e
107 1 2 3
P 102 {02 10 10 10
Frequency (kHz) Frequency (kHz)
0 Electrical conductivity agar phantom tissue Electrical conductivity agar Pha"tﬂ'ﬂisie
1 4 — R = o= —
Day 1 0.076 ¢ Day 1 1
After 1 day — 0.074 - After 1day | o
E After 5 days Soor2t After 5 days | ]
B 100 F——— 3 <7
= 10 & 007 1
0.068 | —
102 . 0.066 —_—— e
1 2 A
10" 102 103 10 10 10
Frequency (kHz) Frequency (kHz)

Figure 65: Salt diffusion of agar phantoms prepared with 6g agar and 100ml tap water. Left: stored in 0.9% saline, right:
stored in tap water

Relative permittivity agar phantom tissue

Relative permittivity agar phantom tissue

10° = 10
Day 1 Day 1
After 1 day After 1 day
After 5 days | | Lo gl : = —— After 5days| |
102 . 10° .
10" 10? 10° 0101 102 10°
Frequency (kHz) Frequency (kHz)
Electrical conductmtJy igaiphantom tissue Electrical conductivity agar phantom tissue
181 o = 5 15F Day 1 ]
— e = After 1 day
£ -
(Z’, EFE // —— — 1 g 1} After 5 days | |
o ay =
R, O g After 1day |1 &
p After 5 days s — I — 3
1.5 £ : s 05 ]
10" 102 10° 10! 102 103
Frequency (kHz)

Frequency (kHz)

Figure 66: Salt diffusion of agar phantoms prepared with 6g agar and 100ml 0.9% saline. Left: stored in 0.9% saline, right:
stored in tap water
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Relative permittivity gellan gum phantom tissue

Day 1
After 1 day
After 2 days

10° :
10° 102 103
Frequency (kHz)
Electrical conductivity gellan gum phantom tissue
2F R ' 1
—
b Day 1 ]
S, 1.5 After 1 day
a_)E_ After 2 days
9 TR ]
[}
0.5 = .
10° 102 108

Figure 67: Salt diffusion of gellan gum phantom prepared with 3g gellan gum powder and 100ml 0.9% saline solution, stored

Frequency (kHz)

in tap water

Relative permittivity PVA-C phantom tissue

Day 1
After 3 days
After 10 days

10° :
10’ 102 103
Frequency (kHz)
Electrical conductivity PVA-C phantom tissue
15F B 3
/""”'-/ Day 1
—~ AE After 3days |
g After 10 days
©
05 =
10° 102 10°

Figure 68: Salt diffusion of PVA-C phantom prepared with 10g PVA powder and 100ml 0.9% saline solution, stored in tap

Frequency (kHz)

water
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B5 Base materials in comparison with target values
Influence of amount of base material on the dielectric values

Each figure shows multiple phantoms with the same liquid used for phantom preparation and a variety
in amount of bae material. The liquid used for phantom preparation are tap water, tap water,
deionized water, tap water and 0.9% saline solution respectively.

Relative permittivity agar phantom tissues

10°
s 3,Bwt% agar
5,7wt% agar
w103 F ]
102 : e
10° 107 10°
Frequency (kHz)
Electrical conductivity agar phantom tissues
0.092 | PR — = e
i 3,8wt% agar
= 0.09 5,7wt% agar | |
“@’ 0.088 =
= 0.086 5
0.084 R
10’ 102 10°%
Frequency (kHz)
Figure 69: Influence of wt% agar base material on dielectric values
105 Relative permittivity gellan gum phantom tissues
\_*’?::;;::t:\_ 4,8wt% gellan gum
»\:j}z-:j:_:__a 3,8wt% gellan gum
W,_,:t}?:::t?_‘ 2,9wt% gellan gum
u;L —— ____7:_‘7_\ o
10° '
10" 102 10°
Frequency (kHz)
" Electrical conductivity gellan gum phantom tissues
10 T
E
@ 107 ¥ J
& 4,8wt% gellan gum
3,8wt% gellan gum
2,9wt% gellan gum
107 '
10' 102 10°

Frequency (kHz)

Figure 70: Influence of wt% gellan gum base material on dielectric values
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Relative permittivity PVA-C phantom tissues x10° Relative permittivity PVA-C phantom tissues
- aE, _‘_7_;_‘ T T T T T T T 8 - =oxnn; T T T T T T T T ]
[ e 4,8wt% PVA 5,7wt% PVA
. e — 5, Twit% PVA | 9,1wt% PVA
T ———
——] 9,1wt% PVA[| 10,7wt% PVA|
r 15wt% PVA [ © 13wit% PVA  [—
10 " 12 13 14 15 16 17 18 19 20 10 " 12 13 14 15 16 17 18 19 20
Frequency (kHz) Frequency (kHz)
Electrical conductivity PVA-C phantom tissues Electrical conductivity PVA-C phantom tissues
4,8wt% PVA 18 ¢ e 5,7wt% PVA |_|
5, Twt% PVA S e e 9,1wt% PVA
, - PR \ ]
9wt Pva || E 17— 10,7wt% PVA
F 15wt% PVA |- £ 13wi% PVA
S 16T ]
10 " 12 13 14 15 16 17 18 19 20 10 " 12 13 14 156 16 17 18 19 20
Frequency (kHz) Frequency (kHz)

