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Abstract
Prostate cancer is the most frequently diagnosed type of cancer among males. Brachytherapy has be-
come a common treatment for this disease. In this form of radiotherapy, sealed radiation sources are
placed through a implant catheters inside the prostate. This treatment affects the tumor cells locally and
reduces damage to healthy tissues. However, accessing all relevant areas is met by difficulties. Inno-
vating brachytherapy instruments can overcome these challenges. These new instruments need to be
tested in a lab environment before patient testing is allowed. Phantommodels provide a good validation
model for testing new medical instruments. The goal of this study is to design and develop a cancerous
prostate phantom model which can be used to test newly developed instruments for brachytherapy.

A material study was conducted to find the best mechanically tissue-mimicking materials. The
effects of different concentrations, varying volumes, coolant additive and dimethyl-sulfoxide additive on
the Young’s modulus of poly-vinyl alcohol was tested. Unconfined compression tests were performed
after each freeze-thaw cycle for a total of 7 cycles. These results showed that poly-vinyl alcohol can
form material which, based on its Young’s modulus, can mimic prostate tissue and adipose tissue. An
increase in poly-vinyl alcohol concentration, volume, coolant additive, dimethyl-sulfoxide additive and
the number of freeze-thaw cycles were each found to increase the Young’s modulus of the material.

Three cancerous prostate phantom models were made of poly-vinyl material with each a different
stiffness value achieved by varying the poly-vinyl alcohol concentrations. A low Young’s modulus for
model 1, medium for model 2 and high for model 3. The poly-vinyl alcohol was solved in a mixture of
distilled water:DMSO (10:90 ratio) to produce a transparent material. Each model included a prostate,
urethra and surrounding adipose tissue. The models were surrounded by a transparent casing which
included an opening and template for needle insertion at the front. A pubic bone was added to model
2 and 3 to simulate prostate blockage by this tissue. Model 1 and 2 did not achieve the transparency
that was required. The transparency was found to be sufficient in model 3.

A needle insertion experiment was conducted to validate the prostate phantommodels. An 18Gauge
brachytherapy needle was inserted 13, 10 and 20 times in model 1, 2 and 3 respectively with a velocity
of 5 mm/s. Mean peak forces, describing the force upon puncture of the prostate material, for model 1
(0.57 N) and 2 (3.54 N) were lower than multiple peak forces found in literature. The median peak force
of model 3 (6.17 N) came close to the peak force found during in patients with prostate cancer (6.28 N)
in the study of Podder et al. (2006). Higher Young’s moduli values produced higher peak forces. The
insertion force in the adipose tissue of the models was lower than the results found in literature.

This study has shown that poly-vinyl alcohol can function as an easily controlled tissue mimicking
material. The material study created an overview of the effects of concentration, volume, coolant,
DMSO and freeze-thaw cycles on the Young’s modulus of poly-vinyl alcohol. An easy to manufacture
cancerous prostate phantom model was made of poly-vinyl alcohol and DMSO. Model 3 developed in
this project can function as a test model for newly developed instruments meant for brachytherapy.
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1
Introduction

1.1. Background information
According to the World Health Organization, cancer is the second leading cause of death worldwide,
causing 1 in 6 deaths globally and a total of 9.6 million deaths in 2018 [6]. The most frequent diagnosed
cancer among males is prostate cancer [6]. According to the American Cancer Association, 1 in 9 man
will be diagnosed with prostate cancer during his life [7]. Prostate cancer defines the growth of tumor
cells in the prostate. The prostate is a small, male and walnut-shaped organ found below the bladder
with an urethra passing through it. The function of the prostate is to produce and contain fluid as a
part of the semen. Prostate brachytherapy has become a very common treatment used for localized
prostate cancer [8]. In this form of radiotherapy, sealed radiation sources are placed in the prostate.
This treatment involves different steps. First, a transrectal ultrasound probe (TRUS) is inserted inside
the rectum which is used to visualize the prostate during the treatment [9]. A template is used in front of
the perineum to correctly place the brachytherapy needles [1]. The brachytherapy needles, or implant
catheters, are inserted through the template, the perineum, the adipose tissue and ending into the
prostate [10]. The radiation seeds are then injected into the prostate via the implant catheters [9]. A
visualization of the prostate brachytherapy treatment can be found in figure 1.1.

Figure 1.1: Prostate brachytherapy treatment. A transrectal ultrasound probe (TRUS) is inserted inside the rectum to visualize
the prostate during treatment. Implant catheters are inserted through a template, inside the prostate. Seeds are placed inside
the prostate through the implant catheters. Figure derived from the Prostate Cancer Foundation of Australia [1]
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1.2. Motivation & Research Goal
Radiation, as a result of brachytherapy, only affects a very local area around the sealed sources, which
is a major advantage. Damage caused due to radiation on healthy tissues is therefore reduced [9].
However, the local effects also requires this treatment to be precise. During the treatment it is important
that all the cancerous areas in the prostate are targeted. Multiple variables present during the treatment
cause difficulties for a brachytherapy needle to access all the cancerous areas in the prostate [11–13].
Possible factors include the varying sizes of the prostate among patients [14], prostate movement
[15, 16], deflection of the brachytherapy needle [17] and the blockage of the prostate by a part of the
pubic bone; the pubic arch [10]. The use of steerable needles and other innovative instruments during
this treatment could form a possible solution to this problem. Research is being conducted in developing
improved instruments for brachytherapy [18–20]. These new instruments need to be tested in a lab
environment before they can be tested on patients. Phantom models of organs can provide a good
validation model when testing new medical instruments in this phase [21–23]. Phantom models are
oftenmade of tissuemimicking biomaterials and used as a replacement of using rare human and animal
tissue. Multiple prostate phantom models have been made before [5, 24, 25]. However, finding the
right biomaterials with optimal tissue mimicking characteristics is a challenge. An overview of the exact
material characteristics of biomaterials is lacking. Also, the specific influence of varying concentrations,
additives and differences in protocols is not known. A validated prostate phantom model which gives
a good representation of a real prostate is still to be designed. The goal of this project is therefore to
design, develop and validate a prostate phantom model which simulates a cancerous prostate and its
surrounding tissues. The purpose of this model is to function as a testing model for a newly developed
instruments for brachytherapy. To achieve this, a materials study will be performed in which exact
material characteristics will be determined.

1.3. Study Outline
The project will be carried out in three parts. This is elaborated below:

1. Part I: Conduct a material study. First a literature study will be performed to collect information on
needed biomaterials and additives based on the requirements of this study. A list of biomaterials
and additives will be made which will be developed and mechanically tested in a lab to determine
their specific mechanical characteristics.

2. Part II: Design and manufacture a cancerous prostate phantom model. A design will be made
to develop a phantom prostate model based on the requirements. Based on the results of the
material study from part I, the best tissue-mimicking biomaterials will be selected for the design
of the phantom prostate model.

3. Part III: Validate the cancerous prostate phantom model. A test will be set-up to validate the
model. The results of the test will be compared with the results of similar tests performed on a
prostate resulting from literature. Based on this comparison, a conclusion can be made on the
tissue-mimicking characteristics of the cancerous prostate phantom model.

1.4. Requirements
1.4.1. Anatomical and geometrical correctness
In order to test new instruments needed for brachytherapy, the phantom should represent a cancerous
prostate and its surrounding tissues as much as possible. The phantom should mimic the different
tissues and organs which interact with a needle or ultrasound probe during brachytherapy. Figure 1.1
shows the instruments used during brachytherapy and the tissues they interact with. Based on this, a
prostate, rectum, urethra and the tissue located between the perineum and prostate should be present
in the phantom. A cancerous prostate has the minimal height of 3 cm, a width of 4 cm and a volume of
40 ml [26]. These dimensions should form the minimal dimensions of the prostate model. The distance
between perineum and prostate was found to be 40-72 mm [27]. Therefore, the distance between the
front, simulating the perineum, of the phantom model and prostate phantom should should also be 40-
72 mm long. Literature shows that the distance between rectum and prostate differs from no distance,
or direct contact to a distance of 37 mm. This range is also required for the distance between these
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parts in the model. An urethra has a diameter of 6 mm which will also be used in the phantom model
[28]. A rectal probe, which will be inserted inside the rectum, has a minimal diameter of 19 mm [29].
This should also be the minimal diameter of the rectal opening in the model. The interlaying tissue
consists of multiple tissues as muscles, arteries, veins and adipose tissue. Since the majority of this
tissue is formed by adipose tissue, this part in the phantom will mimic adipose tissue. The front of the
phantom should have an opening and a place for a template for the brachytherapy needles to enter.
Since the target of the instruments in the prostate, the opening should have a minimal size equal to the
size of the prostate. This means that the opening should have the minimal dimensions of 3x4 cm.

1.4.2. Mechanical correctness
To test the interaction between the needle and the relevant organs and tissues, the phantom must
represent a prostate and its surrounding tissues in terms of mechanical characteristics. The focus
will be on the stiffness also known as the Young’s modulus of the material. Table 1.1 presents an
overview of multiple studies and their results which have performed tests to find the Young’s modulus
of a prostate. The total range of the Young’s moduli that where found consisted of 2.2 - 221 kPa for
a prostate. For healthy prostate material the range varied from 2.2 - 70 kPa. For prostate tissue with
benign hyperplasia the values varied from 24 - 40 kPa and for cancerous prostate tissue the total range
found was 62.9 - 221 kPa. The goal of this project is to simulate cancerous prostate tissue. This means
that a stiffness of the prostate phantom material should fall into the range of 62.9 - 221 kPa.

Table 1.1: Overview of the Young’s moduli of a prostate found in the conducted literature study. Different prostate tissue types
were used which originated from the peripheral zone (PZ), central zone (CG) and the transitional zone (TZ).

Study Tissue type Young’s Modulus (kPa)

Kemper et al. (2004) [30] CG healthy 2.2±0.3
PZ healthy 3.3±0.5

Krouskop et al. (1998) [31] CG healthy 63±18
PZ healthy 70±14
PZ cancerous 221±32
PZ benign prostatic hyperplasia 36±11

Phipps et al. (2005) [32] TG cancerous (treated) 118±50
TG cancerous (untreated) 110±2

Yang et al. (2006) [33] PZ benign prostatic hyperplasia 200

Zhang et al. (2008) [34] PZ healthy 15.9±5.9
PZ cancerous 40.4±15.7
PZ healthy 19.2
PZ cancerous 62.9

Zhang et al. (2014) [35] PZ benign prostatic hyperplasia 24.1±4.9
TZ benign prostatic hyperplasia 32.2±5.9

The tissue laying between the prostate and skin is mainly consisting of adipose tissue. This phantom
tissue should consist of a heterogeneous material having a Young’s modulus value which lies in the
range of adipose tissue. Research has found different values of the Young’s modulus of adipose tissue
resulting in a total range of 0.12 - 50 kPa, as can be seen in an overview of these results in table 1.2.
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Table 1.2: Overview of the Young’s moduli of adipose tissue found in the conducted literature study. Different adipose tissue
types were used which originated from breast tissue, abdomal tissue, pericardial tissue, omental tissue and tissue from the
thymus.

Study Adipose Tissue type Young’s Modulus (kPa)

Geerligs (2006) [36] Multiple tissues 0.12-50

Nightingale et al. (2003) [37] Breast 3.8±1.4
Abdomen 5.6 ± 3.1

Omidi et al. (2014) [38] Breast 3.46±1.210
Abdomen 3.365±0.685
Pericardium 2.504±1.152
Omentum 2.37±0.399

Thymus 2.109±0.685

Samani et al. (2007) [39] Breast 3.25 ± 0.91

1.4.3. Demonstrative qualities
As mentioned before, the goal of this phantom is to demonstrate new instruments used for brachyther-
apy. Because of this, the phantom must have good demonstrative qualities. The testing of the instru-
ments in the phantommust be visible. This can either be achieved by using an ultrasound, which is also
done during the brachytherapy treatment itself, or by making the interlaying tissue and the surrounding
case of the phantom transparent so all inner parts can be seen. When using an ultrasound probe, a
rectum must be present which offers contact with the interlaying tissue. A rectal probe has a minimal
diameter of 19 mm [29]. This should also be the minimal diameter of the rectal opening in the model.
Since the phantom will first be tested in the MISIT lab, where no medical ultrasound is available, it
is a wish to create a transparent phantom. Ideally, a rectum will be present and transparency will be
present, so both wishes can be met.

1.4.4. Practical qualities
The phantom will be made in the Minimally Invasive Surgery and Interventional Techniques (MISIT) lab
at theMechanical, Maritime andMaterials Engineering (3mE) faculty of the Technical University of Delft.
One of the purposes of the phantom is to demonstrate new instruments developed for brachytherapy.
The phantom must be transportable so it can be used for demonstrations in scientific events at different
locations. Maximal dimensions of 30x30x30 cm for carrying the model are acceptable. For practical
reasons, it also needs to be durable so appointments for demonstrations can be made beforehand.
Therefore, the phantom must remain usable for at least one week. At last, it is required that the phan-
tom is reproducible. After a demonstration, multiple instruments or needles can have punctured the
phantom after which it cannot be used to present again. Hence, it must be possible to reproduce a new
phantom with exactly the same features with the equipment and materials present at the 3mE faculty.
Since it is assumed that the models will be reproduced and that they will be reproduced in more num-
bers, it is required that the phantom should be easy to manufacture. This should be done by creating a
relatively easy and short-lasting manufacturing process. To achieve this, a clear list of used equipment,
materials and its preparation is needed and the method protocol must be clear. The phantom should
be made with equipment and materials present at the 3mE faculty. A maximal manufacturing time of
one week is required.

1.4.5. List of Requirements
Based on the section above, the following list of requirements was made. This list will be used when
making an prostate phantom model during the following project.

• Geometrical

– The phantom should include a prostate, urethra, adipose tissue and a rectum.
– The phantom should include an opening for needle insertion with minimal dimensions of 3x4
cm and a needle insertion template.

– Preferably, a part of a pubic bone to block needle insertion should be present.
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– Similar shape and size of the tissues compared to a human.
⋄ The prostate should have a minimal height of 3 cm, width of 4 cm and volume of 40 ml.
The distance between the front of the casing and prostate should be 40-72 mm. The
distance between rectum and prostate should be 0-37 mm.

⋄ The urethra should have a diameter of 6 mm.
⋄ The rectum should have a minimal diameter of 19 mm.

• Mechanical

– Prostate material with a Young’s modulus falling into the 62.9 - 221 kPa range.
– Adipose tissue material with a Young’s modulus falling into the 0.12 - 50 kPa range.

• Demonstrative qualities

– The prostate material should be transparent. Inserting instruments should be visible.
– The adipose tissue material should be transparent. Different parts/tissues in this material
should be visible.

– A rectum should be present for inserting an ultrasound probe which opening should have a
minimal diameter of 19 mm.

– The casing holding the phantom should be transparent. All the parts present in the casing
should be visible.

• Practical

– The model should be transportable. Maximal dimensions of 30x30x30 cm are required.
– The phantom material should be durable for at least one week.
– Themanufacturing process should be reproducible with the equipment andmaterials present
at the 3mE faculty.

