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Abstract

To improve bladder cancer diagnostics, the Next gen in-vivo project is creating a robot that analyses bladder
tissue with optical coherence tomography (OCT) and a miniature camera. A bladder phantom is developed
for ex-vivo experiments in the Next gen in-vivo project. OCT is used to visualise possible bladder tumours
and the bladder wall. The bladder wall consists of the urothelium, lamina propria and muscularis propria.
A miniature camera is used to create a 3D reconstruction of the bladder. The bladder phantom can be
analysed with these imaging techniques. Furthermore, the phantom includes blood vessels and tumour sites
of the CIS, Ta, T1 and T2 tumours.
Materials and Methods: The techniques sandwich molding and spin coating were used to create the
three layers of the bladder wall. A spin coater was developed. Samples were developed to determine which
materials were suitable to use in phantoms. Based on the OCT images of the samples, the phantoms were
made from Dragon skin and TiO2. Furthermore, tumours with their characteristics can be created using these
materials and analysed with OCT. Different kinds of inks to create blood vessels were tested to determine
their influence on the OCT images. Eventually, blood vessels were created using red permanent marker.
OCT images of the samples and phantoms and camera images of the second phantom were obtained.
Results: Using sandwich molding and spin coating together with the materials Dragon skin and TiO2, it is
possible to create the three layers of the bladder that can be distinguished with OCT. With these materials
the tumours CIS, Ta, T1 and T2 could be developed with certain characteristics and transitions.
Conclusion: To create a bladder phantom with tumours, Dragon skin and TiO2 were the materials that
were most suitable to work with OCT and a miniature camera. The ratio for TiO2 for the bladder layers are
0.06: 0.21: 0.15 %w/w for the urothelium, lamina propria and muscularis propria respectively. Furthermore,
sandwich molding and spin coating were the most suitable techniques.

Samenvatting

Om blaaskanker diagnostiek te verbeteren is het Next gen in-vivo project een robot aan het ontwikkelen die
de blaas kan analyseren met optical coherence tomography (OCT) en een miniatuur camera. In het Next gen
in-vivo project moet er een blaasfantoom ontwikkeld worden om ex-vivo experimenten uit te kunnen voeren.
Hierbij wordt OCT gebruikt om mogelijke blaastumoren en de blaaswand af te beelden. De blaaswand bestaat
uit de drie lagen: urotheel, lamina propria en muscularis propria. Daarnaast wordt een miniatuurcamera
gebruikt om 3D reconstructies te kunnen maken van de blaas. Met deze twee beeldvormingstechnieken kan
het blaasfantoom worden geanalyseerd. Verder bevat het fantoom bloedvaten en tumor locaties van de CIS,
Ta, T1, en T2 tumoren.
Materialen en Methoden: Sandwich molding en spin coating zijn de technieken die gebruikt worden
voor de samples en fantomen. Hiervoor was een spincoater ontwikkeld. De samples waren ontwikkeld om
de meest geschikte materialen voor de fantomen te bepalen. Op basis van de OCT-beelden van de samples
waren fantomen gemaakt van Dragon skin en TiO2. Deze materialen waren ook gebruikt om tumoren te
ontwikkelen. Deze kunnen ook met OCT worden geanalyseerd. Verder werden verschillende soorten inkt
getest om bloedvaten te creëren om te bepalen welke invloed ze hadden op OCT beelden. Uiteindelijk
werden bloedvaten gemaakt van rode permanente marker. OCT beelden van de samples en fantomen waren
verkregen. Daarnaast zijn er ook camerabeelden van het tweede fantoom verkregen.
Resultaten: Door gebruik te maken van sandwich molding en spin coating in combinatie met de materialen
Dragon skin en TiO2 is het mogelijk om de drie lagen van de blaas te creëren die onderscheiden kunnen
worden met OCT. Daarnaast kon met deze materialen de tumoren CIS, Ta, T1 en T2 worden ontwikkeld
met specifieke kenmerken en overgangen.
Conclusie: De materialen Dragon skin en TiO2 waren het meest geschikt voor een blaasfantoom met
tumoren die te analyseren is met OCT en een miniatuur camera. De ratio van TiO2 voor de blaaslagen is
0.06: 0.21: 0.15 %w/w respectievelijk voor urotheel, lamina propria en muscularis propria. Verder waren
sandwich molding en spin coating de meest geschikte technieken voor het ontwikkelen van de blaaslagen.
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1 Introduction

In 2020, bladder cancer was the tenth most common cancer worldwide [1]. To diagnose bladder cancer,
several imaging techniques are used. In the first place, computed tomography (CT), urography or ultra-
sound can be used, followed by white light cystoscopy (WLC). When histological evaluation is required, a
transurethral resection of the bladder (TURB) can be performed [2]. WLC is used to diagnose the tumour
in the bladder. A disadvantage of WLC is that the early stage tumours, like carcinoma in situ (CIS), are
not detected and it increases the change of recurrence and possible progression of bladder cancer [3]. A
different imaging technique that can be used to improve diagnostics of bladder cancer is optical coherence
tomography (OCT). This technique is most often based on near-infrared light (890-1300 nm) and is a real
time, non-invasive technique. This technique is already used in for example ophthalmology [4]. For further
improvement of diagnostics for bladder cancer, the Next gen in-vivo project is developing an OCT-catheter
system. In this project robotic systems and software tools are developed for ex-vivo and in-vivo bladder scans
and visualisation and assessment of bladder tumours [5]. An OCT probe is used to visualise the anatomy
of the bladder wall and of possible tumours [6]. A miniature camera is used for 3D reconstruction of the
bladder and location determination [5].

For the Next gen in-vivo project a bladder phantom is needed to perform ex-vivo experiments. To de-
velop this phantom, the following research question based on Chapters 2 and 3 will be answered.
What are suitable materials and techniques for developing a bladder phantom, including tumour sites, that
can be analysed with OCT and a miniature camera in the Next gen in-vivo project?
Suitable materials and techniques are based on the following requirements: the phantom should be able to
be analysed with OCT and a miniature camera for the Next gen in-vivo project; the phantom should partly
resemble the anatomy, physiology and pathology of a human bladder; the phantom should be reproducible
on a low budget. These requirements are further explained in Chapter 3.
To meet these requirements, the following sub-questions will be answered. What materials can be used for
the development of a bladder phantom with tumour sites that can be used with OCT? What techniques can
be used to develop a bladder phantom that partially resembles the anatomy, physiology and pathology of a
human bladder? What techniques can be used to analyse a bladder phantom with a miniature camera which
does not influence OCT quality?

To develop a bladder phantom, a literary study was conducted on the current phantoms, materials and
techniques used for making bladder phantoms. Based on this, requirements were established. The most
suitable techniques and materials were selected that met the requirements. Several samples and phantoms
were developed and imaged with OCT. In addition, tumour sites were added to the phantoms and analysed
with OCT. Furthermore, blood vessels were added that were analysed with a miniature camera to perform
ex-vivo experiments.
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2 Background

2.1 Bladder

Figure 1: Urinary bladder of a female [7].

The urinary system consists of the kidneys, ureters, ure-
thra and urinary bladder. The ureters transport the urine
from the kidneys to the bladder, where it is stored until
the urethra transports it to the exterior of the body. The
openings for the ureters and urethra in the urinary blad-
der lie in the trigone area, see figure 1. So, the role of
the bladder in the urinary system is to temporarily store
urine. For that function the bladder is quite muscular and
can expand to be able to store liquids up to 500 mL com-
fortably. The maximum storage is 800 to 1000 mL [7].
To be able to achieve the main task of the bladder, it
consists of multiple layers. From the inside to the outside
these are the urothelium, lamina propria and muscularis
propria, see figure 2 [7, 8]. The innermost layer is the
urothelium, also known as transitional epithelium [7]. It
is a thin layer with a thickness of 50 µm [9]. The lamina
propria is made out of many specialised cells, including
afferent and efferent nerve endings [8]. Blood vessels are
also present in this layer. This layer has a thickness of
150 µm [9].