Figure 71: Influence of wt% PVA base material on dielectric values
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B6 Increase/decrease of additives
Results of impedance measurements of the additives

Relative permittivity agar phantom tissues

108 =
No additive
2,0wt% acetone
= 10% ¢ 1
107 .
10’ 102 103
Frequency (kHz)
Electrical conductivity agar phantom tissues
_-’—”‘__f-f-—
19 ¢ S No additive 1
/E\ 18 F 2,0wt% acetone | §
BT S ]
A4S s :
15F . ]
10" 102 103
Frequency (kHz)
Figure 72: Influence of acetone on dielectric values
Relative permittivity PVA-C phantom tissues

108

No additive
9,1wt% ammonia
16,7wt% ammonia

10°
Frequency (kHz)
Electrical conductivity PVA-C phantom tissues
'_’___,/_’_—'f—_ -
= No additive
155 1
- / eSS — 9, 1wt% ammonia
5 - /— 16,7wt% ammonia| |
Lo}
1.45 y
10° 102 10%
Frequency (kHz)

Figure 73: Influence of ammonia on dielectric values
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Relative permittivity PVA-C phantom tissues

No additive
4,8wt% antifrost

10° 102 10°
Frequency (kHz)
Electrical conductivity PVA-C phantom tissues
22F B 7
e No additive
= 3 "5 4,8wt% antifrost
2}
S
W esssee—— 1
/ 1
10° 102 10°

Frequency (kHz)

Figure 74: Influence of antifrost on dielectric values

Relative permittivity agar phantom tissues

Relative permittivity PVA-C phantom ti

No additive
2,0wt% charcoal

2,9wt% charcoal

10° =

No additive
4,8wt% charcoal
7,4wt% charcoal

Frequency (kHz)
Electrical conductivity agar phantom tissues

102 10°
Frequency (kHz)
Electrical conductivity PVA-C phantom tissues

0.09
T 0.085
0.08 ¢

o (Sh

0.075

No additive

e 2,9wt% charcoal

2,0wt% charcoal |

0.4

o (S/m)

035t

aibit No additive
ey — 4,8wt% charcoal
> 7,4wt% charcoal

10°

102
Frequency (kHz)

10° 10°

10? 10°
Frequency (kHz)

Figure 75: Influence of charcoal powder on dielectric values
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Relative permittivity PVA-C phantom tissues

No additive
28.,6wt% ethanol
41,2wt% ethanol

102 10°

10'
Frequency (kHz)
Electrical conductivity PVA-C phantom tissues
17L _— il No additive
= —— B 28,6Wt% ethanol ||
U\E) // 41,2wt% ethanol
& LBEF 1
1.6 = : :
10' 102 10°
Frequency (kHz)
Figure 76: Influence of ethanol on dielectric values
4 Relative permittivity agar phantom tissues
10 T
No additive
9, 1wt% glycine
\.L:L k|
10" 10% 10%
Frequency (kHz)
Electrical conductivity agar phantom tissues
0.084 _______——————_________ == No additive b
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Figure 77: Influence of glycine on dielectric values
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Relative permittivity agar phantom tissues
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Figure 78: Influence of graphite on dielectric values
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Figure 79: Influence of oil and surfactant on dielectric values

-137 -



Relative permittivity PVA-C phantom tissues

Figure 81: Influence of salt on dielectric values
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Figure 80: Influence of PVC on dielectric values
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Figure 82: Influence of sodium acetate on dielectric values
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Figure 83: Influence of sugar on dielectric values
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B7 Sample phantoms

Results of impedance measurements of all prepared sample phantoms
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Figure 84: Influence of different wt% charcoal on 5,7wt% agar phantom tissues
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Figure 85: Influence of different wt% graphite on 5,7wt% agar phantom tissues
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Figure 86: Influence of different wt% oil on 5,7wt% agar phantom tissues
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Figure 87: Influence of different wt% charcoal & graphite in combination with oil on 5,7wt% agar phantom tissues
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Figure 88: Influence of different wt% PVC on 5,7wt% agar phantom tissues
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Figure 89: Influence of different wt% oil on 2,9wt% gellan gum phantom tissues
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Relative permittivity gellan gum phantom tissues
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Figure 90: Influence of different wt% PVC on 2,9wt% gellan gum phantom tissues
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Figure 91: Influence of graphite on 9,1wt% PVA-C phantom tissue
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Figure 92: Influence of different wt% oil & graphite
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Figure 93: Influence of different wt% PVC on 9,1wt% PVA-C phantom tissue
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Figure 94: Influence of different wt% sodium acetate (s.a.) & oil on 10,7wt% PVA-C phantom tissue
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Figure 95: Influence of graphite on 10,7wt% PVA-C phantom tissue
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Figure 96: Influence of graphite, oil & PVC on 10,7wt% PVA-C phantom tissue
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Figure 97: Influence of different wt% charcoal on 13,0wt% PVA-C phantom tissue
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Relative permittivity PVA-C phantom tissues
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Figure 98: Influence of different wt% graphite on 13,0wt% PVA-C phantom tissue