– The model should be easy to manufacture with equipment and materials present at the 3mE
faculty and a maximal manufacturing time of one week.

1.5. Theory
1.5.1. Polyvinyl alcohol
Because of excellent biocompatibility, heterogeneous characteristics and its similar mechanical char-
acteristics to human tissues, Polyvinyl Alcohol (PVA) is one of the most frequently used material
for biomedical applications [2, 40–42]. Polyvinyl alcohol (PVA) is a water-soluble synthetic polymer
or hydrogel prepared by the hydrolysis of polyvinyl acetate. It has an idealized formula known as
[𝐶𝐻ኼ𝐶𝐻(𝑂𝐻)]፧, also shown in figure 1.2. This formula shows the presence of one hydrogen group, the
OH-group, per molecule. This group is able to form hydrogen bonds.

Figure 1.2: Formula of polyvinyl alcohol [ፂፇᎴፂፇ(ፎፇ)]ᑟ. The molecule includes one OH-group which can form 3 hydrogen
bonds in total.

Hydrogen bonds are formed by the presence of an electronegative element. For example, the
electronegative element oxygen (O) can cause the formation of hydrogen bonds. An electronegative
element is characterized by the fact that their nucleus is positively charged due to the presence of
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a higher amount of protons. This positive charge will hold the surrounding electrons tightly to the
nucleus. It therefore also attracts nearby electrons to the element. If an electronegative element is
bonded to a less electronegative, for example hydrogen, or even electropositive element, the electrons
in this hydrogen element will re-locate themselves towards the electronegative element, resulting in
an slightly more negative electronegative element (𝛿ዅ) and a slightly more positive hydrogen element
(𝛿ዄ). This phenomenon describes a polar bond in which a separation of charge between one end
and the other end is present. A typical polar bond is formed between oxygen (O) and hydrogen (H),
forming the so-called OH-group. Due to the separation of charges, the OH-groups are able to form
hydrogen bonds. This bond describes a non-covalent bond between a slightly electronegative part and
a slightly electropositively part in which an electron pair is shared between the two parts. A so-called
hydrogen bond between two OH-groups can be seen in figure 1.3. Every oxygen element is able to
form 2 hydrogen bonds to a hydrogen bonding group and every hydrogen element is able to form one
hydrogen bond to an hydrogen bonding group. Figure 1.2 shows one present OH-group for PVA. This
suggests that PVA can form hydrogen bonds.

Figure 1.3: The formation of hydrogen bonds between a negatively charged oxygen element (O) and a slightly positively charged
hydrogen element (H), both present in a OH-group.

Research has shown that applying a period of freezing followed by a period of thawing, a so called
freeze-thaw cycle, to PVA solved in water results in an increase in stiffness of the material [43, 44]. PVA
has the tendency to grow crosslinks, based on hydrogen bonds between multiple organic structures.
When solving PVA, hydrogen bonds can be formed between PVA molecules. A freeze-thaw cycle
induces the formation of these crosslinks, which cause heterogeneity. This process can be viewed
in figure 1.4. As more freeze-thaw cycles are applied, additional crosslinks reinforces the original gel
network [2]. Reinforcement mainly involves the formation of new crosslinks, but the primary crosslinks
created in the first cycle can also grow [2]. Applying freeze-thaw cycles can offer the ability to control
the mechanical characteristics of the PVA material. No prove was found of the effect of freezing time
on the elastic modulus. Wan, Campbell, Zhang, Hui, Boughner (2002) compared holding times of 1
and 6 hours at -20°C on PVA [45]. No significant difference was found in the elastic modulus of the
materials. The study did find that a fast thawing rate resulted in a lower elastic modulus. In this study,
freeze-thaw cycles of 24h each will be applied. The reason for this is the limited opening hours of the
MISIT laboratory. A freeze cycle of 24 hours at -14 ºC will be executed followed by a thawing round on
24 hours at room temperature. This is based on the available equipment at the laboratory.

Figure 1.4: The process of freeze-thawing induces the formation of crosslinks based on the formed hydrogen bonds between
PVA and water. Figure is derived from the study of Kim et al. (2015) [2]
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There are three important commercially available grades of PVA. These are distinguished by the
mole percent residual acetate groups in the polymer chain [46]:

1. Fully hydrolyzed: 1 – 2 mol% acetate groups

2. Intermediate hydrolyzed: 3 – 7 mol% acetate group

3. Partially hydrolyzed: 10 – 15 mol% acetate groups

In theory, more hydrolysis allows for more hydrogen bonds to occur during the freeze-thaw process
which can result in a higher Young’s modulus. In this study, a fully hydrolyzed PVA powder will be
used. The PVA powder with a molecular weight of 89,000 – 98,000 g mol-1 (>99% hydrolyzed) will be
used.

PVA is one of the most frequently used biomatieral in the MISIT lab. However, an overview of
its specific mechanical characteristics is not yet available. Therefore this research will focus on the
biomaterial PVA and its mechanical characteristics.

1.5.2. Solvent
A hydrogen bonding liquid can be used to solve PVA powder. Water is usually added as a solvent to the
PVA powder to induce the formation of hydrogen bonds and create a gel. The electrolyte concentration
in water being added to a polymer greatly affects the amount of water which can be absorbed per gram
of polymer [47]. When a polymer is immersed in water an osmotic pressure is created which diffuses
the water into the polymer. A lower electrolyte concentration in the water, for example distilled water,
creates a higher osmotic gradient which diffuses more water into the polymer. A higher electrolyte
concentration in the water, for example tap water, would result in a lower osmotic gradient and therefore
less diffusion of water into the polymer. According to this, a super absorbent polymer can absorb about
800 times its own weight in distilled water, 300 times its weight in tap water and 60 times its weight
in 0.9% sodium chloride solution [47]. The electrolyte concentration can therefore influence the water
absorption and with that mechanical characteristics of the created PVA. In this study distilled water will
be used to create an optimal diffusion of water into the polymer.

1.5.3. Volume
Research has shown that product thickness and product shape have an influence on the freezing time
of a volume [48]. This study suggests that a higher thickness results in a longer freezing time in which
volumes less than 50 mm thick a 2 times longer freezing time is needed for a doubling in thickness.
Besides this, the study concludes that in volumes with a thickness of 100 mm or more, a doubling of
thickness may result in an increase of freezing time in fourfold. It should also be considered that the
shape of a volume has an influence on the freezing time which is dependent on the ratio of surface are
to volume, as does the volume itself. As mentioned before, it is not yet prove that the freezing time has
an influence on the creating of crosslinks and therefore an influence on the resulting Young’s modulus
after the freeze-thaw cycles. This study will investigate the effect of volume on the Young’s modulus.

1.5.4. Swelling
The freeze-thawing process is often accompanied by swelling [43]. Pre-tests in the MISIT lab have
shown that coolant can be added to PVA to prevent swelling. Swelling is sometimes wished to be
avoided due to the usage of moulds which can break by swelling of the inner material. A coolant is a
mixture of ethylene glycol ((𝐶𝐻ኼ𝑂𝐻)ኼ) and water and is known for its lowering effect on the freezing-
point of a material. The structure formula of ethylene glycol, seen in figure 1.5, shows the presence of
two OH-groups which are both able to form hydrogen bonds. Because of this, coolant can be used as a
solvent for PVA. However, due to the lowering effect on the freezing point of the coolant, it might prevent
the PVA and its solvent from freezing or decrease the freezing time or rate. Freezing the material is
necessary for the formation of crosslinks. Using coolant as a solvent or additive might therefore have a
lowering effect on the formation of crosslinks and can therefore decrease the resulting stiffness value
of the material. However, this is yet to be tested. This study will focus on the effect on the Young’s
modulus of coolant as additive to PVA.
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Figure 1.5: Formula of ethylene glycol ((ፂፇᎴፎፇ)Ꮄ). The molecule includes two OH-groups which can form 6 hydrogen bonds
in total.

1.5.5. Transparency
The prostate phantom will be made with the goal to test a newly developed instruments used during
brachytherapy. To see the behaviour of these instruments in the phantom, a transparent material,
mimicking prostate and adipose tissue, is necessary. Transparency in PVA can be achieved by adding
dimethyl-sulfoxide (DMSO) [49]. Denoted by formula 𝐶ኼ𝐻ዀ𝑆𝑂 in figure 1.6, this liquid includes one
oxygen group which is able to form two hydrogen bonds. Therefore, this material can function as a
solvent for PVA. DMSO is known to be used as a medicine and as a solvent for making materials
transparent. When maintaining a weight ratio of the PVA solution and DMSO of 20/80, it can result in
a PVA hydrogel with transparency greater than 90% [49]. Hoshino, Okada, Urakawa, Kajiwara (1996)
found that the growth of crystal in PVA is interlinked with the material becoming turbid [50]. Adding
DMSO might have an influence on crystal growth and the Young’s modulus of the material. This is
however still to be tested.

Figure 1.6: Formula of dimethyl-sulfoxide (ፂᎴፇᎸፒፎ). The molecule includes one O-group which can form two hydrogen bonds.



2
Part I: Material Study

2.1. Methods
2.1.1. Specimen preparation
In this section, the methods used to prepare different combinations of PVA biomaterial which could
possibly function as a prostate phantom are presented.

Materials
The PVA specimens where made with 99+% hydrolyzed, 89,000-98,000 molecular weight PVA powder
(Sigma-Aldrich, Lot# MKCJ5322). Distilled water was used as a solvent for the PVA powder. Different,
common used, additives were used in this study to research their influence on the mechanical char-
acteristics of the specimen. These additives included 99.7% DMSO (Laboratoriumdiscounter, CAS
67-68-5, Iden.# 80.IL084) and >-30∘C coolant (Gamma, Iden.# 613079). Two different magnetic stir-
ring plates including temperature control and sensors (IKA C-Mag HS 7, Iden.# 0020002694 and DLAB
MS-H-PRO+, Iden.# 8030101110) were used for the preparation of the specimens. The materials were
stored using TU Delft coffee cups and aluminum foil.

Protocol
For all the specimens in this study, the needed materials were selected and weighted first. A glass
beaker containing the distilled water was placed on the magnetic stirring plate and selected to stir 300
rounds per minute. For the PVA specimens, PVA powder was slowly added to the stirring distilled
water. In case of the coolant and DMSO specimens, coolant or DMSO was first added to the stirring
distilled water and after one minute of stirring, the PVA powder was slowly added to the stirring mixture.
After the powder was added, the glass beaker was covered in aluminum foil to preserve the heat, the
temperature sensor was placed through the aluminum foil into the mixture and the whole was heated
until 90∘C. This set-up can be seen in figure 2.1. Once this temperature was reached, the stirring
continued for 30 minutes at 90∘C after which the mixture was placed off the stirring plate and left to
cool for 20 minutes. Finally, the predetermined amount of the cooled fluid was put into the coffee cups
which were covered with aluminum foil. The cups were frozen at -14∘C for 24 hours after which they
were thawed at room temperature for 24 hours. These 48 hours of freeze-thawing included one cycle.
After each freeze-thaw cycle, the samples were removed from the cups and dried with a paper tissue.
The mass of each sample was measured after every cycle to take into account the possible mass
fluctuations due to the freeze-thaw cycles. Also, a picture was taken after each freeze-thaw cycle to
study the visible changes in color and translucency of the samples. During the weekends, when the
lab is closed, the specimens were stored at 4∘C. This occurred 3 times in total. After every freeze-thaw
cycle, the specimens were mechanically tested.

9
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Figure 2.1: Specimen preparation set-up including a glass beaker containing PVA powder solved in distilled water and coolant
covered with aluminum foil placed on a stirring plate. The place is set to heat the sample until 90∘C and stirring 300 rounds per
minute. A sensor is placed in the mixture to measure the temperature.

Experimental Design
In total, 11 different combination of PVA specimens were included in this study. The specimens can
be divided into 4 groups. The first group studied the varying concentrations of PVA, the second group
focused on the effect of volume of PVA, the third group studied the effect of a coolant additive and the
last group focused on the effect of a DMSO additive. Each group included 3 different mixtures, except
the volume group, which included 2 different mixtures. Of each mixture 3 different specimens were
created which resulted in 33 specimens in total. An overview of these specimens can be seen in table
2.1.

Table 2.1: The overview of the experimental design of this study. The code used for each combination, description of the
specimen, the amount of each component (PVA, distilled water (DW), coolant and DMSO) used in the mixture, the total weight
per sample that was used of this mixture and the total samples.

N=33 PVA (g) DW (g) Coolant (g) DMSO (g) Mass/sample (g) N

A 5% PVA 2.25 45 45 3
B 10% PVA 4.5 45 45 3
C 15% PVA 6.75 45 45 3

D 90 g 9 90 90 3
E 135 g 13.5 135 135 3

F PVA:DW:C=10:(90:10) 4.5 40.5 4.5 45 3
G PVA:DW:C=10:(50:50) 4.5 22.5 22.5 45 3
H PVA:DW:C=10:(10:90) 4.5 4.5 40.5 45 3

I PVA:DW:DMSO=10:(90:10) 4.5 40.5 4.5 45 3
J PVA:DW:DMSO=10:(50:50) 4.5 22.5 22.5 45 3
K PVA:DW:DMSO=10:(10:90) 4.5 4.5 40.5 45 3

2.1.2. Mechanical Testing
In this section, the methods used to determine the mechanical characteristics of the specimens are
presented.

Unconfined Compression Tests
In order to determine the mechanical characteristics of the samples, an unconfined compression test
was used. In this test, a sample is compressed for a predetermined part (Δ𝐿) of the total length (𝐿ኺ) of
the sample, which result in the so-called strain (𝜀). The resisting force for of the sample is collected.
This force (F) and the total cross sectional area of contact between the specimen and the compression
plate (A), determine the stress (𝜎) throughout the sample. Considering the resulting stress and strain
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in the elastic region of the stress-strain curve, the Young’s Modulus of the material can be calculated
using equation 2.1.

𝐸 = 𝜎
𝜀 =

𝐹/𝐴
Δ𝐿/𝐿ኺ

(2.1)

These mechanical properties were calculated while assuming incompressibility which states that the
volume of the samples remains constant while deforming. The unconfined compression test was set
to compress the samples at a strain rate of 1 mm/min. A strain of 30% was applied on the specimens
and the data was collected with a sample rate of 2000 Hz. An unconfined compression test was ap-
plied 3 times on each sample after every freeze-thaw cycle. This resulted in a total of 99 unconfined
compression tests for each test session.

The goal of the data analysis was to construct a stress-strain curve of which visualize themechanical
behaviour of the material being compressed. A typical stress strain curve for a human soft tissue, which
PVA mimics, can be seen in figure 2.2. The stress-strain curves shows that the material presents both
non-linear as linear mechanical behaviour. First, the stress-strain curves starts with a non-linear region,
also called the ’toe-region’. This region represents the first period of the compression tests in which
the individual links or fibers, which can be folded, are not interconnected an lie loose, in the material
are flattened or rearranged. After the toe-region, the linear or elastic region of the stress-strain curve
starts. When the the links in the material are rearranged, extension of the links will occur resulting in
a linear relationship between the stress and the strain. Based on the stress and strain results in this
region, the Young’s modulus can be determined by using formula 2.1. Consequently, a plastic region
starts after the yield point in which small fractures occur in the links. Total fracture happen in the final
region of the stress strain curve after the so-called failure point.