Figure 2: Layers of the urinary blad-
der wall [10].

The muscularis propria, also called detrusor muscle, is a thick, smooth
muscle that consists of multiple layers that contract or relax causing move-
ment towards the urethra. When the bladder is completely filled, it is pear
shaped and almost smooth from the inside. The emptied bladder is shaped
almost pyramid-like and contains many creases on the wall to be able to
store enough urine. These creases are able to extend when the bladder vol-
ume increases. The surface area of the bladder changes with the amount
of stored urine because of these creases [7]. For a small filled bladder with
∼ 210 mL, the bladder has a surface area of ∼ 200 cm2 [11]. To store
different amounts of urine volumes, the bladder wall needs to be able to
stretch. The amount of stiffness of the bladder wall is determined by the
Young’s modulus. For the wall of the bladder the Young’s modulus is in
a range of 141-526 kPa, depending on the urine volume present [12,13].

2.2 Bladder cancer

In 2020, bladder cancer was the tenth most common cancer globally [1]. It was mostly common in people
older than 60 [14]. Smoking and exposure to aromatic amines are examples of causes of bladder cancer [2].
There are different types of bladder cancer, urothelium carcinoma is the most common [14]. Several stages
of bladder cancer can be identified. In previous research, certain stages have already been imaged with
optical coherence tomography (OCT) [4, 15–17]. Stages Ta, T1 and CIS are tumours located only in the
urothelium and possibly lamina propria. In stage T2 the tumour invades the muscularis propria [2]. Each
tumour stage has its own properties. Stage Ta, also called non-invasive papillary carcinoma, is a tumour
that is only present in the urothelium layer and it is visible by a thickened urothelium layer [4, 16]. CIS,
carcinoma in situ, is a flat tumour only present in the urothelium layer. It is characterised by only two
distinctive layers: the lamina propria and the muscularis propria. The urothelium is not visible. From stage
T1 tumours, the cancer is classified as invasive and is present in the subepithelial connective tissue. This is
the tissue between the urothelium and lamina propria. It is characterised by only two distinguishable layers.
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The muscularis propria is still separate from the two other layers, but the urothelium and lamina propria
are not distinguishable anymore [4, 15]. Stage T2 is a muscle invasive tumour and invades the muscularis
propria. Subsequently, there is no visible difference between the three layers [2, 4, 15,16].

2.3 OCT

Figure 3: OCT images of a healthy, human bladder wall
and a bladder wall with tumours. (A) Is the healthy wall
with a dark thin urothelium (i), a thicker, bright lamina
propria and a thick, dark muscularis propria (iii). (B)
The Ta tumour with thickened urothelium. (C) CIS tu-
mour, no urothelium is visible. (D) T1 with thick, com-
bined urothelium and lamina propria layer. And (E) the
T2 tumour with no distinguishable layers [4].

Optical coherence tomography (OCT) is one of the imag-
ing techniques used in the Next gen in-vivo project to
visualize the layers of the bladder wall and possible tu-
mours [5]. It is an imaging technique that creates cross-
sectional images. The technique typically uses near in-
frared (NIR) light on semi-transparent tissues. The light
travels in two different paths. One path is reflected by
a reference mirror and the second path is created by the
backscattering of the light beam from the tissue or sam-
ple. The interference of these two paths creates the OCT
image. The deeper the light penetrates into the tissue or
sample, the more of the light is absorbed and scattered
in other directions. These two things make up attenua-
tion, which decreases the amplitude of the backscattered
light on the detector. The amount of backscattering of
the tissue or sample gives rise to bright or dark regions in
an OCT image. OCT imaging is quite fast and images a
depth of only a few millimeters [18].
There are two types of scans that can be created using
OCT: the B-scan and C-scan. The base of both scans
is the A-line. This is the signal that is acquired by the
reflectivity of the sample, depending on the depth the
light penetrates the sample that still gives backscatter-
ing. If many A-lines are positioned successively, a two
dimensional B-scan is created. This can be achieved by
scanning in one line over the sample. By scanning in a square for example, a three dimensional scan can be
made, called a C-scan [18].

The bladder can be imaged by the OCT technique to improve the diagnosis of bladder cancer. The three
layers of the bladder, urothelium (i), lamina propria (ii) and muscularis propria (iii), are distinguishable
on an OCT image, see figure 3A . Each layer has it’s own optical properties [4]. On an OCT image the
urothelium is the layer visible with the least intensity, the lamina propria has the highest intensity and the
muscularis propria has an intensity between those two other layers [4,16]. Different bladder tumours can be
visualised with OCT. In figure 3 the tumour types Ta (B), T1 (C), CIS (D) and T2 (E) are depicted. Each
tumour has its own characteristics as discussed in paragraph 2.2 [4].

Figure 4: Catheter of end-effector of robot in Next gen in-vivo project with OCT (below) and miniature camera (top).
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2.4 Miniature camera

The second imaging technique used in the Next gen in-vivo project is a miniature camera. This camera is
located in the catheter of the end-effector (see the top of the catheter in figure 4). On the bottom is the
OCT probe that will be used to image the layers of the bladder phantom, as discussed in paragraph 2.3.
The camera is used to show the location and range that can be visualised with the catheter. The camera only
shows the surface and does not image in the depth of the bladder wall like OCT does. The camera images
are made with lights on in the surrounding environment. The images can be compared to the commonly
used diagnostic imaging technique for bladder cancer: white light cytoscopy (WLC). Several characteristics
of the bladder are visible with WLC, e.g. blood vessels and subtle appearance of several tumours, see figure
5 [19]. This can possibly be visualized with the miniature camera. Early staged tumours like CIS or other
small, papillary lesions are difficult to diagnose with WLC, because it does not show the different layers in
the bladder wall [19, 20].

Figure 5: WLC images of healthy bladder tissue (left) and tumorous tissue (right) [19].

2.5 Phantoms

Phantoms of different tissues have already been developed for many organs, like the colon, the retina or
the bladder [21–26]. Currently, several bladder phantoms exist that can be analysed by OCT [19, 24–28].
Different kinds of materials and techniques have been used to create these bladder phantoms, several will be
discussed in this paragraph.

2.5.1 Materials

Materials used for phantoms of organs analysed with OCT need to have specific properties, like certain
optical, mechanical, structural and stabilising properties [29]. Phantoms of a bladder need to have a cer-
tain Young’s modulus (around 141 to 526 kPa [12, 13]) and contain the three layers of the bladder wall [7]
for example. In addition, the base material, which a phantom is primarily made of, needs to be optically
tunable to allow the phantom to be used with specific imaging techniques. The optical properties are then
determined by a scatterer that is added to this base material [29].

Different materials have been used to fabricate a phantom of human organs, like polyvinyl chloride-plastisol
(PVCP), hydrogels or silicones. Each category of materials has its own advantages and disadvantages [29].
Starting with polyvinyl chloride-plastisol (PVCP). This is a material that is optically and acoustically well
tunable, as it is optically transparent after preparation [29]. This material has not yet been used for bladder
phantoms, but can be used for organ phantoms, like a skin phantom [30]. In addition, PVCP is stable for
∼6 months [29].
Secondly, another material are hydrogels. There are different types of hydrogels. The ones used for phantoms
of the urinary system are agar, gelatin and PVA [27,31]. Agar and gelatin are known for their easy produc-
tion and compatibility with organic materials. However, some disadvantages are that these materials are
prone to mould, breakage and dehydration. Consequently, agar and gelatin can only be stored for a couple
of weeks [29]. PVA (Polyvinyl alcohol) is a hydrogel as well but with a longer shelf life of 6 months. Different
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properties, like mechanical and optical properties, are difficult to alter separately during the fabrication of
this material [29, 32].
Silicone is another commonly used material for bladder phantoms [29]. There are different kinds of silicones,
like PDMS (polydimethylsiloxane), Ecoflex and Dragon skin. PDMS is one of the most used silicones in
bladder phantoms [19,25,28]. The PDMS Sylgar 184 elastomer is the most used type and can be used with
many different techniques, like sandwich molding, spin coating, airbrushing or painting [19, 25, 28]. These
techniques will be discussed in paragraph 2.5.2. The curing time of PDMS is around 30 minutes and the
shelf life is several years. PDMS has a Young’s modulus of 800 kPa - 1.72 MPa [24]. Another material used
for bladder phantoms is Ecoflex. This silicone rubber material has been used with a molding technique [26].
There are many different kinds of Ecoflex that differ in hardness, curing time (from 5 minutes to 4 hours)
and other properties that vary per type of Ecoflex [33]. The Ecoflex used in the research of Choi et al [26]
was Ecoflex 00-20 that had a Young’s modulus of approximately 55 kPa. Finally, Dragon skin, a silicone
rubber with a Young’s modulus of 150 - 593 kPa, has a curing time of 30 minutes to 7 hours [24]. It also
has a varying amount of hardness per type of Dragon skin [34]. In the research of Smith et al [24] Dragon
skin was used with airbrushing.