Relative permittivity PVA-C phantom tissues

T

No additive
9,1wt% oil ||
16,7wt% oil [
23,1wt% oil
33,3wt% oil
*  Target values

L 1 L 1 1 1 1 | L

10°

10

1 12 13 14 15 16 17 18 19 20
Frequency (kHz)
Electrical conductivity PVA-C phantom tissues

045 F
—~ 04—

T T HT T

No additive

9,1wt% oil ==

~

16,7wt% oil
23,1wt% oil |-

33,3wt% oil
*  Target values

L

4

10

1"

12

13

14

15

16

17

18

19 20

Frequency (kHz)

Figure 99: Influence of different wt% oil on 13,0wt% PVA-C phantom tissue
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Figure 100: Influence of sodium acetate (s.a.) & oil on 13,0wt% PVA-C phantom tissue
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Figure 101: Influence of sodium acetate (s.a.) & PVC on 13,0wt% PVA-C phantom tissue
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Figure 102: Influence of different wt% sodium acetate (s.a.) on 13,0wt% PVA-C phantom tissue
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B8 Boxplots of calculated Young’s moduli of the cardiac phantom samples
Boxplots of measured Young’s moduli of the four cardiac phantom samples
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Figure 103: Boxplots of all calculated Young's moduli at 15% strain of all four phantoms at all four strain rates
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Appendix C
Conductivity values measured with an EC-meter

Solution Mean measured conductivity value* [uS/cm]
Deionized water 2

0.9% saline 4510

Tapwater 455

100ml tapwater + 0.15g salt 6390

100ml tapwater + 0.16g salt 8515

*All solutions were measured three times
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Appendix D
Comparison between 3 electrodes methods
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Figure 104: Comparison between the ‘old’ 2-needle electrode (2 point old), the 4-needle electrode (4 point) and the 4-needle
electrode functioning as a 2-needle electrode (2 point new)
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Appendix E
Comparison dielectric measurements of measured capacitance & conductance and measured

magnitude & phase angle
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Figure 105: Comparison between measured capacitance and conductance in parallel mode parameters (1.1 - 1.4) and
measured magnitude and phase angle in series mode parameters (2.1 —2.4)
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Appendix F
Notes of attention during mould preparation and filling of the mould

Mould preparation in 3D modelling software

When making the outer mould in 3D modelling software, make sure to slice the outer mould
at every thickest part while the inner mould should be fitted inside the outer mould.

Secure the inner mould to the outer mould, in order to make sure the inner mould stays exactly
in the middle of the outer mould during filling and solidification.

Include a filling hole and multiple holes to release air bubbles.

Include pins in truncated cone shapes to secure the different parts of the outer mould.

When making the truncated cones, make the pins with an offset of 0.5mm compared to the
hollow truncated cone shape while the 3D prints will be printed with an approximate accuracy
of 0.3mm.

Dimensions of pins for connecting the different moulds

Part Part specifically Dimensions (mm)
Truncated cone bottom Bottom diameter 3.5

Height 4.0

Top diameter 2.5
Truncated cone hole Bottom diameter 4.0

Height 4.5

Top diameter 3.0

Settings in Cura for 3D printing with the Ultimaker3

Extruder 1 Generic PLA AA0.4
Extruder 2 Generic PLA BB0.4
Infill density 20%

Infill pattern Triangle

Layer height 0.2 mm

Support pattern Zig Zag

Support density 15%

When printing the inner core completely of PVA, make sure all ‘Extruders’ functions in Cura are set to
Extruder 2.

Filling of the mould

Coat the outer mould with XTC-3D Smooth-On Coating [120] to make the outer mould
watertight.

Put Vaseline (Petrolium Jelly) between the outer moulds where they make contact, to make
all sliced parts watertight at possible. Tape can be placed around the entire mould for extra
securing and ensuring no phantom material will leak out of the mould.

Make sure to fill the mould with phantom material in one go. This can be done using a big
syringe. Moreover, when filling the syringe make sure no air bubbles will get trapped in the
syringe.
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Inject the phantom material until only phantom material leaks out of all air holes (and no air

bubbles anymore).
Close all holes to ensure no leakage of the phantom material.
Put the filled mould in the freezer and start the freeze-thaw cycle.
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Appendix G

All cardiac phantom samples dielectric measurements
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Figure 106: Dielectric measurements of first cardiac phantom sample
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06 Relative permittivity second phantom tissue
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Figure 107: Dielectric measurements of second cardiac phantom sample
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Figure 108: Dielectric measurements of third cardiac phantom sample
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Figure 109: Dielectric measurements of fourth cardiac phantom sample
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