Figure 2.2: A typical stress-strain curve of a soft tissue starting with a non-linear toe-region followed by the linear elastic region.
After the yield point, the plastic region occurs which is finished by a failure point. Figure derived from Korhonen Saarakkala
(2011) [3]

Experimental Set-Up
The unconfined compression test set-up consisted of a linear stage (Aerotech ACT115, model MTC300)
which was used to exert the force for compressing the specimens. A square metal plate with a cross
sectional area of 1681 𝑚𝑚ኼ was mounted on the linear stage to use as a compression plate. The
samples were located on an elevator plate underneath the linear stage. A paper tissue was used
between the elevator plate and the specimen to avoid the specimen from slipping away. A 22 N force
sensor (Futek, iden. LSB200) was used to measure the resisting force of the samples.
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Figure 2.3: Experimental set up of the unconfined compression test. The sample is placed on tissue located on an elevator plate.
A square metal plate functions as a compression plate.

2.1.3. Data Analysis
The raw data resulting from the unconfined compression tests consisted of the voltage output measured
over time. To convert these voltage values to force output, the linear stage was calibrated. This was
done by applying different weights onto the linear stage, varying from 0-300 g, andmeasuring the output
voltage of these weights 3 times per weight. The corresponding gravitational force of the weights was
calculated and themean of the 3measurements was determined. Themean force was used to generate
a formula to convert the voltage to force. An overview example of the voltage output values resulting
from the calibration of one test session are given in table 2.2. The corresponding determination of the
converting formula is presented in figure 2.4. Before every test session, the linear stage was calibrated.

Table 2.2: The overview of the calibration values used to convert the voltage output to force. The mass of the weights, the mean
of the 3 voltage outputs and the corresponding gravitational force (Fz) values are given.

Mass (kg) Mean Voltage (V) Fz (N)

0 0.0517 0
0.05 0.019467 0.4905
0.1 -0.012233 0.981
0.15 -0.0446 1.4715
0.2 -0.07633 1.962
0.25 -0.109433 2.4525
0.3 -0.143467 2.943
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Figure 2.4: Gravitational force (Fz) in Newton vs. the mean voltage output in Volt. The resulting converting formula calculated
by Excel is presented right next to the trend-line.

At the time of this study, the linear stage was unfortunately not able to measure the position of the
moving compression plate. The current position (Δ𝑥) was therefore determined by hand by multiplying
the passed time (Δ𝑡) by the strain rate (𝜐) following equation 2.2.

Δ𝑥 = 𝜐 ∗ Δ𝑡 (2.2)

The current position and the total length of the sample determined the strain. Besides this, the applied
force calculated by converting the voltage output and the total cross sectional area of contact between
the sample and the compression plate were used to calculate the stress. Subsequently, a stress-
strain curve could be derived for each compression test. For each subgroup, 3 samples and 3 tests
per sample resulted in 9 stress-strain curves per subgroup per test session. One mean stress-strain
curve was derived of these 9 stress-strain curves. A moving-average fit was used to smooth this mean
curve and eliminate the noise present in the data. The moving-average fit was applied based on a
number of sampling points in which a low number of sampling points is more susceptible to noise but
a high number of sampling points tends to eliminate important data. The moving-average was applied
by using a low number of sampling points and increasing it after each run. After multiple runs, the
optimal moving-average fit was found at a number of sampling points of 200. Therefore, the mean
stress-strain curve of each subgroup was averaged over 200 sampling points with a moving-average
fit. An example of a mean stress-strain curve including noise and the corresponding moving-average
are shown in figure 2.5. All the following calculations were carried out on this filtered data.

Figure 2.5: Mean stress values vs. strain values. The grey line represents the mean values of unfiltered data including noise.
The red line shows the mean-average taken over 200 sampling points.

The Young’s moduli of the samples were calculated according to equation 2.1. For each subgroup,
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the Young’s modulus was calculated by determining the strain value and its corresponding stress value
in the elastic region, also known as the linear region, of the curve. The 9 stress-strain curves per
subgroup produces 9 Young’s moduli values. A mean value of these represents the Young’s modulus
of the specific subgroup after each cycle. The standard deviation was determined considering all 9
values.

2.1.4. Extra study: Storing PVA in Water
An extra test was incorporated into this part of the project. In the MISIT lab it is common to store PVA
materials emerged into water between the freeze-thaw cycles. The reason for this is that it is thought
that this would prevent dehydration of the materials. To test if this has any effect on the materials,
an experiment was performed. In total, four samples were made of 10% PVA concentration without
additives. These samples were divided into two groups: one group which was emerged into water
between the freeze-thaw cycles and one group which was not emerged into water between the freeze-
thaw cycles. The samples were stored in tap-water. After every freeze-thaw cycle and after every period
between the freeze-thaw cycles, the samples weighted and the mass of the samples was determined.
The protocol mentioned earlier in this part of the project was used for preparing the materials.
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2.2. Results
2.2.1. Mechanical characteristics
In this section the results of the unconfined compression tests performed on the created PVA specimens
are presented. Four different groups of PVA samples were made which each focused on the following:
The first group studied the varying concentrations of PVA, the second group focused on the effect of
volume of PVA, the third group studied the effect of a coolant additive and the last group focused on
the effect of a DMSO additive. Unconfined compression tests were carried out after each freeze-thaw
cycle for 7 cycles in total.

PVA Concentration
Three different PVA concentration were used in this project: 5%, 10% and 15%. Figure 2.6 and table
2.3 present the stress-strain curves and the Young’s moduli of these different groups. An graph of the
varying Young’s moduli of these groups can be seen in figure 2.10a. Each stress-strain curve covers
the mean average of 9 unconfined compression tests on 3 different samples. A maximal strain of 0.3
was applied. The Young’s moduli were calculated using the results from a part of the elastic range of the
stress-strain curve. This part was shown to be 0.2-0.25 or 0.15-0.2 in strain values. The stress values
varied from 0 to 23.8 kPa. A variation in mechanical behaviour was observed in the stress-strain curves
and the Young’s moduli within the groups and between the groups. The stress-strain curves show a
non-linear part at the beginning of the curves for all the graphs. This non-linear part shortens when
the number of cycles increases. Besides this, a yield point is observed is all graphs, except the first
three graphs of the 5% PVA concentration. The stress-strain curves show that the yield point occurs
at a lower strain rate when the number of cycles increases. The elastic region in the curves also seem
to steepen at higher cycles. Table 2.3 and figure 2.10a show more insight in the changes in Young’s
moduli of the samples. It is observed in the PVA concentration of 5% that higher cycles complied with
higher and Young’s moduli until the 6th cycle, with an exception of the 4th cycle. The other two groups
also showed these results until the 4th cycle for both the 10% and the 15% concentration groups. An
increase in Young’s modulus is also observed for higher PVA concentrations.

(a) PVA concentration of 5% (A) (b) PVA concentration of 10% (B)

(c) PVA concentration of 15% (C)

Figure 2.6: Stress-strain curves of all groups focusing on different PVA concentrations until a maximal strain of 0.3. The stress
values varied from 0 to 23.8 kPa.
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Volume
Three different volumes were used in this project based on the total weight: small, medium and large
size, aka, 45 g, 90 g and 135 g. Each group had a PVA concentration of 10%. Figure 2.7 and 2.10b
and table 2.4 present the stress-strain curves and the Young’s moduli of these different groups. Each
stress-strain curve covers the mean average of 9 unconfined compression tests on 3 different samples.
A maximal strain of up to 0.3 was applied. Lower strains were applied for samples which were too stiff
for the sensor to collect data. A minimum strain of 0.25 was applied on each sample. The Young’s
moduli were calculated using the results from a part of the elastic range of the stress-strain curve. This
part was shown to be 0.2-0.25 or 0.15-0.2 in strain values. The stress values varied from 0 to 24.8
kPa. A variation in mechanical behaviour was observed in the stress-strain curves and the Young’s
moduli within the groups and between the groups. The stress-strain curves show a non-linear part at
the beginning of the curves for all the graphs. This non-linear part shortens when the number of cycles
increases. Besides this, a yield point is observed is all graphs, except the graphs after one cycle for
each group. The stress-strain curves show that the yield point occurs at a lower strain rate when the
number of cycles increases. The elastic region in the curves also seem to steepen at higher cycles.
The variation in Young’s moduli in these groups is seen in table 2.4 and figure 2.10b. A higher cycle
value resulted in a higher Young’s moduli until the 5th cycle for the small and medium group and until
the 4th cycle for the large group. Between the groups, a mechanical difference was also observed,
larger volumes tend to result in higher Young’s modulus values.

(a) Small, 45 g (B) (b) Medium, 90 g (D)

(c) Large, 135 g (E)

Figure 2.7: Stress-strain curves of all groups focusing on the effect of different volumes until a maximal strain of 0.3. The stress
values varied from 0 to 24.8 kPa.

Coolant
Three different specimens were created in the coolant group. The first group had a low concentra-
tion of coolant (PVA:distilled water:coolant=10:(90:10)), the second a medium concentration of coolant
(PVA:distilled water:coolant=10:(50:50)) and the third a high concentration of coolant (PVA:distilled wa-
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ter:coolant=10:(10:90)). Each sample had a PVA concentration of 10%. Figure 2.8 and 2.10c and table
2.5 present the stress-strain curves and the Young’s moduli of these different groups. Each stress-strain
curve covers the mean average of 9 unconfined compression tests on 3 different samples. A maximal
strain of 0.3 was applied on each sample. The Young’s moduli were calculated using the results from
a part of the elastic range of the stress-strain curve. This part was shown to be 0.2-0.25 or 0.15-0.2 in
strain values. The stress values varied from 0 to 24.8 kPa. A variation in mechanical behaviour was
observed in the stress-strain curves and the Young’s moduli within the groups and between the groups.
The stress-strain curves show a non-linear part at the beginning of the curves for all the graphs. This
non-linear part shortens when the number of cycles increases. Besides this, a yield point is observed
is all graphs. The stress-strain curves show that the yield point occurs at a lower strain rate when the
number of cycles increases. The elastic region in the curves also seem to steepen at higher cycles.
Table 2.5 and figure 2.10c give more insight in the variations of the Young’s moduli. A variation in me-
chanical behaviour was observed within the groups. A higher cycle value resulted in a higher Young’s
modulus until the 6th cycle for both the low and medium group. This increase was observed until the
7th cycle for the high amount of coolant group. A mechanical difference can also be observed between
the groups. The results show that a higher concentration of coolant is associated with higher Young’s
moduli. When comparing the coolant group with the 10% PVA concentration, denoted as ’Base’ in
figure 2.10c, it can be seen that the coolant group reaches higher Young’s moduli than the PVA without
coolant.

(a) Low concentration of coolant (F) (b) Medium concentration of coolant (G)

(c) High concentration of coolant (H)

Figure 2.8: Stress-strain curves of all groups focusing on the effect of different coolant concentrations until a maximal strain of
0.3. The stress values varied from 0 to 24.8 kPa.

DMSO
Three different specimens were created in the DMSO group. The first group had a low concentra-
tion of DMSO (PVA:distilled water:DMSO=10:(90:10)), the second a medium concentration of DMSO
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(PVA:distilled water:DMSO=10:(50:50)) and the third a high concentration of DMSO (PVA:distilled wa-
ter:DMSO=10:(10:90)). Each sample had a PVA concentration of 10%. Figure 2.9 and table 2.6 present
the stress-strain curves and the Young’s moduli of these different groups. Each stress-strain curve cov-
ers the mean average of 9 unconfined compression tests on 3 different samples. A maximal strain of
up to 0.3 was applied. Lower strains were applied for samples which were too stiff for the sensor to col-
lect data. A minimum strain of 0.25 was applied on each sample. The Young’s moduli were calculated
using the results from a part of the elastic range of the stress-strain curve. This part was shown to be
0.2-0.25 or 0.15-0.2 in strain values. The stress values varied from 0 to 23.3 kPa. The stress-strain
curves show a non-linear part at the beginning of the curves for all the graphs. This non-linear part
shortens when the number of cycles increases. Besides this, a yield point is observed is all graphs. The
stress-strain curves show that the yield point occurs at a lower strain rate when the number of cycles
increases for group I and K. The occurrence of the yield point in group J varies among the number of
cycles. The elastic region in the curves seem to steepen at higher cycles. A variation in mechanical
behaviour was observed within the groups. A higher cycle value resulted in a higher Young’s modulus
until the 6th and 7th cycle for the low and high concentration of DMSO groups respectively. The group
with the medium amount of DMSO showed many variations in the Young’s modulus and high standard
deviation levels. When comparing the DMSO groups with the 10% PVA concentration in figure 2.10d,
it can be seen that the low amount of DMSO groups show similar Young’s modulus levels to the 10%
PVA group. The stiffness values of the medium and high amount of DMSO groups seem a lot higher
and slightly higher, respectively.

(a) Low concentration of DMSO (I) (b) Medium concentration of DMSO (J)

(c) High concentration of DMSO (K)

Figure 2.9: Stress-strain curves of all groups focusing on different DMSO concentrations until a maximal strain of 0.3. The ’Base’
line presents the graph of group B, 10% PVA without additives.
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Table 2.3: Mean Young’s modulus values (E) in kPa per PVA concentration group: 5% (A), 10% (B) and 15% (C). The values
were measured after each freeze-thaw cycle for a total of 7 cycles. The standard deviation (SD) is denoted. Also, the part of the
elastic region (ER), given in strain values, over which the Young’s modulus was calculated is given.

A B C

E SD ER E SD ER E SD ER
Cycle 1 5.57 1.56 0.2-0.25 21.81 4.19 0.2-0.25 41.78 6.81 0.2-0.25
Cycle 2 7.18 1.85 0.2-0.25 65.91 5.29 0.2-0.25 97.68 15.01 0.2-0.25
Cycle 3 10.79 5.83 0.2-0.25 89.49 10.69 0.2-0.25 114.08 19.91 0.2-0.25
Cycle 4 18.43 7.16 0.2-0.25 91.74 27.50 0.2-0.25 114.85 24.90 0.15-0.2
Cycle 5 16.21 5.91 0.2-0.25 113.65 12.79 0.2-0.25 123.55 15.45 0.2-0.25
Cycle 6 26.45 3.28 0.2-0.25 98.65 18.58 0.2-0.25 123.57 15.45 0.2-0.25
Cycle 7 24.12 5.10 0.2-0.25 110.66 18.07 0.2-0.25 127.42 8.47 0.15-0.2

Table 2.4: Mean Young’s modulus values (E) in kPa per volume group: small (B), medium (D) and large (E). The values were
measured after each freeze-thaw cycle for a total of 7 cycles. The standard deviation (SD) is denoted. Also, the part of the
elastic region (ER), given in strain values, over which the Young’s modulus was calculated is given.