Scatterers are used in most phantoms to be able to optically tune the image for required properties. Metal
oxide powders are used as scatterers in bladder phantoms. TiO2, silica gel (SiO2) or AlO3 are commonly
used [19,24,25,27–29]. TiO2 has a relatively high refractive index of 2.49, which is higher than that of silica
gel which is 1.37 at a wavelength of 589 nm. [22] With a higher refractive index less material is usually
needed for the same amount of influence on the optical properties.

2.5.2 Techniques

Several techniques exist that can be used to develop tissue like phantoms in 3D. These techniques vary in
procedure and desired outcome. The techniques sandwich molding, painting, air brushing and spin coating
will be discussed to create the base of the bladder phantom. In addition, the techniques inking, extrusion and
embossing will be shortly touched upon. These techniques are used to add further details to the phantom.

One of the more commonly used techniques in bladder phantoms is sandwich molding [19, 24, 26]. This is a
technique where the material is ’sandwiched’ together between an inner and outer mold. These molds are
usually 3D printed. There is a big variety of shapes that can be achieved with this technique. Additionally,
most materials are degassed to prevent air bubbles in the material. A disadvantage is that only layers thicker
than 250 µm can be created [19]. Painting is also a technique that is used to create bladder phantoms. The
material is poured on the desired container and spread out with a spatula [28]. This technique can be used
to make complex 3D shapes and thin layers can be created, but it is difficult to control the thickness of the
layers across the entire phantom [24, 28]. Thirdly, air brushing is a technique used for producing bladder
phantoms [24, 25]. The material that is used with this technique should be viscous enough to be able to
airbrush or materials should be added to make them more viscous. Thin, uniform layers can be created
and complex 3D shapes can be fabricated as well [24]. Another technique to be able to create thin layers
is spin coating. The material is rotated in a mold on high speeds to create homogeneous layers, the higher
the speed, the thinner the layers. When the speed is too low hypercoating can occur, where material piles
up. Or when the speed is too high, hypocoating can occur: the material does not stick and covers the mold
badly [19].

The following techniques are used for further details on the phantoms. Firstly, to create blood vessels on the
bladder phantom different techniques can be used. Inking can be used to draw the required blood vessels on
the phantom [19]. Next to that, it is possible to place pieces of cord on the uncured material and remove
them afterwards [24]. Secondly, to create tumour sites, excision is possible. This is done by the excision of
regions and then by filling these regions up to recreate desired layers with their own characteristics [19, 24].
Finally, embossing is used to mimic the creases in the bladder wall [7]. Often crumpled (aluminium) foil is
added before the base material is cured to create a rough surface [19,24,25,28].
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3 Requirements

In order to select suitable techniques and materials to develop a bladder phantom, several requirements need
to be determined. Functional requirements are established for the expectations of the bladder phantom.
These functional requirements are extended to technical requirements to measure the functional requirements.

3.1 Requirements specifications

The functional requirements for a bladder phantom are that the phantom can be used in the Next gen in-vivo
project, because the bladder phantom is used for ex-vivo experiments in this project. A bladder phantom
should closely resemble the anatomy, physiology and pathology of a human bladder. Lastly the phantom
should be reproducible on a low budget to be able to reproduce the phantom and still make changes if needed
after development.
Technical requirements are established for each functional requirement in order to measure them. Table 1
outlines both types of requirements. The technical requirements are further specified to be able to quantify
them. Furthermore, it is specified that the technical requirement is either a wish (W) or a requirement (R).
Wishes are implemented when there is room to apply these. Moreover, the wishes and requirements are
rated for importance with a number from 1 (least important) to 10 (most important). And lastly, it is stated
whether the requirement was finally met (✓), partially met (∼) or not tested (×).

Table 1: Overview of functional and technical requirements specified if they are either a wish (W) or require-
ment (R) and rated on a scale from 1 (least important) to 10 (most important). And stated if the
requirement was met (✓), partially met (∼) or not tested (×).

Label Requirements Specifications R/W Rate (Not)
met

FR1 Phantom can
be used in
Next gen in-
vivo project.

TN1 The catheter
should be able to
reach inside the
phantom.

To be able to make images of the inside of the phantom
with either OCT or miniature camera.

R 9
xxxxxx

✓

TN2 Visible layers on
OCT.

OCT is on of the imaging techniques used in the Next
gen in-vivo project. Layers need to be distinguishable.

R 10 ✓

TN3 Can be used with
the miniature
camera.

This is an imaging technique used in the Next gen in-
vivo project.

R 5 ✓

TN4 Phantom can be
preserved for at
least 2 year.

A shelf life of at least 2 years is needed to reuse the
phantom for experiments. This shelf life includes me-
chanical and optical properties of the phantom.

R 7 ✓

FR2 Phantom
resembles
anatomy of a
human blad-
der.

Continued on next page
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Table 1: Overview of functional and technical requirements specified if they are either a wish (W) or require-
ment (R) and rated on a scale from 1 (least important) to 10 (most important). And stated if the
requirement was met (✓), partially met (∼) or not tested (×). (Continued)

TA1 Anatomy of the
three inner lay-
ers of the bladder
wall.

The bladder wall consists of 3 uniform layers: 2 thinner
urothelium and lamina propria and 1 thicker muscu-
laris propria [7].

R 7 ✓

TA2 The first two layers of the bladder wall should have a
thickness of 50 µm and 150 µm for the urothelium and
lamina propria respectively [9].

R 6 ∼

TA3 Size of the
bladder.

For realistic ex-vivo experiments. Default is a low vol-
ume state of the bladder of ∼ 200 mL with a surface
area of ∼ 200 cm2 [11].

W 4 ✓

TA4 Shape of bladder. For realistic ex-vivo experiments. The bladder should
be pyramid shaped when almost empty [7].

W 3 ×

TA5 Bladder should be whole with two holes for the urethra
and ureters [7].

W 3 ×

TA6 Opening for
urethers and
urethra.

To be able to include fluids in the phantom for ex-vivo
experiments. 2 urethers and 1 urethra opening [7].

W 2 ×

TA7 Phantom is hol-
low.

The main function of the bladder is to hold fluids [7]. R 8 ✓

TA8 Blood vessels and
nerves visible.

For a realistic bladder phantom and should be visible
on a miniature camera.

W 5 ∼

TA9 Creases on the in-
side of the blad-
der wall.

This is a characteristic of the bladder wall to be able
to store more urine [7].

W 5 ×

FR3 Phantom re-
sembles phys-
iology of a
human blad-
der.

TPH1 Phantom should
be able to contain
fluids.

This is the main function of the bladder [7]. W 2 ×

TPH2 Phantom has
elastic proper-
ties.

Phantom should have a Young’s modulus between 140-
526 kPa [12,13].