B D E

E SD ER E SD ER E SD ER
Cycle 1 21.81 4.19 0.2-0.25 28.26 2.95 0.2-0.25 35.45 6.46 0.2-0.25
Cycle 2 65.91 5.29 0.2-0.25 74.06 4.37 0.2-0.25 100.13 6.26 0.2-0.25
Cycle 3 89.49 10.69 0.2-0.25 121.71 3.29 0.2-0.25 128.48 9.86 0.15-0.2
Cycle 4 91.74 27.50 0.2-0.25 128.34 5.66 0.15-0.2 146.60 12.72 0.15-0.2
Cycle 5 113.65 12.79 0.2-0.25 145.16 6.10 0.15-0.2 140.19 17.10 0.15-0.2
Cycle 6 98.65 18.58 0.2-0.25 134.55 8.59 0.15-0.2 140.51 24.19 0.15-0.2
Cycle 7 110.66 18.07 0.2-0.25 143.83 8.61 0.15-0.2 124.41 13.97 0.15-0.2

Table 2.5: Mean Young’s modulus values (E) in kPa per coolant group: low (F), medium (G) and high (H) concentration of coolant.
The values were measured after each freeze-thaw cycle for a total of 7 cycles. The standard deviation (SD) is denoted. Also,
the part of the elastic region (ER), given in strain values, over which the Young’s modulus was calculated is given.

F G H

E SD ER E SD ER E SD ER
Cycle 1 21.66 3.74 0.2-0.25 48.37 6.29 0.2-0.25 86.39 8.94 0.2-0.25
Cycle 2 78.17 6.43 0.2-0.25 98.14 6.76 0.2-0.25 127.08 10.70 0.2-0.25
Cycle 3 110.30 10.06 0.2-0.25 105.15 11.80 0.2-0.25 127.73 15.09 0.2-0.25
Cycle 4 112.46 11.68 0.15-0.2 131.09 9.92 0.2-0.25 134.67 21.57 0.2-0.25
Cycle 5 129.95 9.98 0.2-0.25 133.62 16.26 0.2-0.25 144.90 18.86 0.2-0.25
Cycle 6 140.37 33.49 0.2-0.25 148.17 12.31 0.2-0.25 145.40 18.30 0.15-0.2
Cycle 7 117.52 13.55 0.15-0.2 145.25 19.58 0.15-0.2 151.91 13.64 0.15-0.2

Table 2.6: Mean Young’s modulus values (E) in kPa per DMSO group: low (I), medium (J) and high (K) concentration DMSO.
The values were measured after each freeze-thaw cycle for a total of 7 cycles. The standard deviation (SD) is denoted. Also,
the part of the elastic region (ER), given in strain values, over which the Young’s modulus was calculated is given.

I J K

E SD ER E SD ER E SD ER
Cycle 1 20.85 2.16 0.2-0.25 110.03 43.26 0.2-0.25 61.50 7.07 0.2-0.25
Cycle 2 55.32 3.57 0.2-0.25 120.36 34.12 0.2-0.25 69.69 6.26 0.2-0.25
Cycle 3 82.94 5.77 0.2-0.25 97.68 25.74 0.2-0.25 92.65 8.51 0.2-0.25
Cycle 4 92.01 9.76 0.2-0.25 151.15 29.30 0.2-0.25 98.23 5.19 0.2-0.25
Cycle 5 97.47 13.80 0.2-0.25 126.79 43.39 0.2-0.25 114.94 10.13 0.2-0.25
Cycle 6 120.92 8.26 0.2-0.25 132.57 46.69 0.15-0.2 127.75 20.29 0.2-0.25
Cycle 7 115.51 9.39 0.2-0.25 141.31 28.73 0.15-0.2 140.10 7.71 0.15-0.2



20 2. Part I: Material Study

(a) PVA concentration (A, B & C) (b) Volume (B, D & E)

(c) Coolant (F, G & H) (d) DMSO (I, J & K)

Figure 2.10: Stress-strain curves of all groups focusing on different PVA concentrations until a maximal strain of 0.3. The stress
values varied from 0 to 23.8 kPa.

2.2.2. Noise identification
Within sample analysis
Each sample underwent 3 compression tests per cycle. For each sample, the 3 different tests per-
formed per cycle were compared with each other to identify possible noise. For sample I3 after the
4th cycle, one test of the 3 missed, resulting in two tests performed on this sample at this point in the
experiment. This was also the case for sample F3 after the 6th cycle. After the 4th cycle, the third test
performed on sample B3 showed a higher stress-strain curve than the first and second test. This also
counted for the second test performed on sample C2 after the first cycle. Overall, the tests per sample
showed that the first test performed seems slightly higher than test two and three.

Between samples analysis
Every subgroup consisted of three samples in total. The stress-strain curves between samples within
one subgroup were compared to identify possible noise. It was observed that sample B2 and C1 had
a higher and lower stress-strain curve respectively compared to the other samples in the subgroup
after the 4th cycle. It was also observed that the samples in group J showed varying stress-strain
curves between the sample groups after the first, 4th, 5th and 6th cycle. This included higher or lower
stress-strain curves but also differences in shape between the stress-strain curves.

2.2.3. Comparison with literature
A literature study into the mechanical characteristics of prostate tissue and adipose tissue was con-
ducted to compare the these results with the results from this study. An overview of these values and
corresponding studies can be found in table 1.1 and 1.2. For prostate tissue, these results show a
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Young’s modulus range of 2.2 - 70 kPa for healthy prostate tissue, 24 - 40 kPa for prostate tissue with
benign hyperplasia and 62.9 - 221 kPa for cancerous prostate tissue. The goal of this project is to
create a cancerous prostate phantom model. Therefore, a material with a Young’s modulus of 62.9 -
221 kPa is wished. Based on table 2.3, 2.4, 2.5 and 2.6, the materials from group B (cycle 2-7), C
(cycle 2-7), D (cycle 2-7), E (cycle 2-7), F (cycle 2-7), G (cycle 2-7), H (cycle 1-7), I (cycle 3-7), J (cycle
1-7) and K (cycle 2-7) would fall into this range. Depending on the wishes for colour, transparency and
the wish to stop swelling for the usage of moulds, one can pick a specific material. For adipose tissue,
the results from literature suggest a Young’s modulus range of 0.12 - 50 kPa. The results show in the
tables 2.3, 2.4, 2.5 and 2.6, that group A (cycle 1-7), group B (cycle 1), C (cycle 1), D (cycle 1), E (cycle
1), F (cycle 1), G (cycle 1) and I (cycle 1) have Young’s modulus values that would fall into this range.

2.2.4. Visual characteristics
After every freeze-thaw cycle a photo was taken of each specimen. By doing this, visual changes could
be observed between the cycles for the specimens.

PVA concentration
The PVA samples without additives were found to be white. For group A and B, also known as, 5%
PVA and 10% PVA, the initial samples were slightly translucent. The samples became less translucent
after each cycle. This also happened for group F (low concentration of coolant). An example is shown
in figure 2.11. A few deformities were found in the PVA samples. The group with the low concentration
of PVA, group A, was found to be very soft after the first cycle which caused it to collapse to an extend
and resulted in an decreased height of the samples. The sample of the second sample of the 10%
PVA group (sample B2) was found to be askew. This was likely the cause of misplacement of the
samples in the freezer during the first cycle. The PVA samples developed small bumps at the bottom
of the sample (at the opening of the holder) which increased in size slightly after each cycle. The
development of a protrusion could be a result of swelling. These bumps were small in size and did
not need to be removed. At the first cycle, the PVA samples contained very smooth edges. After each
cycle, these edges became less smooth.

(a) F1 after Cycle 1 (b) F1 after Cycle 7

Figure 2.11: A decrease of translucency was observed after the number of cycles increased. (a) shows a low amount of coolant
sample after one freeze-thaw cycle, (b) shows the same sample after 7 freeze-thaw cycles.

Volume
As mentioned above, the PVA samples were found to be white. Also, group D and E also started off
with smooth edges which became less smooth with increasing cycle. After the second cycle, a bump
developed in two samples of the large volume group (group E) as can be seen in figure 2.12. This bump
was located on the bottom of the sample (at the side of the opening of the holder). It was protruding
is such a way that the sample could not stand without falling on its side. Because of this reason, the
bumps were cut off these specimens. This bump also developed in the medium volume group (group
D) and the third sample of the high volume group (group E) after the third cycle and was then cut off. At
the first cycle, the PVA samples contained very smooth edges. After each cycle, these edges became
less smooth.
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Figure 2.12: A bump protruding from the bottom of sample E1. The bump developed after the second freeze-thaw cycle in the
large volume group. The bump was removed after this cycle.

Coolant
The coolant which was added to the coolant groups had a bright pink colour. This caused the samples
in the coolant group to have a pink colour as well. The samples with a low concentration of coolant
(group F) had a light pink colour. An increase in coolant concentration showed a brighter pink colour
in the samples as can be seen in figure 2.13. Group H was also found to show signs of translucency.
As mentioned above, the low concentration of coolant group (group F) started off with slight sings of
translucency, which disappeared after the second cycle as shown in figure 2.11. A few deformities
were found in the coolant samples. One sample of the medium concentration of coolant group (G3)
and two samples of the high concentration of coolant group (H2 and H3) were found to be askew.
Group F also developed a small bump at the bottom of the sample which remained small in size and
was not removed. Group G and H did not develop a bump or showed any signs of swelling. All samples
contained smooth edges after the first cycle. The edges of group F became less smooth with increasing
cycle, however, the edges of group G and H remained smooth.

(a) Low concentration of Coolant (b) Medium concentration of Coolant (c) High concentration of Coolant

Figure 2.13: Pictures of the different specimens in the coolant group. (a) shows group F, (b) shows group G and (c) shows group
H. Different levels in brightness of the colour pink were found between the groups.

DMSO
DMSO was used as additive to observe its effect on the translucency of the samples. Pictures of the
differences between the DMSO groups can be seen in figure 2.14. The samples with a low concentra-
tion of DMSO (group I) showed no visible signs of translucency and were found to be white coloured.
The material of this group was found to be brittle and therefore fragile. The group with a medium con-
centration of DMSO (group J) was found to be slightly more translucent than the low concentration of
DMSO group. These samples were found to be turbid but not fully translucent. The last group with
the high concentration of DMSO (group K) were found to be more translucent than the other DMSO
groups. The samples were slightly turbid but still sufficiently translucent. The medium concentration of
DMSO group was hard to remove from the cups after the first cycle. The removal induced deformities
for the first and second samples of this group. The first sample (J1) contained a small scratch on the
head (located at the bottom of the holder) while the second sample (J2) had a severe damaged head.
The third sample (J3) was not damaged during the removal but was found to be askew. All the DMSO
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samples did not develop any bumps nor did they show signs of swelling. The samples also remained
smooth during the entire experiment.

(a) Low concentration of DMSO (b) Medium concentration of DMSO (c) High concentration of DMSO

Figure 2.14: Pictures of the different specimens in the DMSO group. (a) shows group I, (b) shows group J and (c) shows group
K. Different levels of translucency were found between the groups.

2.2.5. Mass fluctuations
After every freeze-thaw cycle, the mass of each specimen was noted. With this information, the mass
increase/decrease was observed. An overview of the mass fluctuations can be found in figure 2.15.
Each column represents the mean mass of the given group after the specified cycle. Only in the high
concentration DMSO samples (group K) a mass increase was found after the first two freeze-thaw
cycles. The highest mass decrease was found in the 5% PVA samples (group A) after the second
cycle.

Figure 2.15: Decrease in mass occurred for every group after each cycle. The mass decrease was the most evident in group A
and the least evident in group K.

2.2.6. Extra study: Storing PVA in water
Four extra samples of 10% PVA were made for an extra experiment. These samples were divided
into two groups: one group which was emerged into water in the period between the freeze-thaw
cycles (group Y) and one group which was not emerged into water in the period between the freeze-
thaw cycles (group X). The results were determined by measuring their weight after each cycle and
after each period between cycles. An overview of the determined weight of each samples after these
periods can be seen in figure 2.16. The results show mass fluctuations for all samples over time. The
greatest mass fluctuations occur during the period between freeze-thaw cycles for the group that was
emerged into water (group Y). Group X shows a slight decrease in mass over time.
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Figure 2.16: Overview of the mass fluctuations per sample. Group X describes the samples which were not emerged into water
in the period between the freeze-thaw cycles and group Y describes the samples which were emerged into water in the period
between the freeze-thaw cycles. The Y-axis denotes the freeze-thaw cycles (C1 - C5) and the periods between the freeze-thaw
cycles (P1 - P3). Mass fluctuations occurred for all samples with the most fluctuations happening in the periods between the
freeze-thaw cycles for group Y.
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2.3. Discussion
The goal of this project is to develop a mechanically tissue-mimicking phantom cancerous prostate
model of PVA material. To find the optimal mechanical characteristics of PVA, a material study was
conducted. The goal of this part of the study was to determine the mechanical characteristics of varying
PVA specimens. This was achieved by mechanically testing multiple PVA samples, varying in compo-
sition, with or without additives, by performing unconfined compression tests. Four different groups
in total were tested, one group varying in PVA concentration, one group varying in volume, one group
differing in amount of coolant additive and one group varying in amount of DMSO additive. This section
discusses the results of the material study in this project.

The stress-strain curves of the materials consisted of a non-linear part, an linear or elastic part
and a yield point. Comparing these graphs to figure 2.2, indicates that these materials show similar
mechanical behaviour to a human tissue when undergoing deformation. This is also supported by the
study of Noguchi et al. (1991) which demonstrated the biocompatible qualities of PVA and its similar
mechanical characteristics to human tissue [42]. These findings show that PVA, in terms of mechanical
behaviour, is able to mimic human tissue.

The results show that the Young’s moduli increase after each freeze-thaw cycle until minimally the
4th cycle. This could be due to the increased crosslinks, contributing to the strength and stiffness of
the material, that are formed under low temperatures during each freeze-thaw cycle. These findings
prove that freeze-thaw cycles can be used to adapt the Young’s modulus of PVAmaterial in a controlled
matter. This finding is confirmed by multiple studies which investigated the effect of freeze-thaw cycles
on the mechanical characteristics of PVA [43, 44, 51]. The results also show that the Young’s moduli
increase for higher concentrations of PVA. Higher stiffness of the material can be contributed to more
crosslinks that have formed due to the increase of particles per volume unit. The study by Wahab et al.
(2019) found higher Young’s moduli for higher concentrations of PVA and thereby confirms this finding
[52]. Larger volumes were also found to give higher Young’s moduli values. These results for larger
volumes can also be attributed to the development of more crosslinks in the larger material. Larger
volumes therefore cause higher stiffness values.

The results also show higher stiffness values for PVA material with coolant additive compared to
PVA without coolant additive. This is in contrast with the original hypothesis. It was hypothesized that
adding coolant would decrease the stiffness values. Lowering the freezing point, which can be an effect
of adding coolant, would cause a decrease in the formation of crosslinks and therefore a lower stiff-
ness value of the material. However, during the experiment it was observed that the samples including
the coolant were all frozen during the freezing periods. The coolant did therefore not prevent the total
freezing of the materials. An explanation for the higher Young’s moduli can lie in the structure formula
of ethylene glycol, present in the coolant. This material consists of two OH-groups which are each able
to form 3 hydrogen bonds, which makes a total of 6 hydrogen bonds possible. This is equal to the
amount of hydrogen bonds that water can form. However, ethylene glycol also consists of two 𝐶𝐻ኼ-
groups whichmakes it an organic structure. Asmentioned in the introduction of this project, freeze-thaw
cycles induce the formation of crosslinks based on hydrogen bonds between organic structures. PVA
solved in water creates the crosslinks between the PVA molecules. However, when coolant is added,
more organic structures with a hydrogen bonding group are present and therefore, more crosslinks can
be formed. In this case, besides the PVA-PVA crosslinking, formation of crosslinks between PVA and
ethylene glycol can also occur. This would increase the number of crosslinks in the material and can
therefore cause a higher stiffness value. It can be concluded that using coolant as solvent for PVA,
compared to distilled water, increases the Young’s modulus of the material.

DMSO was found to have a slightly increasing effect on the Young’s modulus values when compar-
ing these materials to PVA without additive. Since DMSO is also an organic structure, as is ethylene
glycol, one would expect that the Young’s moduli for the DMSO material would have increased more.
The results show however that adding coolant results in a higher increase in Young’s modulus than
DMSO does. This can be explained by the structure formula of DMSO. As mentioned before, both wa-
ter and ethylene glycol have two OH-groups which can in total form 6 hydrogen bonds. The hydrogen
bonding part in DMSO consists of an oxygen group (O) which is able to form two hydrogen bonds. This



26 2. Part I: Material Study

causes the formation of less hydrogen bonds compared to the coolant materials. Since the formation
of crosslinks is based on hydrogen bonds, this also results in less formation of crosslinks and there-
fore lower increase in Young’s modulus. It can be concluded that using DMSO as a solvent for PVA,
compared to distilled water, slightly increases the stiffness values, but not as much as adding coolant
does.

It should be noted that the samples group J were damaged or had a skewed head. The DMSO
samples were stuck tightly to their surrounding cups and therefore difficult to remove undamaged. The
stress-strain curves of these samples also showed frequent present noise in the sense that they did not
all match in height and shape. The varying Young’s moduli and high standard deviation levels confirm
the fact that the results from these tests are not reliable. This makes it hard to draw any conclusion on
this group.

It was observed that the stress-strain curve of the first test of the 3 tests performed on each sample
was higher than the following two tests. This results was however minimal and can be explained by the
presence of more water in the material during the first test. During the first test water was pressed out.
Less water in the material can cause lower stiffness levels and lower stress-strain curves. This result
was however minimal. It was also observed that the noise frequency in each individual test, as seen
in figure 2.5, was reasonably high. A moving average was used to filter this noise. The noise in the
raw data can be decreased by using other improved experimental materials. However, for this study,
the results are reliable due to the minimal noise present per sample and the used filter. Therefore the
used materials and results are judged to be sufficient reliable.

The visual characteristics clearly show differences between the material groups. PVA shows to
have a white color while the added coolant causes a pink color for the material which increase in inten-
sity with more added coolant. Also, the results show that DMSO induce transparency in the material.
A high concentration of DMSO is necessary to achieve sufficient transparency (demiwater:DMSO ratio
of 10:90). The pictures also show that swelling and less smooth edges emerged in the PVA material
without additives and PVA material with little added coolant. These swellings and unsmooth edges
occurred more often as the freeze-thaw cycles increased. As mentioned before, PVA is known to be a
heterogeneous material. This heterogeneity might cause the swelling and the unsmooth edges. This
would also explain the increase in occurrence of the swelling and unsmooth edges with increasing
freeze-thaw cycles as more crosslinks occur which are known to increase the heterogeneity. Coolant
and DMSO, when added in sufficient amounts, might have a smoothening influence over the material.
Further research is needed to examine any effects on the heterogeneity of the material.

The mass fluctuations of the materials all show a decrease in total mass over time. The 5% PVA
material shows the most mass decrease of all samples. The mass decrease can be explained by dry-
ing of the material over time. This also explains the highest mass decrease of the 5% material which
contains the most water of all the samples and is therefore more prone to drying. Keeping the material
in an air-tight casing during the storing periods in the experiment can prevent dehydration. This keeps
the mass of the material as constant as possible.

An extra study in the effect of adding tap water to PVA during the storing periods was performed
on four PVA samples with equal concentrations. During the storage periods in the weekends, two of
these samples were submerged into tap water while the other two were stored without tap water. The
mass of these samples was determined after each cycle and after each weekend. Unfortunately, due
to technical difficulties, it was not possible to determine the Young’s modulus of these materials during
these experiments. The extra study on the mass fluctuations of PVA material shows that more mass
decrease takes place when submerged into water. The decrease in mass could have two possible
causes. First, it is possible that the material dissolves in the surrounding water. secondly the material
may discharge its water outward. Both causes can have an influence on the stiffness of the material.
To keep the materials as constant as possible, it is advised to not add water to the material during the
experiment.

Based on this material study, the following can be concluded:
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• PVA can form a material which, based on its Young’s modulus, can mimic prostate tissue and
adipose tissue.

• The number of freeze-thaw cycles applied to PVA influences its mechanical characteristics. An
increase in number of freeze-thaw cycles tends to increase the Young’s modulus of the material.

• The concentration of PVA used in the material also has an influence on its mechanical character-
istics. Increasing the concentration leads to a higher Young’s modulus.

• The volume of the material influences the Young’s modulus of the material. Larger volumes give
higher Young’s moduli values

• Using coolant in the solvent used for PVA also has an influence on the mechanical characteristics
of the material. Using this additive in the solvent, when lowering the amount of demiwater, tends
to increase the Young’s modulus.

• Adding DMSO to the solvent for PVA has an influence on the mechanical characteristics of the
material. Using this additive in the solvent, when lowering the amount of demiwater, tends to
increase the Young’s modulus slightly.

• Adding tap water to PVA materials during storage has an influence on the mass of the material
and can cause mass fluctuations.

It is recommended to perform even more research in PVA materials, its additives and its mechani-
cal characteristics. Using larger samples sizes, more variations in PVA concentrations, volumes and
method of adding other materials will give an even better insight in the behavior of this material.

2.3.1. Recommendation for Part II
The prostate phantom which will be made in part II of this study has a list of requirements. The Young’s
modulus of the material used for the prostate and adipose tissue should mimic the Young’s modulus of
the equivalent human tissue. The results suggest multiple materials combinations which would fall into
this range of prostate tissue and adipose tissue. When considering another requirement, the trans-
parency that is needed for both the cancerous prostate tissue and the adipose tissue, one possible
material is left. The results show that group K (high concentration of DMSO) contains the best trans-
parency and the only sufficient transparency characteristics. Therefore, this material will be used for
both the prostate and the adipose tissue. Finally, considering the requirement to make the phantom
easy to build, it is considered to use as less as freeze-thaw cycles as possible. To increase the Young’s
modulus, an increase in PVA concentration will be used rather than an increase in freeze-thaw cycles.
This is especially necessary for the adipose tissue since this study has not shown Young’s moduli of
this transparent material which fall into the adipose tissue range. To achieve a stiffness value into this
range, the PVA concentration should be lowered.
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Part II: Phantom Design

This section describes the design process and the manufacturing process of the prostate phantom.
Because of the broad range found in literature for both prostate tissue as adipose tissue, a goal was
set to create three different prostate phantoms. Each model would have a different Young’s modulus
for both the prostate as the adipose tissue with the following goal: Model 1 with a low Young’s modulus,
model 2 containing a medium Young’s modulus and model three having a high Young’s modulus. Each
Young’s modulus was set to fall into the range of the found cancerous prostate tissue (62.9 - 221 kPa)
and adipose tissue (0.12 - 50 kPa).

3.1. Previous work
Literature reports multiple studies focusing on prostate phantom models which can be used for testing
instruments [5, 24, 25, 53, 54]. Yan et al. (2009) [53] collected prostate samples from patients who
underwent radical prostatectomy. These prostate samples were placed in a polyvinylchloride phantom,
creating a phantom model including real prostate tissue and surrounding phantom material which can
be seen in figure 3.1c. A major advantage is the presence of real prostate tissue in this model which
forms the best material for testing new instruments. However, the usage of this tissue also makes it
harder to reproduce since real prostate tissue is rarely available. For reproduction purposes and ease
of manufacturing, which is required in this project, it would be best to use biomaterials and not real
tissue samples. Li et al. (2015) [54] used many parts to create an complete prostate phantom model
including an entire pubic bone and a template for needle insertion. This would create a high level of
geometrical correctness. However, due to the entire pubic bone that was used, the phantom model is
large and not easy to transport or reproduce which is required for this project, as can be seen in figure
3.1a. Hungr et al. (2012) [5] and Cao et al. (2013) [24] created a simplistic phantom model including a
prostate, rectum and surrounding tissue. These models are shown in figures 3.1d and 3.1b This pro-
vides a good base model to test new instruments on. What is lacking is an opening for needle insertion
and more surrounding tissues are needed to mimic a human prostate area and satisfy the requirements
of this project. Also, for demonstrative purposes, transparent tissues are needed. Chiu et al. (2020)
[25] developed the most recent prostate phantommodel which is shown in figure 3.1e. The geometrical
design provides multiple parts surrounding the prostate phantom, as an urethra and rectum. The rec-
tum is made by using an inlet which is placed in the surrounding tissue. After manufacturing this inlet
can be removed which creates a hole for an ultrasound probe where probe to material contact, also
known as probe to rectum contact, is possible. This is necessary to use an ultrasound probe. Also, the
model is compact and easy to transport but the model does not provide heterogeneous surrounding
tissue around the prostate and not transparent casing. For this project, it is required to create a model
which has good demonstrative qualities, geometrical correctness and mechanical correctness. Each
of these studies used a casing to surround all the parts in the phantom model. A translucent casing
would be ideal since this would make the phantom model eligible for demonstrations.

29
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(a) Phantom by Li et al. (2015) [54] (b) Phantom by Cao et al. (2013) [24]

(c) Phantom by Yan et al. (2009) [53] (d) Phantom by Hungr et al. (2012) [5]

(e) Phantom design by Chiu et al. (2020) [25]

Figure 3.1: Multiple prostate phantom models found in previous work. Different designs are used as well as varying materials.
Each models uses a casing to surround the inlaying materials and present the model.

Overall, these phantom models are valuable resources and form a good inspiration for the phan-
tom design of this project. However, neither of these studies focused on achieving mechanical and
geometrical correctness and create a demonstrative phantom model. To satisfy the goal of creating
a phantom model which can be used to test new instruments, better matching materials and a more
precise design is both necessary.

3.2. Design
The introduction of this project describes the list of requirements for the prostate phantom model. This
includes geometrical correctness: the phantom should include an prostate, urethra, adipose tissue,
a rectum, an opening for needle insertion and a needle insertion template. The tissues should have
similar shape and sizes to that of a human. Additionally, a pubic bone can be added to simulate
blockage of the prostate when entering a needle. The mechanical characteristics of the prostate and
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adipose tissue parts of the phantom should be similar to that of real tissue. This means that the Young’s
modulus of the prostate should fall into the X-X kPa range and the adipose tissue should fall into the X-
X kPa range. The model will be used for demonstrative purposes which requires the prostate, adipose
tissue and the casing to be transparent. Also, a rectum is necessary to insert an ultrasound probe which
can be used to perform ultrasound imaging on the prostate which is usually done during brachytherapy.
Finally, the phantom should be practical which includes that the model has to be transportable, durable,
reproducible and easy to manufacture. Based on these requirements and on the previous work found
in literature, a design was made of the phantom prostate including all the relevant tissues/organs which
can be found in figure 3.2. The needle insertion side is located behind the template. Additionally, a
pubic bone can be added to this design. The results from the material study performed in part I of this
project will be used to select the materials which will fall into the required Young’s modulus range for
the prostate and the adipose tissue.

Figure 3.2: Example design of the prostate phantom model. The model includes the prostate and the relevant tissues around
the prostate which interact with the instruments during brachytherapy treatment.

3.3. Methods
The following section described the designing and manufacturing process of the prostate phantom
models.

3.3.1. Casing
A casing was made to surround the phantom. The material chosen for the casing was 4 mm thick Poly-
methyl methacrylate. This material is known for its excellent transparent properties which is necessary
to make the insight of the phantom visible. The material is also known to be a very strong material
and easy to make watertight which is also necessary in the creation of this phantom. A SolidWorks
template made by M. de Vries was used as the base for this model. It consisted of a rectangle shaped
box which had the right dimension to include a prostate, urethra, rectal opening and a pubic bone (120
x 120 x 208 mm). The model was adapted for this phantom and the final design can be seen in figure
3.3. A rectangle opening was made in the front of the casing of 50x50 mm. Through this opening,
needle puncture will be made possible. Another round opening with a 26 mm diameter was made at
the front of the casing through which a rectal insert can be placed. The final design was made in the
program SolidWorks 2020. The casing was made by lasercutting the drawing of a 4mm thick Poly-
methyl methacrylate plate. The sides, front, back and bottom of the casing were glued together with
Acrifix 192. After 24h drying time, the inner and outer grooves which were still open were covered in
a layer of Acrifix 192. This made the casing water tight. The top of the casing was left off during the
manufacturing phase. During the manufacturing period of the phantom, the front openings were closed
off with a polymethyl methacrylate plate and a rectum insert. These were made water tight by closing
the objects off to the casing with sealant tape (polyestershoppen.nl, SK2ST200-1). In total, 3 casings
were made which each had the same features.
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Figure 3.3: Casing of the prostate phantom model. The model is made of transparent PMMA material with 4 mm thickness. The
outer dimensions of the casing conclude 120 x 120 x 208 mm. An opening is present at the front which enables needle insertion.
A round opening is made for a rectal insert.

3.3.2. Rectum
An insert was created to simulate a rectum inside the casing. The purpose of the insert is to create
a rectal opening. This is necessary for the use of a rectal probe when applying ultrasound during the
brachytherapy procedure. When using a rectal probe during ultrasound, probe-to-rectum contact is
necessary. Therefore an insert was made which can be covered in PVA mimicking adipose tissue.
When the PVA is finished, the rectal insert can be removed after which a rectal opening is created. The
insert design was made in the program SolidWorks 2020. The design was 3D printed with an Ultimaker
3 printer using polylactic acid (PLA) as print material. The insert, with a diameter of 26 mm, was placed
through the opening in the casing and left there during the entire manufacturing process as can be seen
in figure 3.4. Sealant tape was applied between the casing and the outer part of the insert to close off
possible grooves and make the casing watertight. In total, 3 rectal inserts were made, one for each
model and each having the same features.

Figure 3.4: Casing of the prostate phantom model including the rectum insert. The grooves between the rectum and casing are
covered with tacky tape to make the casing water tight. The opening for needle insertion is covered with a PMMA plate and the
grooves are also covered in tacky tape to make it water tight.

3.3.3. Prostate and Urethra
A prostate phantom was made by using a pre-designed mould made by C. Stockley, L. Bennett and L.
Wymenga (2020) [55]. This mould was made based on DICOM files of medical MRI and ultrasound
scans of multiple prostates, simulating the shape and size of a real prostate as best as possible. The
simulated prostate made by the mould had a volume of 45 ml. The mould consisted of two parts and
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had two 6 mm diameter outer openings at the sides through which a tube can be inserted, simulating an
urethra passing through the prostate. The two halves of the mould can be seen in figure 3.5a. Another
opening is present at the top through which the prostate material can be poured. The mould was 3D
printed with an Ultimaker 3 printer using tough PLA as the selected material.