R 6 ∼

FR4 Phantom re-
sembles pathol-
ogy of a human
bladder.

Continued on next page
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Table 1: Overview of functional and technical requirements specified if they are either a wish (W) or require-
ment (R) and rated on a scale from 1 (least important) to 10 (most important). And stated if the
requirement was met (✓), partially met (∼) or not tested (×). (Continued)

TPA Bladder cancer of
types CIS, Ta, T1
and T2 visible in
phantom.

Common bladder cancer tumour that can be analysed
with OCT [4,16].

W 6 ✓

FR5 Phantom
should be re-
producible on
a low budget.

TR1 Affordable and
easily accessible
materials.

Both silicone rubber and scatterer should be affordable
and easily accessible for remaking and further devel-
opment of the phantom. Easily accessible means that
it is available at RaM or possible to order online.

R 7 ✓

TR2 Easy accessible
techniques.

To be able to remake and/or further development of
the phantom. Easily accessible means that it is avail-
able at RaM or possible to order online.

R 8 ✓

TR3 Relatively easy
procedure
to make the
phantom.

It should be possible to remake the phantom in approx-
imately 1 day. This includes preparations, procedure
and curing time.

R 6 ✓

3.2 Suitable materials and techniques

For the development of the bladder phantoms, suitable techniques and materials should be used that meet
the above requirements. The materials and techniques discussed in this paragraph are based on paragraph
2.5.1.

According to requirement TN4 the phantom should have a shelf life of at least two years. As explained
in paragraph 2.5.1, hydrogels cannot meet this requirement, because agar and gelatin have a shelf life of
only a couple of weeks and PVA a shelf life of 6 months. Moreover, PVCP has a shelf life of 6 months
as well and therefore does not meet this requirement [29]. PDMS, Dragon skin and Ecoflex comply with
this requirement, since they have a shelf life of several years [24]. Both Ecoflex and Dragon skin are easily
accessible since they can be ordered online and are both affordable, which meets requirement TR1. The
affordability part of this requirement does not apply to PDMS and therefore it will not be used. There are
different types of Dragon skin, including ones that have quite short curing times [34], which has an impact on
requirement TR3. Furthermore, Dragon skin has a Young’s modulus of 150 - 593 kPa [24], which corresponds
with requirement TPH2. The second material used is Ecoflex. This material also has various curing times
that are workable in 24 hours [33], which corresponds with requirement TPH2.

TiO2 and silica gel are used for scatterers. Both materials were already available at RaM or easy to order,
meeting requirement TR1. Next to that, both materials can be used to optically tune silicone material [29],
therefore meeting requirement TN2 and TPA.

Suitable techniques for creating the thicker muscularis propria layer (requirement TA1) are sandwich mold-
ing, painting or multiple spin coating layers. Sandwich molding is preferred because this technique makes
consistent layers, which is not easily possible with painting [24, 28]. Furthermore, sandwich molding only
needs one layer to cure, to create a thick layer, compared to making and curing multiple layers with spin
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coating. Therefore sandwich molding meets requirement TR3. Lastly, sandwich molding meets requirement
TR3 as well since only two molds are needed (inner and outer mold), which can be 3D printed.
To create thin layers airbrushing, painting and spin coating are suitable techniques. Spin coating will be
used, because it gives consistent layers unlike painting [24,28]. In addition, with airbrushing uniform layers
are difficult to obtain as well. Furthermore, a certain consistency is required that does not clog the airbrush-
ing device. [24]. Therefore, spin coating meets the requirement TA1. Lastly, a spin coater was not available
at RaM, but it was possible to built one with the materials present at RaM, therefore meeting requirement
TR2.
Together with the preparation, process and curing times for 3 layers of the materials, it should be possible
to remake the phantom in 24 hours with sandwich molding and spin coating, which meets requirement TR3.
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4 Materials and Methods

Several techniques and materials were used to create various samples and phantoms. The techniques sandwich
molding and spin coating were used to create five pairs of samples and two phantoms. The phantoms contain
tumour sites and blood vessels. Both samples and phantoms were analysed with an OCT system and the
phantoms were analysed with a miniature camera to visualise the blood vessels.

4.1 Materials

As discussed in paragraph 3.2, Dragon skin, Ecoflex, TiO2 and silica gel were materials that meet the re-
quirements set in paragraph 3.1. The specific materials used for both the samples and phantoms will be
discussed in this paragraph.

The samples were made of Dragon Skin 10 NV (Smooth-on) and Ecoflex 00-30 (Smooth-on) as silicone
rubber material. Titanium(IV) oxide, anatase (Sigma Aldrich) and Silica gel 60-200 µm (VWR chemicals)
were used as scatterers. For the bladder phantoms, only Dragon skin 10 NV and Titanium(IV) oxide, (also
called TiO2) were used.
Dragon skin 10 NV is a skin safe silicone rubber with a pot life of 15 minutes and a curing time of 75
minutes [35]. This type of Dragon skin was preferred because of a relative short but still workable pot life.
In 15 minutes there was enough time for the execution of the instruction steps before the material started to
cure. Dragon skin was prepared according to the instructions of the supplier (Smooth-on [35]) with an extra
addition of vacuum degassing for the muscularis propria layer, although this was not necessary according to
the supplier. This was done because there were air bubbles present in the first samples.
The other silicone material used was Ecoflex 00-30. It is a stiffer material than the Dragon skin 10 NV.
Moreover, it has a pot life of 45 minutes and cure time of 4 hours. It was preferred over Ecoflex 00-10
because it can be more elongated (900% vs 800%) and is stronger than Ecoflex 00-10 with the same kind of
preparation. And Ecoflex 00-30 had a softer shore hardness than Ecoflex 00-50 and was therefore more pre-
ferred [33]. This material was prepared exactly according to the instructions of the supplier (Smooth-on [33]).

To be able to see the different layers of the bladder wall on an OCT system, scatterers were added to
influence the optical properties. These scatterers were TiO2 and silica gel. Two ratios were tested for TiO2

and one ratio for silica gel. The first ratio used for TiO2 was used in the research by Lurie et al. [19] and
was 0.06: 0.21 : 0.15 %w/w for the urothelium, lamina propria and the muscularis propria respectively.
The second ratio of TiO2 and the ratio of silica gel were based on the research by de Bruin et al. [22] and
Ejofodomi et al. [36] together. The ratio used for TiO2 was 0.02 : 0.1 : 0.07 %w/w and for silica gel it was
0.09 : 0.45 : 0.31 %w/w for the urothelium, lamina propria and muscularis propria respectively.

4.2 Techniques

As discussed in paragraph 3.2 both sandwich molding and spin coating were techniques used to create layers.
Sandwich molding was a good technique for creating thick layers for the muscularis propria. This was done
by using 3D printed sample and phantom molds. To create thinner layers for the urothelium and lamina
propria spin coating was used. A spin coater was created for this. Furthermore, tumour sites and blood
vessels were added to the phantoms.

Sandwich molding (inner and outer mold) and spin coating (only outer mold) both required molds. These
molds were created using an Ultimaker S5 3D printer. Both sample and phantom molds were based on
spheres to prevent hypercoating or hypocoating. One set of inner and outer molds were made for the sam-
ples, called lower bladder sample molds, based on a spherical cap of a sphere with a diameter of 65.6 mm
which was based on a sphere with a volume of 500 mL. The difference in inner and outer mold and thereby
thickness of the muscularis propria layer was 1.4 mm. These sample molds were made of Polyactic acid
(PLA) material with a print core AA 0.4, printed with a resolution of 0.15 mm.
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A rectangular shaped container (9x4 cm) was used to make the rectangular samples. These were created as
a back-up to still be able to make OCT-images of the different materials if there would be something wrong
with the lower bladder samples, like breakage, spin coater errors (hypercoating and hypocoating) etc. The
rectangular samples and lower bladder samples (spherical caps) were created at the same time and therefore
have the same material properties. For the layers of the rectangular samples, first the volume was calculated
that was needed for a certain thickness (lxwxh). The material was poured into the container and with a
little piece of flat wood that fitted into the container the material was flattened out, called painting.