A 6 mm diameter wide polymethyl methacrylate tube (Bowden Tube 1266) was used to simulate an
urethra. The material polymethyl methacrylate was selected because it is known for is good chemical
resistance. Since the tube will be covered in DMSO, which can chemically damage other materials, it
was necessary to select a material which can withstand chemical stress.

The two halves of the mould were put together and the tube was inserted inside the mould. Four
M4 bolts and screws were used to keep the two halves of the mould together. Sealant tape was applied
on the outer groove of the mould and on the outer groove between the tube and the mould to make it
water tight. The result of this step is shown in figure 3.5b.

(a) Two halves of the Mould (b) Finished Mould

Figure 3.5: The two halves of the prostate mould (a) and the two halves of the mould placed on top of each other, sealed with
M4 bolts, including an urethra model and closed of with tacky tape (b).

For the 3 models that were made, 3 different prostates were created. The material used for the
prostate consisted of PVA powder, demiwater and DMSO. This combination was chosen to make the
prostate transparent. A high level of DMSO was used (demiwater:DMSO=10:90) as a solvent since the
material study in this project showed that this combination produced the best transparent properties.
PVA material needs at least one freeze-thaw cycle. After making the prostate material, this material
is poured over with PVA adipose tissue material, which also needs at least one freeze-thaw cycle.
This means that the prostate material undergoes at least two freeze-thaw cycles. To reserve the time
needed to create a model and thereby see to an easier manufacturing process, it was decided to apply
two freeze-thaw cycles in total. The PVA concentrations needed for the material was adapted keeping
the demiwater:DMSO ratio (10:90), the two freeze-thaw cycles and the Young’s moduli values for a
cancerous prostate in mind.

The material study in the first part of this project estimated the Young’s modulus of 10% PVA in the
specific demiwater:DMSO ratio to be around 69.69 kPa after two freeze-thaw cycles. These results can
be used to estimate higher PVA concentrations and the effect of adding DMSO to higher concentrations.
Increasing 10% (65.91 kPa) to 15% (97.68 kPa) PVA resulted in a rise in Young’s modulus of 1.48
times after two freeze-thaw cycles. Assuming this multiplication factor also holds for increasing 15%
to 20%, the Young’s modulus for 20% PVA after two freeze-thaw cycles is estimated to be 144.57
kPa. Observing the difference between 10% PVA without additive (65.91 kPa) and 10% PVA with a
demiwater:DMSO ratio of 10:90 (69.69 kPa) it can be assumed that replacing the demiwater with DMSO
causes an increase of 1.06 times of the Young’s modulus after two freeze-thaw cycles. Assuming
this increase number also counts for the other PVA concentrations after two freeze-thaw cycles, the
influence of adding DMSO to 15% PVA can be calculated. Increasing the Young’s modulus of 15%
PVA without additive (97.68 kPa) with 1.06 times would result in a Young’s modulus of 103.54 kPa
for a material of 15% PVA with a demiwater:DMSO ratio of 10:90. Multiplying the estimated Young’s
modulus of 20% PVA concentration (144.57 kPa) gives a stiffness value of 153.24 kPa for 20% PVA
concentration with a demiwater:DMSO ratio of 10:90. An overview of all these mentioned Young’s
moduli values can be seen in table 3.1. This gives the following Young’s moduli for the prostate tissue
material for the three models: model 1: 69.69 kPa, model 2: 103.54 kPa and model 3: 144.57 kPa.
These values fall into the cancerous prostate range found in literature.
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Table 3.1: Overview of the Young’s moduli for the materials with and without DMSO as additive after two freeze-thaw cycles.
Estimated values are given in cursive.

PVA No additives (kPa) Adding DMSO (kPa)

10% 65.91 69.69
15% 97.68 103.54
20% 144.57 153.24

Following this estimation, a PVA concentration of 10%, 15% and 20% with DMSO additive would
each result in a higher Young’s modulus after two freeze-thaw cycles, while these values still fall into the
range of a cancerous prostate. A maximum of 20% PVA was selected since pre-testing showed that a
higher PVA concentration could not guarantee transparency in the material. Choosing the concentra-
tions 10%, 15% and 20% would provide three different models, which are transparent, with increasing
Young’s moduli which would each lie in the cancerous prostate Young’s moduli range. Therefore the
following PVA concentrations were chosen for the prostate material: 10% PVA for model 1, 15% PVA
for model 2 and 20% PVA for model 3. The prostates were each made following the PVA preparation
protocol used in Part I of this project. Each prostate was given one freeze-thaw cycle of in total 48
hours. An examples of one of the prostate models can be seen in figure 3.6a. After this freeze-thaw
cycle, a cubic black plastic target of 2x2x2 mm was placed inside the prostate at the top. This target
can be used in future research investigating the displacement of the target after needle insertion and
with that the displacement of the prostate. Next to that, it also functions as a target to reach for newly
developed steerable needles. The target was place in the top of the prostate since here it is best viewed
for displacement studies as can be seen in figure 3.6b. Besides this, it is also a place hard to reach with
non-steerable needles since it can be blocked by a part of the pubic bone. In this way, by reaching the
target with the steerable needle, the needle can show its potential. A suspension system was made
to add the prostate to the casing. Two aluminum beams were taped with duct tape and tacky tape to
the front and the back of the casing. The beams were placed in the middle of the casing. The prostate
was hanged at these beams by taping the urethra to the beams with duct tape. The height between
the bottom of the casing and the top of the prostate concluded 7.6 cm. The prostate was positioned
1 cm above the rectum. The distance between the opening of the casing and the prostate was 7 cm.
The suspension system can be viewed in figure 3.7b. After placement in the casing, it was covered in
adipose tissue material and given another freeze-thaw cycle of 48 hours in total.

(a) Prostate Model (b) Implant

Figure 3.6: A finished prostate model including an urethra inside the mould (a). An implant inserted in the top of the prostate
model meant as a target for steerable needles (b).

3.3.4. Pubic arch
A pubic bone was added to the phantom design to simulate a part of the pubic arch which can block
needles during brachytherapy from reaching the prostate. Since this ’blocking’ is not always present
andwhen it is, it varies a lot among patients, it was decided to create three different ’blockage situations’.
Model 1 received no pubic arch and therefore no blockage was applied, in model 2 the prostate was
covered by a small part of the pubic arch and model 3 received a large part of the pubic arch which
resulted in a large blockage of the prostate. A free-accessible stl file of the entire pubic bone made
by the Database Center for Life Science was used to create the two models of the pubic arch [56]. A
part of the pubic arch small in height and a part longer in height was cut out of the 3D model. The
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first one represents the small blockage pubic arch and the second one consists of the large blockage
pubic arch. The models were 3D printed with an Ultimaker 3 printer using white tough PLA as print
material which can be viewed in figure 3.7a. An aluminum beam was used as a suspension system
for the bones. The bones were attached at the top with sealant tape to the aluminum beam which was
placed on the top of the casing 3 cm away from the front. The beam was also attached to the casing
with sealant tape to prevent it from moving. The suspension system of the pubic arch can be seen in
figure 3.7b.

(a) Pubic Arch Models (b) Assembly

Figure 3.7: Two models of the pubic arch (a). Above: the smaller model of the pubic arch designed for phantom model 2. Below:
the larger model of the pubic arch designed for phantom model 3. An assembly of all the objects shows the final model before
adding the adipose tissue material (b).

3.3.5. Adipose tissue
The adipose tissue consisted of 2.4 litres of PVA material. The goal for this material was to be trans-
parent and to have a Young’s modulus value falling in the range of adipose tissue found in literature.
Furthermore, each model should have a different Young’s modulus value. To make the material trans-
parent, the solvent DMSO was used again. The ratio between demiwater and DMSO of 10:90 was
used which was also used for the prostates. As mentioned in the previous section, to not extend the
manufacturing time, the material used for adipose tissue was set on receiving one freeze-thaw cycle.
Since the stiffness values of adipose tissue found in literature were so low, a low level of PVA con-
centration was needed for this material. The value for the 10:90 ratio between demiwater and DMSO
added to 10% PVA after one freeze-thaw cycle (61.50 kPa) exceeds the maximal value of the stiffness
ratio of adipose tissue. Therefore, the PVA concentration used for these models must be lower than
the 10%. The lowest value of PVA concentration was set on 3% since pre-testing showed that lower
concentrations resulted in a material which was found to be too fluid. For the other models, the concen-
tration was slightly increased to maintain the low Young’s modulus value. This resulted in the following
PVA concentrations: 3% PVA for model 1, 5% PVA for model 2 and 7% PVA for model 3. The results of
the materials study in part I gave a Young’s modulus value of 5.57 kPa and 21.81 kPa for 5% and 10%
PVA without additive, respectively, after one freeze-thaw cycle. These results can be used to estimate
higher PVA concentrations and the effect of adding DMSO to lower concentrations. A multiplication
factor of 3.916 between the 5% and 10% PVA without additives after one freeze-thaw cycle can be
observed. When calculating the stiffness values for 3% and 7%, a decrease and increase of 2% (40%
of the 5% range) compared to the 5% is needed. It is assumed that the multiplication factor of 3.916
also holds for this range, and covers a 5% range. A multiplication factor of 1.566 (40% of 3.916) can
be used to determine increases and decreases of 2% in this range. Multiplying 5.57 kPa with 1.566
gives a Young’s modulus value of 8.72 kPa for a 7% PVA concentration. Dividing 5.57 kPa by 1.566
gives a Young’s modulus of 3.56 kPa for a 3% PVA concentration. The material study also showed that
the Young’s modulus of 10% PVA (21.81 kPa) is increased with a multiplication factor of 2.820 when
adding a solvent of demiwater:DMSO (10:90) (61.50 kPa) after one freeze-thaw cycle. It is assumed
that this multiplication factor also holds for the calculation of lower concentration ranges. Multiplying
the Young’s moduli, and estimated Young’s moduli, of 3%, 5% and 7% PVA with a multiplication fac-
tor of 2.820 gives the following results: 10.04, 15,71 and 24.59 kPa for 3%, 5% and 7%, respectively,
with demiwater:DMSO additive (10:90) after one freeze thaw cycle. An overview of all these mentioned
Young’s moduli values can be seen in table 3.2. This gives the following Young’s moduli for the adipose
tissue material for the three models: model 1: 10.04 kPa, model 2: 15.71 kPa and model 3: 24.59 kPa.
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Table 3.2: Overview of the Young’s moduli for the materials with and without DMSO as additive after two freeze-thaw cycles.
Estimated values are given in cursive.

PVA No additives (kPa) Adding DMSO (kPa)

3% 3.56 10.04
5% 7.18 15.71
7% 8.72 24.59

The adipose tissue materials were each made following the PVA preparation protocol used in Part
I of this project except the cooling time was increased from 20 minutes to 60 minutes since the large
volumes needed a longer time to cool down. The material was added to the assembly and frozen for
24 hours after it was thawed at room temperature for 24 hours.

3.3.6. Template
A template was made to guide the brachytherapy needles during the treatment. Using the program
SolidWorks, a 3D model of the template was made which would cover the opening in the casing. Also
a cover was made which would keep the template in place. The template consisted of 81 insertion
spots for the needles which each had a diameter of 1.8 mm. The total dimensions of the template were
59.5 x 59.5 x 9.5 mm. The holder was build around these dimensions. The template and its holder were
printed with an Ultimaker 3 printer using the material PLA. The 3D model of template and its holder can
be seen in figure 3.8. The holder was mounted onto the models after they were finished with Acrifix
192. The template moved into its place inside the holder.

(a) Template (b) Holder

Figure 3.8: A 3D model of the template meant to guide the needles during brachytherapy (a) and the holder to keep the template
in place (b)
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3.4. Results
In this section the results of the manufacturing process of the prostate phantom models are presented.
In total, three different models were made. Model 1 contains low Young’s moduli for the prostate and
adipose tissue and has no pubic bone. Model 2 contains medium Young’s moduli for the prostate
and adipose tissue and a small pubic bone which blocks the prostate. Finally, model 3 contains high
Young’s moduli for the prostate and adipose tissue and a large pubic bone which blocks the prostate.

3.4.1. Model 1
Model 1 consist of a transparent casing including a prostate phantom, an urethra phantom and and
adipose phantom. The prostate was made of 10% PVA which was solved in a mixture of demiwater and
DMSO (10:90) in which a black tracker was inserted at the top of the prostate. Two freeze-thaw cycles
were applied on this material. The adipose tissue material consisted of 3% PVA which was solved in
a mixture of demiwater and DMSO (10:90). In total, this adipose material underwent one freeze-thaw
cycle and consisted of about 2.5 L. The material did not satisfy the expectations of transparency. The
material is slightly transparent but it is too cloudy and not transparent enough to sufficiently observe
a needle. Because of this, the prostate material and urethra are also hard to see. The rectum insert
can be seen through the cloudy material. Figure 3.9 shows model 1 and its transparency. Note that
the transparency is not well captured on pictures, in real life the transparency seems improved. The
material that was used for the adipose tissue turned out very soft and almost liquid. Because of this
the material does not seem strong and collapses under its own weight. This caused the height of the
material to fall lower. The rectal insert can be removed but because of the softness of the material,
the hole that is left is filled with adipose material which collapses under its own weight. However,
a ultrasound probe can still be inserted since the material also easily slide away when the insert in
reinserted again. This also results in a good contact between the probe and the material.

(a) Model 1 (b) Side-view (c) Upper-view

Figure 3.9: Model 1 (a) the side-view (b) and the upper-view (c). The model includes a prostate, urethra and adipose tissue. In
front, the template for guiding the needles and the front of the rectal insert can be seen.

3.4.2. Model 2
Model 2 consist of a transparent casing including a prostate phantom, an urethra phantom, a small
pubic bone and and adipose phantom. The prostate was made of 15% PVA which was solved in
a mixture of demiwater and DMSO (10:90) in which a black tracker was inserted at the top of the
prostate. Two freeze-thaw cycles were applied on this material. The adipose tissue material consisted
of 5%PVAwhich was solved in amixture of demiwater and DMSO (10:90). In total, this adiposematerial
underwent one freeze-thaw cycle and consisted of about 2.5 L. The material was more transparent than
the material used in model 1. However, there is still a bit cloudiness present. The pubic bone, rectum
insert and urethra can be seen through the material. The contours of the prostate are still hard to view.
Figure 3.10 shows model 2 and its transparency. Note that the transparency is not well captured on
pictures, in real life the transparency seems improved. The material that was used for the adipose
tissue turned out soft but more stiff than the material used in model 1. The pubic bones are situated in
front of the prostate and can be viewed well.
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(a) Model 2 (b) Side-view (c) Upper-view

Figure 3.10: Model 2 (a) the side-view (b) and the upper-view (c). The model includes a prostate, urethra, a small pubic bone
and adipose tissue. In front, the template for guiding the needles and the front of the rectal insert can be seen.