A second set of inner and outer molds were produced for the bladder phantom, called phantom molds.
The outer mold had a diameter of 80 mm that was based on a the surface area of the bladder filled with
∼ 210 mL to be able to stretch for more [11]. This stretch happens when the bladder would be filled with
bigger volumes. The gap between the inner and outer mold was 1.75 mm. These phantom molds were both
made out of Though PLA with a AA 0.4 print core. The inner mold was printed with a resolution of 0.1 mm
to reduce the saw teeth visible with a resolution of 0.15 mm. This mold was sanded smooth with sandpaper
as well to further reduce the saw teeth. The outer mold was printed with a resolution of 0.15 mm. The
separate molds are visible in figures 6a and 6b. The molds assembled with a visible gap are shown in figure
6c.

(a) Side view of inner and outer molds of sample molds
(left) and phantom molds (right).

(b) View form above of inner and outer
molds of sample molds (right) and phantom
molds (left).

(c) Molds assembled, visible space between inner and
outer molds of sample molds (left) and phantom
molds (right).

Figure 6: Inner and outer molds of sample molds and phantom molds.

For sandwich molding both inner and outer molds were used for both the sample and phantom molds.
Sandwich molding instructions for both silicone materials and scatterers were in short:

1. Check if setup is level.
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2. Mix parts A and B of the silicone rubber with 1:1 ratio of the desired amount.

3. Add desired amount of scatterer to the mixture.

4. Mix mixture thoroughly for 3 minutes.

5. Put the mixture in vacuum degasser until flat surface (for Ecoflex 1 minute longer after surface is flat).

6. Place inner mold on outer mold. Pour mixture into space between inner and outer mold without lifting
inner mold to prevent air bubbles.

To create thin layers, spin coating was used. A spin coater was built from a stand, an unidentified electro
motor, a power supply (Delta Elektronika Zierikzee), 2 measuring cups and the outer molds of sample and
phantom molds, see figure 7 for the phantom setup for sandwich molding (left) and spin coating (right). The
difference between the setups is that the attached inner mold was removed in the spin coating setup. For all
experiments the power supply was set on maximum current.
For both the sample and phantom setups the spin speeds were determined for different voltages. This was
done using a piece of tape and a stopwatch. The rounds that the mold made were counted and using the time
on the stopwatch the rounds per minute (rpm) were calculated. Then the slope of the trendline acquired by
the data points was calculated.
After the OCT scans of the samples (see paragraph 4.3) the thickness of the lamina propria and urothelium,
using the measuring tool in Microsoft PowerToys, were estimated. This was represented in a graph and a
slope of the trendline was calculated which was used together with the slopes of the voltage and spin speeds
graphs to estimate the required voltages for the lamina propria and urothelium layer in the phantoms.
The lamina propria and urothelium layers were created using spin coating. The first 4 steps of the instructions
from sandwich molding were used for spin coating as well. Following instructions applied for the spin coating
steps:

5. Pour mixture into the middle of the outer mold.

6. Place measuring cups around electro motor and mold.

7. Turn power supply on with maximum electric current and desired voltage, visible in table 2.

(a) Side view of setup for sandwich mold-
ing. Setup is levelled.

(b) Side view of setup for spin coating. Electro motor
is attached to the power supply.

Figure 7: Setups for both sandwich molding (a) and spin coating techniques (b).
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4.2.1 Samples and phantoms

A total of five pairs of samples and two phantoms were made. Every pair of samples consists of a spherical
cap representing the lower part of the bladder and a flat rectangle with the same properties and therefore
same label colour. Between every sample one thing was changed, either the silicone rubber, the scatterer
(ratio) or the power supply voltage, visible in table 2. The phantoms were made out of the same materials.
In phantom BP2 the best techniques for creating tumours in phantom BP1 were used. For the tumours and
techniques, see table 3.

Table 2: Labels, materials, scatterers, ratios of the scatterers and voltages of spin coater of the five pairs of samples
(DST1 - EFT) and the two phantoms (BP1, BP2). The urothelium (U), lamina propria (LP) and muscularis propria
(MP) have different ratios of scatterers.

Label Colour Material Scatter Ratio (%w/w)
(U:LP:MP)

Voltage (V) (U:LP)

DST1 Green Dragon skin 10 NV TiO2 0.06 : 0.21 : 0.15 4 : 1.7

DST2 Pink Dragon skin 10 NV TiO2 0.06 : 0.21 : 0.15 4 : 2

DST3 Yellow Dragon skin 10 NV TiO2 0.02 : 0.1 : 0.07 4.5 : 2.5

DSS Blue Dragon skin 10 NV Silica gel 0.09 : 0.45 : 0.31 5 : 2.1

EFT Purple Eco flex 00-30 TiO2 n.a. : 0.21 : 0.15 n.a. : 2

BP1 n.a. Dragon skin 10 NV TiO2 0.06 : 0.21 : 0.15 4.6 : 3

BP2 n.a. Dragon skin 10 NV TiO2 0.06 : 0.21 : 0.15 4.4 : 2.9

In both phantoms, tumour pieces were added. In phantom BP1 several techniques were tested and the
techniques that gave the smoothest look were used in phantom BP2. For the T1, Ta and CIS tumours that
are only present in the urothelium (and lamina propria) certain locations of the phantom were covered by
layered pieces of tape on the muscularis propria and lamina propria to create little holes. These holes were in
the lamina propria or urothelium layers respectively. These holes were then filled up with materials with the
desired optical properties with different techniques and excess material was taken of with paper to flatten
the tumour. The first technique was making a cutout in a piece of tape the size of the hole that was placed
around the previous one and this was filled up with desired material and flattened. A second technique was
that the hole was filled up and a complete piece of tape covered the hole pressing out the excess. Lastly, it
was tested if the process could be sped up by making two tumours at the same time instead of one. For the
T2 tumour, excision was performed, and this hole was filled up with a gradient starting with 0.15 %w/w
topped with 0.18 %w/w material. In phantom BP2, the fill up and flatten technique was used for all tumour
sites. The same ratios of the scatterers were used as in BP1. An overview of the labels and techniques are
visualised in table 3.

In phantom BP1 different kinds of inks were tested that could be used to create blood vessels. These inks
should not be visible on the OCT image, because they were only used for the miniature camera. Green ink
used for colouring silicones was tested and black and red permanent markers (HEMA, 2mm) were tested.
OCT images were analysed to see if the inks influenced the OCT data.
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Table 3: Overview of tumours and their properties added in phantom BP1 (labels WT-PT) and phantom BP2 (labels
BS1-BS4). Characteristics of the urothelium (U) and lamina propria (LP) are briefly explained for each tumour.

Label Colour Tumour xRatio
(\%w/w)

Tape lo-
cation/
extruded

Filling technique Tumour
characteris-
tics x

WT White T2 0.18:0.15
gradient

Extruded Filled up and flattened at same
time as ZT.

Indistiguish-
able lay-
ers. x

ZT Black T1 0.18 LP Cut out square tape around tu-
mour location filled up and flat-
tened at same time as WT.

U and LP
indistin-
guishable.

BT Dark
blue

Ta 0.06 U Filled up and flattened. Thick U
layer.

RT Red CIS 0.21 LP Filled up and flattened at same
time as OT.

No U layer.

OT Orange CIS 0.21 U Filled up and flattened at same
time as RT.

No U layer.

PT Light
pink

T2 0.18: 0.15
gradient

Extruded Tape over filled up tumour
location.

Indistiguish-
able lay-
ers. x

BS1 n.a. CIS 0.21 LP Filled up and flattened. No U layer.

BS2 n.a. T1 0.18 LP Filled up and flattened. U and LP
indistinguish-
able.

BS3 n.a. T2 0.18: 0.15
gradient

Extruded Filled up and flattened. Indistinguish-
able layers.

BS4 n.a. Ta 0.06 U Filled up and flattened. Thick U
layer.

4.3 OCT scans

Figure 8: OCT system made by Scinvivo.

The robot that is being created in the Next gen in-vivo
project uses two imaging techniques, OCT and miniature
camera. With OCT the layers (urothelium, lamina pro-
pria and muscularis propria) of the bladder wall and tu-
mours in this wall can be analysed. OCT scans were made
of the five lower bladder samples and the two phantoms.
The different kinds of materials in the samples (see table
2) were analysed. In the phantoms the layers, tumour
sites and inks were analysed. Scinvivo is one of the part-
ners of the Next gen in-vivo project that is making the
prototype OCT catheter and part of the prototype OCT
catheter system. [5]. This system consist of an OCT probe
attached to a 3D-printer frame to be able to make ex-vivo
images easily, see figure 8. The field of view of this setup
is 5 mm and has a scanning depth of ∼ 2 to 3 mm [6].
B-scans were made of all lower bladder samples and of
both phantoms. C-scans were made of the BP2 phantom
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on all tumour sites and in the middle of the phantom. The settings of the OCT system for both B- and
C-scans are presented in table 4. The parameter steps for the settings of the C-scan steps were 10 steps for
the CIS and T1 locations and 20 steps for the T2, Ta locations and the normal scans. For the calibration of
the system several parameters were determined and vary per scan moment, like the settings for the MEMS
mirror, the input range and the exposure of the camera, these vary per calibration. These parameters are
not visible in the table.

Table 4: Settings and parameters for B-scans and C-scans. On the left the settings for both B- and C-scans and on
the right settings used for C-scans only.

Use subsequent B-scans for C-scan steps

Interlacing 2x Steps 10 or 20

Averaging 4x Pitch 0.1 mm

Moving averages Off Angle 110 degrees

Consolidation Accurately located Perpendicular steps

Anistropic diffusion filter Steps 5

Iterations 0 Pitch 1 mm

Lambda 0.25

Kappa 30

Plot

Coordinate system Polar

Interpolation Scinvivo

4.4 Miniature camera images

In the Next gen in-vivo project the second imaging technique, in addition to OCT, is camera recordings.
This measures the range that the catheter of the robot can rotate and is able to see the approximate location
inside the bladder. The acquired images can be used to make a 3D reconstruction of the bladder.
The images were obtained for the blood vessels and tumours in phantom BP2. The images were made with
an Ultra mini CMOS color camera, type FXD-VB20903L-76. The resolution of the images was 1280 x 720
pixels. The camera and cable were inserted in a 3D stand, see figure 9. The camera was plugged in a laptop
with USB 2.0 and using the Windows camera program images were obtained.

Figure 9: Miniature camera used to image blood vessels on phantom BP2.
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5 Results

The results of the spin speeds of the spin coater, the OCT images of the samples and phantoms and the
images of the miniature camera of phantom BP2 will be analyzed in this Chapter.

5.1 Spin coater

Using the power supply of the spin coater, the spin speeds of the sample and phantom setups were estimated.
Four voltages were tested for each setup, these points were visualised in a graph to represent the correlation
of the voltages (V) and spin speeds (rpm), see figures 10 and 11. For the sample setup the trendline had a
slope of 318.93 rpm/V, see figure 10.

Figure 10: For different voltages (in V), spin speeds (in rpm) were determined for the sample setup. The trendline
has a slope of 318.93 rpm/V.

For the phantom setup the spin speeds for four different voltages were calculated. This setup had a trendline
with a slope of 413.44 rpm/V, see figure 11.

Figure 11: For different voltages (in V), spin speeds (in rpm) were determined for the phantom setup. The trendline
has a slope of 413.44 rpm/V.
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5.2 Samples

Five pairs of samples were created, see figure 12. Each pair consists of a lower bladder sample made with
spin coating and sandwich molding with a corresponding rectangular sample made with painting, both made
with the exact same materials, see table 2. Each pair consists of a different combination of material, spin
speeds or scatterer ratio, see table 2. Of each lower bladder sample a B-scan was made with the OCT system
of Scinvivo, see figure 13.

Figure 12: Overview of all lower bladder samples and corresponding rectangular samples.

All images in figure 13 include several artefacts and certain characteristics of the setup, see figure 13a. In all
samples, except for DSS, a saw tooth pattern is visible, caused by the inner 3D printed mold. The patterns
are visible between arrows 3 and 4 in figure 13a. In addition, indicated with arrow 2, all samples show hori-
zontal artefacts that are caused by the OCT probe. Furthermore, another artefact visible in all samples are
the bright dots at the top and bottom of the phantom, called the air-tissue interface artefact [37], indicated
with arrows 1 and 5. Lastly, in all samples a layer is visible below the phantom (location 6) that represents
the tape that is used for the calibration of the OCT system. Arrow 3 indicates the thin layered, low intensity
urothelium. Arrow 4 indicates a thicker, more intense lamina propria. The medium intensity part between
arrows 4 and 5 indicate the muscularis propria.
The DST1 sample shows two separate layers, a separate urothelium layer is indistinguishable from the lamina
propria, see figure 13b. Therefore, the urothelium thickness could not be measured. In this sample the 3D
printed inner mold layers are clearly visible as saw teeth.
In the DST2 sample the urothelium, lamina propria and muscularis propria are distinguishable, see figure
13c.
For the DST3 sample the urothelium, lamina propria and muscularis propria are distinguishable but less
visible than in DST2, as seen in figure 13d.
The DSS sample does not show any separate layers, it does show all the artefacts.
The EFT sample shows the two separate layers of the lamina propria and the muscularis propria, as expected.
The layers are less distinguishable than DST2, which contains the same ratio of TiO2.
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(a) OCT image of DST2 sample
indicating horizontal artefacts (ar-
rows 2), air-tissue interface arte-
fact (arrows 1, 5), tape (location 6)
and the urothelium (arrow 3), lam-
ina propria (arrow 4) and muscu-
laris propria (between arrows 4 and
5) layers.

(b) OCT image of sample DST1, the lam-
ina propria and muscularis propria are
distinguishable, no urothelium layer. Saw
tooth pattern clearly visible.

(c) OCT image of sample DST2. The
urothelium, lamina propria and muscu-
laris propria are distinguishable.

(d) OCT image of sample DST3. The
urothelium, lamina propria and muscu-
laris propria are distinguishable.

(e) OCT image of sample DSS. No sep-
arate layers are visible. The outlining
of the phantom and tape are both visi-
ble.

(f) OCT image of sample EFT. The
lamina propria and muscularis propria
are visible.

Figure 13: Lower bladder samples DST1, DST2, DST3, DSS and EFT imaged with OCT. In the samples where layers
are visible (all samples except DSS) a saw tooth pattern is visible. Artefacts are visible in all samples.

In the samples DST2 and DST3 the urothelium was visible. Therefore only for these samples the thickness
of the urothelium and lamina propria was measured. For DST2 the thinnest part of the lamina propria was
170 ± 2 µm and the urothelium was of 60 ± 6.5 µm thick. For DST3 the thinnest part of the lamina propria
was 117 ± 12.5 µm and the urothelium was 38 ± 3 µm thick. The correlation between the thickness and
spin speeds are visible in figure 14. The trendline had a slope of -0.1534 µm/rpm.

20



Figure 14: Spin speeds (rpm) of motor with thickness (µm) of lamina propria and urothelium layers with error bars.
Trendline with a slope of -0.1534 µm/rpm.

5.3 Phantoms

Two phantoms were developed using Dragon skin and TiO2, this resulted from the OCT images of the
samples. In both phantoms the artefacts indicated with arrow 1 and 2 in figure 13a are visible. In phantom
BP1 different inks and techniques were tested to develop tumours, see figure 15a. In the second phantom,
called BP2, the technique with the least amount of air bubbles and smoothest surface was applied to create
the CIS, Ta, T1 and T2 tumour sites, see figure 15b. The sandwich molding production step was done in
two parts in both phantoms. In figures 15a and 15b indicated with the red arrows it is visible that there is
not a homogeneous base.