3.4.3. Model 3
Model 3 consist of a transparent casing including a prostate phantom, an urethra phantom, a large
pubic bone and and adipose phantom. The prostate was made of 20% PVA which was solved in
a mixture of demiwater and DMSO (10:90) in which a black tracker was inserted at the top of the
prostate. Two freeze-thaw cycles were applied on this material. The adipose tissue material consisted
of 7%PVAwhich was solved in amixture of demiwater and DMSO (10:90). In total, this adiposematerial
underwent one freeze-thaw cycle and consisted of about 2.5 L. The material was more transparent than
the material used in model 1 and 2. The material shows to be sufficiently transparent. The pubic bone,
rectum insert and the urethra can be seen very well through the material. Also, slight contours of the
prostate can be viewed. Figure 3.11 shows model 3 and its transparency. Note that the transparency
is not well captured on pictures, in real life the transparency seems improved. The material that was
used for the adipose tissue turned out soft but more stiff than the material used in model 1 and 2. The
pubic bones are situated in front of the prostate and can be viewed well. The left pubic bone has moved
a little backwards during the freezing process. However, the bone remains sufficiently situated in front
of the prostate.

(a) Model 3 (b) Side-view (c) Upper-view

Figure 3.11: Model 3 (a) the side-view (b) and the upper-view (c). The model includes a prostate, urethra, large pubic bone and
adipose tissue. In front, the template for guiding the needles and the front of the rectal insert can be seen.
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3.5. Discussion
The goal of this part of the study was to design and manufacture a cancerous prostate phantom model.
In total, 3 different models were made: model 1 containing a low Young’s modulus, model 2 containing
a medium Young’s modulus and a small pubic bone and model 3 containing a high Young’s modulus
and a large pubic bone. Based on the results of part I and a literature study on the mechanical charac-
teristics of a cancerous prostate and adipose tissue, materials were chosen for these models.

The geometrical requirements describing the size and location of the prostate in the models were
met. A prostate was made of 45 ml (required minimum of 40 ml), positioned 10 mm above the rectum
(required range of 0-37 mm) and at 70 mm distance from the front of the casing (required range of
49-72 mm). The urethra had a required diameter of 6 mm and the rectum a minimal diameter of 19
mm, namely 26 mm. A needle insertion opening of 50x50 mm was included at the front of the casing
(required minimum of 30x40 mm) The mechanical requirements of the prostate material (62.9 - 221
kPa) and adipose material (0.12 - 50 kPa) was also met for model 1 (prostate: 69.69 kPa, adipose
tissue: 10.04 kPa), model 2 (prostate: 103.54 kPa, adipose tissue: 15.71 kPa) and model 3 (prostate:
144.57 kPa, adipose tissue: 24.59 kPa). Furthermore, the demonstrative qualities requirements stated
that the casing and prostate material should both be transparent. This was achieved in all the models.
However, the adipose tissue material should also be transparent. It was not possible to sufficiently see
all the parts included in model 1 and 2. Therefore, the transparency requirement of these models for
the adipose tissue material was not met. For model 3, is was possible to view all the different parts
and the adipose tissue material in this model was therefore sufficiently transparent. Besides this, the
practical requirement of the models were also met. The surrounding casing included dimensions of
120x120x208 mm while the maximal allowed dimensions were set on 300x300x300 mm. Upon writing
this thesis, the models were kept for 3 weeks in the fridge and still in perfect shape while a durability
of at least one week was required. The manufacturing process took place in the MISIT lab at the 3mE
faculty using the present materials and equipment. The total manufacturing time of one model was 5
days in total which is less than the maximal allowed time of one week. It can be concluded that model
3 met all the requirements set for this project.

The results have shown that using a 10:90 mixture of demiwater and DMSO as a solvent of PVA
results in a transparent prostate model of 45g. Due to the small size of the prostates, a mass of 45g
each, the phantom showed sufficient transparency.

However, the results also show that PVA in combination with demiwater and DMSO (10:90) is a
minimal sufficient material for the manufacturing adipose material in a prostate phantom model. The
different parts in the phantom can be distinguished, but cloudiness is still present in the material. There-
fore, it can be improved. Model 3 shows sufficient transparency to distinguish the different parts in the
phantom. For demonstration purposes, it would be an improvement to increase this transparency even
further. The transparency results of these models were not in line with the expectation based on the
results of part I of this project. The results in part I showed that a small sample of 45 g of 10% PVA
solved in demiwater and DMSO (10:90) showed good transparency. However, using a larger volume
(2.4 L) resulted in a decrease in transparency due to cloudiness. Fortunately, the transparency in model
3 (7%) was still sufficient enough to distinguish the inner parts. The presence of cloudiness could be
explained by the presence of more cloudy-looking parts in a larger volume, which can overlap each
other and thereby block the view. During pre-testing in this part of the project, small samples were
made from varying concentrations of PVA solved in demiwater and DMSO (10:90) to find differences in
transparency and to try to improve it. A lot of pre-testing and trial and error have resulted in the decision
to use 3%, 5% and 7% PVA as adipose tissue for these models since these concentrations gave the
best transparency results. However, the results show that applying these materials to larger volumes
does not result in the transparency seen in the smaller samples.

The transparency was sufficient in one model: model 3. Also in this model, the transparency can
be improved since the contours of the prostate are still hard to view. This may be caused by using the
same solvent for both prostate and adipose material. A suggestion to improve this would be to use
coolant as an additive for the prostate material. Part I showed that adding a large amount of coolant to
PVA and demiwater, develops a bright pink prostate with signs of translucency. This translucency was
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not as good as in material where DMSO was added. More research is necessary to find the correct
additive and the correct amount that should be added to develop a transparent and coloured prostate
model which contours can be viewed in a prostate phantom model. Overall more research is needed
in finding a transparent heterogeneous material.

The results show that using a polymethyl methacrylate tube functions as a good model for the ure-
thra in these prostate phantom models. During pre-tests in this part of the project, a polyurethane
tube was used to simulate an urethra. Due to the chemical aggressiveness of the material DMSO,
which surrounds the tube, the polyurethane was severely damaged. Using a tube made of polymethyl
methacrylate, which is more chemical resistant, prevented this damage. The tube was not damaged
in any way and model 3 also showed a good visible urethra phantom. For demonstration purposes, it
could be an improvement to use a colored urethra and thereby make it even better visible.

The pubic bone phantoms used in this project showed to be a good method to block the prostate
phantom. The materials made were light weight, cut off straight and therefore easy to use in the phan-
tommodel by using a suspension system. It was shown that it is very well possible to block both smaller
and larger parts of the prostate using these models and materials.

Assuming the mechanical results from part I still hold, this project has shown that different models of
a prostate phantom can be made in varying its Young’s modulus values by using different concentration
of PVA in the same solvent material. However, the exact mechanical characteristics of PVA concentra-
tions besides 10% in a mixture of demiwater and DMSO have not yet been determined in this project.
The Young’s moduli of these materials were estimated based on the results from the material study in
part I. These calculations where based on assumptions since changing the PVA concentration does
not give a linear change in the resulting Young’s modulus. More research is necessary to determine
the specific mechanical characteristics of these materials.

The phantommodelsmeet the requirements defined in the introduction of this report. All the required
tissues, a prostate, urethra, adipose tissue and a rectum, were present in the models.

It can be concluded that prostate phantom models, varying in Young’s modulus, can be made from
PVA, demiwater and DMSO. This manufacturing process has shown that using demiwater and DMSO,
only in the right ratio (10:90) with the right concentration PVA, can create a sufficient translucent material
for both small volumes and larger volumes.
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4.1. Methods
This section presents the methods for the experiment used to validate a prostate phantom model. A
needle insertion experiment will be performed on the models. Needle insertion experiments have been
used in research to validate prostate phantom models, have to shown to distinguish between healthy
prostate tissue and tumor prostate tissue and has been assumed to function as a good validation
method to test these phantoms [5, 53, 54]. In total, the three different prostate phantom models, made
in Part II, will be tested. The goal of this experiment is to collect data on the peak insertion force of the
needle upon insertion into the adipose tissue and the prostate phantom of the model. This data will be
compared to data found in literature and this comparison will function as a validation of the prostate
phantom models.

4.1.1. Materials
Three different prostate phantom models made in part II of this project were used for this experiment:
model 1 containing a low Young’s modulus, model 2 containing a medium Young’s modulus and a
small pubic bone and model 3 containing a high Young’s modulus and a large pubic bone. The models,
which were stored in a refrigerator and the MISIT lab, were placed into room temperature 4 hours prior
to testing. A 18Gauge needle (1.27 mm diameter) with beveled tip was used to perform the insertions.

4.1.2. Protocol
The needle was inserted inside the phantommodels at a velocity of 5 mm/s. The needle was placed at a
specific height with its tip at the front of the opening of the casing of the model but not entering the model
yet. The needle was inserted 110 mm into the specimen, inserting deep into the prostate material. The
needle insertion experiments were controlled with the program dSPACE ControlDesk 3.7.4. After each
run, data was collected on the measured force, position and time of the needle insertion. After each
insertion the model was moved to create a new, not yet punctured place, for the needle to insert into.
Also, after each run the needle was cleaned with a paper towel.

4.1.3. Experimental Set-up
The needle insertion experiments were performed with a linear stage (Aerotech, PRO-115). The linear
stage was used to move the needle into a vertical direction and to retract it. A 22 N force sensor
(Futek. iden. LSB200) was mounted onto the linear stage to collect the data on force measurement. A
18Gauge needle was adapted to the force sensor with the tip put downward. The model was placed on
its back, with its opening at the front to the top, under the experimental set-up. In this way, the needle
can be placed downward through the opening of the model into the adipose tissue material and the
phantom prostate. A tissue was placed underneath the model to prevent the moist model from slipping
away during the experiment. The experimental set-up can be seen in figure 4.1.

41
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Figure 4.1: Experimental set-up of the needle insertion test consisting of a linear stage, a sensor, a needle and a model. The
model is placed on its back with its opening to the top.

4.1.4. Data Analysis
During each insertion, the force, time and position of the insertion was measured and collected. This
resulted in raw data including measured force over time. An example of an insertion of the needle
inside a model and its prostate can be seen in figure 4.2.

Figure 4.2: An example of the measured force over time over a full needle insertion into a prostate phantom model. First the
needle inserts into the adipose tissue material (A). Secondly, the needle is inserted into the prostate phantom which results in
the peak force in this graph (B). After the needle has punctured the prostate phantom the force measured is due to the friction
between the needle and the prostate phantom material (C). Thereupon, the needle is retracted in the prostate which results in a
negative measured force (D). After this, the period is shown when the needle is retracted from the adipose tissue (E). The last
part visualized a non moving retracted needle (F).

For every model, an 18Gauge needle was inserted 20 times. As can be seen in figure 4.2, the
raw data contained noise. A moving-average fit was used, just as in part I, to eliminate the noise
present in the data. The optimal moving-average fit was found at a number of sampling points of
200. Therefore, the force-time graph of each insertion was averaged over 200 sampling points with
a moving-average fit. To measure the correct force values in newton, the linear stage was calibrated
before the experiment started. The protocol of calibration described in part I of this project was also
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used for this calibration. For each insertion, a force-time graph, peak force, standard deviation of the
peak force and the median value was determined. The peak-force, which describes the force on the
moment of puncturing the phantom prostate wall, was collected. A mean value of all the peak-forces
for each model was calculated, as was the median and standard deviation.
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4.2. Results
In this section, the results of the needle insertion experiment are presented. A needle was inserted
multiple times in three different models made in part II. The force upon the needle during insertion was
measured and the peak force upon puncturing the prostate was calculated. The goal is to compare the
mean peak force per model with equivalent data on prostate tissue in literature.

4.2.1. Mean Peak Force

A total of 20 insertions were performed on each model. Due to reduced transparency of materials, and
therefore reduced visibility of the prostate, and blockage of the pubic bones, not all 20 insertion resulted
in the puncture of the prostate tissue. In total, 13, 10 and 20 insertions resulted into the puncture of the
prostate for model 1, model 2 and model 3 respectively. An overview of all the force over time figures
for every needle insertion can be found in appendix A.1, A.2 and A.3. Table 4.1 and figure 4.3 show
the results on the mean and median peak forces and the standard deviation of the mean peak forces
measured during the experiment per model. The results show that there is a clear difference in mean
peak forces between each model. Model 3 shows the highest median peak force (6.17 N), followed by
model 2 (3.55 N) and thereafter model 1 (0.68 N). Model 3 also shows the largest spread and standard
deviation in the data (SD=0.95 N) compared to the SD of model 1 (SD=0.20 N) and 2 (SD=0.29 N). A
list of all the peak forces resulting from this experiment can be found in A.4. Considering the Young’s
moduli for each model, a link can be made between the Young’s modulus and the mean peak force.
A higher Young’s modulus would indicate a higher mean peak force value. This was also found in the
study by de Jong et al. (2017) [57]. This study conducted a needle insertion experiment on 4% and
7% PVA samples with varying freeze-thaw cycles using a 18Gauge needle. Their results showed that
the magnitude of the peak forces exerted on the needle during insertion increased with the number of
freeze-thaw cycles. In the first part of this project, it was shown that increased number of freeze-thaw
cycles leads to a higher Young’s modulus of the material. Based on the literature and the peak force
results from this project, a link can be made between the magnitude of the peak forces and the Young’s
modulus of the material. A higher peak force would indicate a higher Young’s modulus.

Figure 4.3: A boxplot showing the peak force in Newton per model. The red line represents the median and the bottom and top
edges of the box indicate the 25th and 75th percentiles, respectively. The horizontal black lower and upper lines represent the
minimal and maximal value, respectively.
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Table 4.1: Overview of the mean peak force per model and its median and standard deviation (SD). The sample size (N) per
model consists of 13, 10 and 20 for model 1, model 2 and model 3 respectively.

PVA prostate (%) N Mean Peak Force (N) Median Peak Force (N) SD

Model 1 10% 13 0.57 0.68 0.20
Model 2 15% 10 3.54 3.55 0.29
Model 3 20% 20 5.55 6.17 0.95

4.2.2. Validation

Prostate tissue

A literature study was conducted into the peak forces of a needle into prostate tissue. An overview of
the resulting articles and their measured peak forces in newton can be found in table 4.2. The results
show a peak force range of 5.2 - 9 N. The goal of this project is to create a prostate phantom which
simulates a cancerous prostate as close as possible. Podder et al. (2006) measured the peak forces
exerted on different needles during brachytherapy performed on multiple patients with prostate cancer.
This study found a mean peak force of 6.28 N during the insertion of a n 18Gauge needle into the
prostate during brachytherapy. This result comes close to the median peak force of 6.17 N of model
3 found in this project. The peak forces found in model 1 and 2, resulting from this project, are lower
than the mean peak force found by Podder et al. (2006). The stiffness values of model 1 and 2 can lie
in a lower region of the adipose tissue values than the stiffness of the adipose tissue in Podder et al.
(2006). This results in lower peak force values. The comparison of the results show that the needle-
phantom interaction found in model 3 is similar to the needle-prostate interaction during brachytherapy
when inserting an 18Gauge needle. The comparison also shows that the needle-phantom interactions
found in models 1 and 2 are not similar to the needle-prostate interaction when inserting an 18Gauge
needle during brachytherapy.