(a) Phantom BP1 with inks
and tumour sites. Green ar-
row indicates location of green
ink next to black and red ink
locations. The colour labels
on the top of the phantom in-
dicate the tumour sites. Red
arrow indicates MP transi-
tion.

(b) Phantom BP2 with the
MP transition with airbub-
bles indicated with the red ar-
row. In addition, tumours
BS1, BS2, BS3 and BS4 are
indicated.

(c) Both the phantoms BP1
(top) and BP2 (bottom).

Figure 15: Images of the BP1 and BP2 phantoms where certain characteristics like ink locations and tumour
sites are indicated.

In the BP1 phantom black, green and red inks were tested with the OCT system, see figure 16. Green ink
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did not dry completely on the phantom. Where black ink is added on the phantom, the shadowing artefact
is visible, see figure 16a. With green ink only the shadowing artefact beyond the lamina propria is visible,
see figure 16b. Red ink shows no shadowing artefact, see figure 16c.

(a) OCT image of a dot with black ink.
Most of the intensity is lost.

(b) OCT image of dot with green ink. The
intensity of the muscularis propria layer is
lost.

(c) OCT image of a dot with red ink. The
intensity is only lost at very small parts,
but that is negligible.

Figure 16: OCT images of phantom BP1 with dots of black, green and red inks. The inks have different influences on
the data of the OCT image.

In phantom BP1 different techniques to create different kinds of tumours were tested, see figure 15a. Visually,
the cutout tape technique for tumour ZT gave too much structure around the tumour and the adjacent
tumours. The tape over technique for tumour PT produced multiple air bubbles. Doing two different
tumours next to each other (WT and ZT; OT and RT) resulted in an uneven distribution of material for
both tumours. The technique to fill up one spot, flattening it and letting it dry gave the smoothest spot, as
in BT.

In phantom BP2, three layers were created. On the OCT images only three layers were visible on a limited
number of locations where the air-tissue interface artefact was not present [37], indicated with the arrow in
figure 17b. Two main layers were visible on the biggest part of phantom BP2, as in figure 17c. Compared to
the porcupine bladder wall (figure 17a), the phantom does show at least two separate layers. A big difference
is that the muscularis propria is striated compared to the phantom.

(a) OCT image of porcupine bladder with healthy tis-
sue. In the muscularis propria layer a striated pattern
is visible. This image is acquired from the Next gen in-
vivo project.

(b) OCT image of the middle of the
phantom, at the location of the ar-
row the thin urothelium layer is dis-
tinguishable from the lamina propria
layer (red arrow). On the right
side of the top of the phantom the
air-tissue interface artefact is visible
[37].

(c) OCT image of the middle of the
phantom where only 2 layers are vis-
ible, the whole part of the top is the
air-tissue interface artefact visible.
No urothelium layer is visible.

Figure 17: OCT images of porcupine bladder with healthy tissue (a). OCT images of phantom BP2 of the middle of
the phantom where the phantom is healthy, so no tumours present (a,b).

In phantom BP2 the best techniques for tumour sites (CIS, Ta, T1 and T2) were used and OCT images
were obtained. For each tumour the transition from the normal layers to tumour layers and a part of the
tumour is presented in figure 18. Big and small lumps of TiO2 are visible in almost all images.
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(a) OCT image of the transition to the
CIS tumour location (BS1). Several lumps
of TiO2 are visible. Four layers are visi-
ble indicated with the red arrow.

(b) OCT image of CIS tumour site (BS1).
Only 2 layers visible, the lamina propria
and muscularis propria.

(c) OCT image of transition to the T1 tu-
mour site (BS2), visible by the thickening
combined urothelium and lamina propria
layer. 2 layers are visible.

(d) OCT image of the T1 tumour site
(BS2) with a clear division of the 2 lay-
ers.

(e) OCT image of the transition to the T2
tumour location (BS3). A sharp edge is
visible where the excision was made. On
left side of edge clearly 2 layers visible and
right side of edge the layers are indistin-
guishable.

(f) OCT image of T2 tumour location
(BS3). An even distribution is visible and
no layers are distinguishable.

(g) OCT image of transition
to the Ta tumour site (BS4).
Several TiO2 lumps are visi-
ble.

(h) OCT image of Ta tumour
(BS4). 3 layers are distin-
guishable: a very thick urothe-
lium, a lamina propria and
a muscularis propria. Again
several lumps are visible in the
image.

Figure 18: OCT images of phantom BP2 of the specific tumour sites and transitions of CIS (a, b), T1 (c, d), T2 (e,
f) and Ta (g, h) tumours.

In the OCT images of the CIS tumour, two layers are visible: the lamina propria and muscularis propria,
see figure 18b. The transition from the normal phantom layers to the CIS tumour is not completely smooth
and a thin lower intensity layer of the urothelium is visible on the left side, indicated with the red arrow in
figure 18a. On the OCT images of the T1 tumour a smooth transition is visible, see figure 18c. The two
layers of the combined urothelium and lamina propria layer and the separate muscularis propria are visible,
see figure 18d. The light penetrates deeper into the phantom than the CIS images. The OCT images of the
T2 tumour show an abrupt transition, where the location of the incision is clearly visible, see red arrow in
figure 18e. The layers as in a T2 tumour are indistinguishable, see figure 18f. The OCT images of the Ta
tumour show a smooth transition of the normal layers to the tumour location. The lamina propria layer
stays visible beneath the whole tumour, clearly visible in both figures 18g and 18h. A thick urothelium layer
is achieved in this tumour location. In the T1 and Ta tumour sites the light penetrates deeper than in the
CIS and T2 images. Figure 19 shows that the OCT images sometimes have a low intensity signal, but this
is negligible. The bottom of the phantom is not visible. All tumours are relatively thick compared to the
thickness of the lamina propria of the normal layers.
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(a) OCT image of T2 tumour. Red
box shows where a signal is still vis-
ible.

(b) OCT image of Ta tumour.
Above red box signal still visible.

Figure 19: OCT images of T2 (left) and Ta tumour (right). Shows that not enough light penetrates far into
the phantom, while some spots with low intensity are sometimes visible.

5.4 Miniature camera

Using the camera from the Next gen in-vivo project images were acquired of phantom BP2. The images
were easy to make and the blood vessels were clearly visible. There are no different colours or structures
visible as in a WLC image, see figure 20a [19]. The images from the tumour sites in this phantom did not
represent the tumours clearly. The blood vessels created in this phantom were on the other hand clearly
visible, see figure 20b.

(a) WLC image of a healthy bladder
wall [19]. Several blood vessels are vis-
ible.

(b) Image of phantom BP2 with camera recordings. Blood vessels
are visible.

Figure 20: WLC images of a healthy bladder (left) with visible blood vessels [19] and camera images of phantom BP2
(right).
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6 Discussion

The results presented in Chapter 5 will be discussed below. Several findings will be further explained and
elaborated. In addition, the used materials and techniques will be compared and reviewed. Furthermore,
limitations, recommendations and further research will be explained and discussed.

6.1 Materials

The samples were made of Ecoflex 00-30 or Dragon skin 10 NV mixed with one of the scatteres, TiO2 or
silica gel. The three layers of the bladder wall could be easily created with certain combinations (except
for silica gel) of the materials visible with OCT, complying with requirements TN2, TA1, TR1 and TR3.
The materials can be preserved for more than 2 years, meeting requirement TN4. Dragon skin complied
with the requirement TPH2. Dragon skin and Ecoflex were suitable materials to work with and both could
be analysed with OCT. TiO2 showed clear distinguishable layers in contrast to silica gel that showed no layers.