Li et al. (2015) conducted a needle insertion experiment on a developed prostate phantom. This
study used a PVA hydrogel consisting of 3 g PVA, 17 g de-ionized water, 80 g DMSO, 4 g NaCl, 1.5 g
NaOH, 3 g epichlorohydrin and 7 freeze-thaw cycles to create a material which was used to simulate
a prostate. Scanning electron images of the material showed similar micro-structure to that of human
prostate tissue. A needle insertion resulted in a mean mas force of 10.98 N when inserting the needle
into the PVA hydrogel. This value lies higher than the highest median peak force found in this project
(6.17 N). This shows that the needle-PVA hydrogel interaction, used by Li et al. (2015), is not similar
to the needle-phantom interactions found in this project.

Hungr et al. (2012) used a prostate phantom including a perineum, rectum, prostate, surrounding
periprostatic tissue and an urethra eachmade of varying polyvinyl chloride mixtures. Themixtures were
said to have an elastic modulus range of 3-200 kPa. The model was validated based on comparing the
mechanical characteristics of the phantom to those of in vitro prostate tissue. The peak force of one
needle insertion experiment, using an 18Gauge needle, presented in a graph showed a value of about
5.2 N. This value lies close to the mean peak force found in this project for model 3 (5.55±0.95 N).
The mean peak forces found in model 1 (0.57±0.20 N) and 2 (3.54±0.29 N) lie lower than this literature
value. This comparison shows a similarity between the needle-phantom interaction of model 3 in this
project and the needle-phantom interaction of the model manufactered by Hungr et al. (2012).

Considering the results of this project and the results found in literature, a similarity is seen in the
median peak force resulting from model 3 and the peak force measured in the study of Podder et al.
(2006) performed with a 18Gauge needle. This similarity is also seen between the mean peak force
found in this project and the peak force found in the phantom model of Hungr et al. (2012). Keeping in
mind that Podder et al. (2006) performed their experiments on patients with prostate cancer, it can be
suggested that the mechanical characteristics of the prostate phantom of model 3 would come close
the mechanical characteristics of a cancerous prostate. The peak forces found for model 1 and model
2 do not come close to the results found in the literature study and are found to be much lower.
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Table 4.2: Overview of the peak insertion forces into prostate tissue/phantom material found in the conducted literature study.
Different prostate tissue types and phantom materials were used. The total range of peak forces found consisted of 5.2 - 9 N.
The ’≈’ sign describes results read out of graphs presented in the corresponding study

Study Tissue type Needle Insertion speed Peak Force (N)

Podder et al. (2006) [4] Prostate during brachytherapy 18Gauge Manually 6.28±1.64
Prostate during brachytherapy 17Gauge Manually 8.42±1.52

Li et al. (2015) [54] Prostate phantom 17Gauge 2 mm/s 10.98±2.3553

Hungr et al. (2012) [5] Prostate phantom 18Gauge 5 mm/s ≈5.2

Adipose tissue
The adipose tissue of the prostate phantom model can also be compared with the results found in
Podder et al. (2006). This study presents one graph of the insertion force on a 18Gauge needle during
brachytherapy which can be found in figure 4.4. These results represent one needle insertion. The
maximal insertion force of 8.46 N is applied when the needle penetrates the perineum after which the
insertion force decreases to 5-5.5 N in the interlaying tissue between the perineum and the prostate.
Finally, an insertion force of 5.82 N is seen when the needle punctures the prostate wall. Podder et
al. (2006) also performed this test with a 17Gauge needle which resulted in an insertion force of about
5 N when moving through the interlaying tissue. The results from this project show a very low needle
insertion force when entering the adipose tissue in the phantom prostate model. This force does not
exceed 1 N for all the models. These results are much lower than the results found in Podder et al.
(2006). This suggests no similarity in needle-phantom interaction and needle-tissue interaction for the
interlaying tissue.

Furthermore, the adipose tissue used in this phantom model can also be compared with the results
from Hungr et al. (2012). A graph of one needle insertion into the prostate phantom made in this study
can be seen in figure 4.5. Region B shows the period in which the needle is inserted into the interlaying
tissue between the perineum and the prostate in the phantom model. The force value of this part of
the graph lies between 1 and 2 N. This is higher than the value found in this project for the needle
insertion in the adipose tissue of the phantom model. In all models, the force exertec upon the needle
does not exceed 1 N. This suggests no similarity in needle-phantom interaction found in this project
and needle-phantom interaction found in Hungr et al. (2012) for the interlaying tissue.

Figure 4.4: Graph derived from Podder et al. (2006) which shows the peak force measured on the insertion of one 18Gauge
needle during brachytherapy [4]. A maximal peak force of 8.46 N on the needle is applied when puncturing the perineum. After
this insertion the needle drives through the tissue laying between the perineum and the prostate where an insertion force of 5-5.5
N is measured. Finally, an insertion force of 5.82 N is seen when puncturing the prostate.
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Figure 4.5: Graph derived from Hungr et al. (2012) which shows the peak force measured on the insertion of one 18Gauge
needle into the phantom model [5]. The graph shows the insertion of the needle into the perineum (A), the interlaying tissue (B)
and the prostate (C). The last part visualized the relaxation of the material (D).
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4.3. Discussion
The goal of this project was to design and manufacture a prostate phantom model. A material study
was performed to find the optimal biomaterials for the relevant tissue types. Based on these results,
materials were selected and a design was made for a cancerous prostate phantom model. After man-
ufacturing three different models, with varying Young’s moduli, a needle insertion experiment was per-
formed on each model. The peak forces exerted on the needle during insertion were measured and the
mean values were compared with the results of similar experiments found in literature as a validation
method. This section discusses the final part in this project: the needle insertion experiment and its
results.

This project found higher peak forces when inserting needles into PVA materials with higher con-
centrations. As found in part I of this project, higher PVA concentration are related to higher Young’s
moduli. Based on these results, a relationship was found between the Young’s modulus of a material
and its needle-tissue interaction. Similar results were presented in the study of de Jong et al. (2017)
[57] which found higher needle insertion peak forces for materials with a higher number of freeze-thaw
cycles, which are also related to higher Young’s moduli values. This concludes that higher Young’s
moduli values cause higher mean peak force values upon an inserting needle.

The median needle insertion peak force found in model 3 is similar to the needle insertion peak force
found in a cancerous prostate during brachytherpay in the study from Podder et al. (2006). The mean
insertion peak force found in model 3 was also found to be similar to the needle insertion peak force
found in a validated prostate phantom model in the study of Hungr et al. (2012). These comparisons
suggest that phantom model 3 mimics the needle-tissue interaction of a cancerous prostate. How-
ever, the peak forces found in the study by Li et al. (2015) [54] were found to be higher than the peak
forces found in this project, including those found in model 3. This is due to a lower Young’s modulus
value used in this project compared to the stiffness values used in the study by Li et al. (2015). The
phantom model of Li et al. (2015) used a PVA hydrogel mixture which was subjected to 7 freeze-thaw
cycles. As found in part I of this project, increasing the number of freeze-thaw cycles increases the
Young’s modulus of the material. The prostate phantom in model 3 of this project was subjected to only
2 freeze-thaw cycles. Consequently, the Young’s modulus of the phantom model used in the study of
Li et al. (2015) lies in a higher part of the range of possible Young’s moduli for a cancerous prostate.
This results in higher peak forces during a needle insertion experiment and explains the difference in
peak forces found between model 3 in this project and the peak forces found on the phantom of Li et
al. (2015).

The peak forces found in phantom model 1 and 2 were lower than the peak forces in the studies
found in literature. This suggests that these phantommodels do not mimic the needle-tissue interaction
of a cancerous prostate. This can be explained by the Young’s modulus of these models which are
lower than the Young’s modulus of model 3. As mentioned in table 1.1, the Young’s moduli found in
cancerous prostates consist of a very wide range. The Young’s moduli of model 1 and 2 lie in the lower
part of this range. Possibly, the Young’s moduli of the prostates and models used in the experiment of
Podder et al. (2006) and Hungr et al. (2012) fall into a higher part of the range. This would explain the
difference in peak force found between this project and the studies. Also, the calculations determin-
ing the Young’s modulus of the material used to mimic the cancerous prostate tissue for this phantom
where based on assumptions since changing the PVA concentration does not give a linear change in
the resulting Young’s modulus. The calculations were based on the maximal increase that was found.
The true Young’s modulus of this material might lie lower than calculated.

The insertion force of 5 - 5.5 N on the needle while entering the tissue between the perineum and
prostate by Podder et al. (2006) was much higher than the results found in this study, which did not
exceed 1 N. This is also confirmed by the comparison with the study by Hungr et al. (2012) which
showed an insertion force of 1 - 2 N while entering the material between the perineum and prostate
of the phantom model. There are multiple reasons which can explain this difference. First, the exper-
iment in this project used a constant needle insertion velocity of 5 mm/s while Podder et al. (2006)
performed a needle insertion manually where acceleration is always present and the needle insertion
velocity reaches far higher values (max. 800 mm/s) which can result in higher insertion forces on the
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needles. Also, the adipose Young’s modulus values found in literature where based on adipose tissue
originating from tissues as the breast, abdomen, pericardium, omentum and thymus. No values for
adipose tissue lying around the prostate was found in this literature study. Furthermore, other types of
tissues, such as muscle tissue and arteries, are present around the prostate which can have a higher
Young’s moduli value than adipose tissue. The true Young’s modulus for the tissue lying around the
prostate might lie higher than the results of this literature study. Research in mechanical characteristics
of the tissue lying around the prostate is necessary.

In total, every model underwent 20 insertions by a 18Gauge needle. However, for model 1 and 2,
only 13 and 10, respectively, of these insertions were performed correctly in the sense that the needle
inserted the prostate. During the other tries, the needle only inserted the adipose tissue material and
missed the prostate. The fact that the ’misses’ were so high for model 1 and 2 is due to their poor
transparency. It was hard to place the needle correctly while not being able to see the exact location of
the prostate. This was not the case in model 3 where the transparency is improved and it was easier to
see the pubic bone, urethra and prostate inside the adipose tissue material. The number of insertions
were limited due to the small size of the prostate and the fact that the prostate is blocked by pubic
bones in two model which also occurs during brachytherapy treatment.

The standard deviations of the peak forces found in this study show the highest spread for model 3
and lowest spread for model 1, with model 2 lying in between these values. This might be due to the
fact that model 3 contains the highest PVA concentration in both the adipose tissue material and the
prostate material, whereas model 2 has a lower concentration and model 1 the lowest. A higher PVA
concentration makes the material more heterogeneous which results in variations in force exerted by
the material on the needle. This explains the widest spread in standard deviation found for model 3
which contains the highest PVA concentration.

It can be concluded that the Young’s modulus of a material can have an influence on the peak force
exerted on a needle when puncturing the material. Besides this, this project also found that needle-PVA
material interaction can be influenced easily by adapting the PVA concentration of the material. Also,
when combining the results of this project with the results of the literature study it can be concluded that
model 3 mimics the needle-prostate interaction found between an 18Gauge needle and a cancerous
prostate during brachytherapy. Furthermore, the pubic bones used inside the phantoms have shown to
block the prostate successfully. Finally, this experiment shows that more research into the mechanical
characteristics of adipose tissue surrounding the prostate is needed to find a material which mimics
needle-tissue interaction of adipose tissue in this area. Also, more research is necessary in needle-
tissue interaction between a needle and prostate using more of the varying Young’s moduli values
lying in the wide range found for cancerous prostates. This will give insight in possible varying needle-
tissue interactions for the wide range of mechanical characteristics of the cancerous prostate which
knowledge is needed when designing phantom models and instruments for brachytherapy.
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Final Discussion

5.1. Conclusion
This project has shown that PVA canmimic themechanical characteristics of human tissue. Mechanical
characteristics of PVA have been shown to be easily controlled by varying the concentration levels and
number of freeze-thaw cycles. The coolant additive reduced swelling in the PVAmaterial and increased
the Young’s modulus of the material. Also, DMSO resulted in a good solvent for making small volumes
transparent and large volumes sufficiently transparent when used in a demiwater:DMSO ratio of 10:90
which was also found to increase the Young’s modulus slightly.

By performing a material study on PVA and frequently used additives, this project has created an
overview of the effects of these components on the mechanical characteristics of PVA material. This
information is very useful for future research on phantom models and projects in the MISIT lab. It
can be concluded that PVA can function as a biomaterial for phantom tissue models with adaptable
mechanical characteristics.

This project has shown that an easy to manufacture prostate phantom model can be made from the
biomaterial PVA. The model has been validated by research performed on prostates during brachyther-
apy.

When placing this project in context of the ultimate goal to create a prostate phantom model de-
signed for testing new instruments developed for brachytherapy, model 3 resulting from this project
seems the best design. This model has shown to exhibit the mechanical characteristics of a prostate
and to mimic needle-prostate interaction. To test new instruments developed for brachytherapy, model
3 forms a good test-model. It can therefore be concluded that this project has achieved its goal.

5.2. Future Research
Future research would be useful inmultiple areas. First, a larger study on themechanical characteristics
of PVA is necessary to validate the results found in this study and to extend the knowledge of the
mechanical characteristics of PVA and possible additives. The material study in this project did not
provide the stiffness values of the materials that were used in the phantom models. The Young’s
moduli of these materials were calculated but since the relationships between different concentrations
and additives is not linear, it is hard to make an estimation. Therefore, more research must be done
in determining mechanical characteristics of more material combinations of PVA and its additives, or
more research is needed in finding a good calculation model for determining Young’s moduli for specific
materials.

Secondly, the presented transparency in model 3 is sufficient but not optimal. For demonstrative
purposes, further increase in transparency is needed. More research is necessary in finding an additive
to make PVA more transparent or to find an alternative material for PVA which is also heterogeneous
and has a relatively long lasting life. This project used PVA and DMSO as additive to create a trans-
parent material which would mimic human tissue. All the combinations between DMSO and PVA were
tested in this project. Therefore, it is not likely to find better transparency when combining PVA with
DMSO. It is advised to perform research in finding an alternative material for large transparent tissue
mimicking materials.
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Finally, more research is needed on needle insertion forces inside a cancerous prostate and its
surrounding tissues. This is necessary to improve the prostate model. One research provided data
on needle-tissue interaction a needle and a prostate during brachytherapy. Since the anatomical and
mechanical characteristics of prostates vary a lot, more research in this field is necessary to obtain a
better knowledge of possible interaction between a needle and a prostate.
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A.4. Needle Insertion Peak Forces

Model 1 Model 2 Model 3
N1 0.25 3.46 4.57
N2 0.55 3.64 5.55
N3 0.37 3.80 6.22
N4 0.79 3.50 6.49
N5 0.76 3.06 6.53
N6 0.83 3.15 6.82
N7 0.69 4.04 6.58
N8 0.30 3.70 4.72
N9 0.68 3.59 6.71
N10 0.43 3.46 6.04
N11 0.39 6.46
N12 0.75 4.45
N13 0.68 6.51
N14 5.92
N15 5.90
N16 6.12
N17 6.21
N18 6.29
N19 4.28
N20 3.51
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