Ecoflex 00-30 has a pot life of 75 minutes and a curing time of 4 hours [33]. For sandwich molding, for
the muscularis propria, the material was easy to use. However, for spin coating, which was used for the
urothelium and lamina propria, breaks were taken between the production of the two layers to prevent over-
heating of the power supply. This took a lot of time in the production process. Another silicone material or
another type of Ecoflex can be used with a shorter curing time to prevent overheating of the power supply.
But this can result in different properties of the material, like elasticity.
In contrast with Ecoflex, Dragon skin 10 NV had a shorter pot life of 15 minutes and a curing time of 75
minutes [35]. This material was used in the samples, phantoms and tumour sites. With spin coating and
tumour sites there was sufficient time before the material started curing. However, for sandwich molding the
time was not enough to be able to cover a large surface. So, this technique was done in two parts, because
after the first time the entire mold was not completely filled or large air bubbles could be seen because the
material was already curing before everything slid down. In the OCT images a transition of the two parts
made with sandwich molding was not visible since the same scatterer ratios were used. The disadvantage
was that it delayed the process. To be able to prevent this, a material with a curing time of at least 20
minutes can be used. This could be a better option for creating gradients as well because that also takes time.

For the scatterer ratios of the samples DST3 and DSS an error was made that led to lower %w/w of TiO2 and
silica gel. This probably led to lower intensities of the layers in both samples. The scattering coefficient from
the research of Ntombela et al. [27] was mistaken as the attenuation coefficient in the research of de Bruin
et al. [22]. The %w/w of TiO2 and silica gel should therefore be higher because the attenuation coefficient
is the scattering coefficient together with the absorption coefficient, µ = µa+µs [18]. Even though there are
clear results in the first OCT scan, further research should be conducted to check whether changing this ratio
will change the results and show that silica can be used with OCT. So for silica gel a probably higher %w/w
could be used to test if it is a scatterer that can be used with OCT. However, a lot more material would be
needed compared to TiO2 to achieve the same kind of results because of the lower refractive index of silica
gel [22]. Secondly, for TiO2 very small volumes were required which could lead to errors in measurements.
There was not enough material of the silicone rubbers to be able to work in bigger volumes, but this would
be recommended for further research. A disadvantage of TiO2 was that several lumps are visible in the OCT
images. This can happen if the container was for example not correctly stored or not correctly used. To
reduce the amount of lumps in the material a container with a rough structured small piece on the bottom
was used. To further reduce these lumps, more of these rough structures could be used. This can be created
by using a different container or adding more of these structures into containers with for example hot glue.

On the bladder phantoms different kinds of ink were tested to create blood vessels. This meets require-
ment TN3 and half of requirement TA8. The red permanent marker had the least influence on the OCT
images. This is because the spectrum of light of OCT is around near-infrared light [18]. When black ink
is used part of this light is absorbed which results in a shadowing artefact. Which means that not enough
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photons are backscattered to create a visual image [38]. The red ink did not have influence on the OCT
images, but could be visually improved by choosing another type of ink that sticks better to the silicone,
because this permanent marker accumulated in several dots instead of a constant line.

6.2 Techniques

To create layers and tumour sites several techniques were used. To create the base of the phantom sandwich
molding and spin coating were used to create three separate layers. For both techniques molds were used that
meet requirements TA3 and TA7. By using spin coating the requirements TA1, TA2, TR2 and TR3 were
met. And the requirement TPA was met with the created tumour sites. These techniques and requirements
are partially discussed in paragraph 3.2.

Spin coating was used to create the urothelium and lamina propria. The measurements of this spin coater
that was created in this project can be further improved. The samples DST2 and DST3 showed three layers,
but in the phantoms this was almost not visible. Presumably because the layer was too thin and thereby
overlapping with the refractive effects of the air-tissue interface artefact [37]. That the layer was too thin
could have happened because of an error in the measurement of spin speeds and thickness measurements.
The measurements to determine the spin speeds of the setups could be improved by increasing the amount
of data points that would result in more accurate slopes for both setups. This applies to the measurements
of the thickness of the urothelium and lamina propria in the samples as well, more data points on more
locations of the samples are required to have a more accurate correlation.

6.3 OCT images

Two scan moments were used to make the OCT images of the samples and phantoms. The OCT images
showed several artefacts. Several of these artefacts were discussed with Scinvivo that built the OCT setup.
In addition, the phantom BP2 was compared with a healthy porcupine bladder.
The healthy part of phantom BP2, location with no tumour sites, was compared to a healthy porcupine
bladder. This showed that the muscularis propria layer is striated in a normal bladder wall. In further
research, experiments could be done by using gradients with different scattering ratios to achieve the same
patterns.
Next, the causes of the artefacts on the OCT images of the phantoms and samples, were discussed with
Scinvivo. Firstly, there was a horizontal artefact that was constant over all images. This was caused by an
error in the system of the OCT probe, this error resulted in an error in the A-line of the OCT. And since
B-scans and C-scans are sequences based on A-lines, this is visible as lines in both scans. These artefacts
can be reduced by optimising the OCT system. Secondly, air-tissue interface artefacts were visible. This
is caused by the big difference in reflective index of the air and material, which causes the bright, white
dots [37]. As discussed with Scinvivo, this artefact is difficult to reduce. Lastly, the artefact that was visible
when different inks were tested, is called the shadowing artefact. This was caused by a blockage of the beam
from the OCT. This blockage results in the beam that cannot reach deeper layers and therefore gives low
intensity, ”shadowing” [38]. In these experiments with different colours of ink, the blockage was caused by
the absorption of the near infrared light beam by the green or black ink.

6.4 Tumour sites

In both phantoms BP1 and BP2 tumours were created and tested. The best tumour techniques in phantom
BP1 were also incorporated into phantom BP2. In the OCT images of the tumour sites of phantom BP2
it was visible that all tumour layers are too thick. This prevents the OCT beam from reaching far into the
phantom and it is not realistic compared to earlier findings [4]. This could be solved in further research by
scraping off the excess material with a curved piece of hard plastic for example. Furthermore, as stated in
paragraph 6.1, working with bigger volumes would reduce the possible error in the ratios of the scatterers
between the different layers and tumour sites. Small amounts of material were used because the material
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was running out, but when possible it is recommended to use normal to bigger volumes.
For the separate tumours in phantom BP2, some notes can be concluded. For the CIS tumour site in
figure 18a, four layers were visible. This was presumably caused by a combination of material that was
accumulated against or got under the tape and then filled up wider than the hole that was created. This
could be prevented by testing different types of tape that stick better, because the tape used did not stick
adequately to the silicone material. Another improvement in the tumour sites can be done for the T1 tumour.
The only difference between T1 and CIS was the ratio of the scatterer. The only visible difference is that
more photons of the OCT beam penetrate the tumour deeper in the T1 tumour than the CIS tumour. This
difference is difficult to compare when only one of the two is present. To be able to differentiate these two
tumours, it is possible to add a gradient in the urothelium and lamina propria layer of the T1 tumour, where
both are present but not distinguishable anymore [4].

6.5 Phantom suggestions

In paragraph 3.1 several requirements and wishes were stated. To be able to improve the current phantom
design, some suggestions will be made in this paragraph.
Several details were added to be able to see certain characteristics of the bladder on the miniature camera.
Green, black and red inks were tested. To be able for the phantom to appear more as the bladder for
the images with the miniature camera, more inks can be tested. There can be experimented with different
colours of red and pink whether or not they show a shadowing artefact. Pink can be used in the base and
red for the blood vessels [28]. In addition, for the miniature camera some improvements might be added. To
make the tumours more realistic for the camera images, a little darker tone might be added to the tumour
material visible in figure 5. Furthermore, for the blood vessels different techniques can be tested like the
wires as explained in paragraph 2.5.2 [24]. To be able to represent the bladder more in anatomy different
shapes can be tested with the spin coater. Generally spin coating is done with rotational symmetrical shapes
to prevent hypercoating or hypocoating, but asymmetrical shapes can be possible [19].
More wishes were explained in paragraph 3.1, these can be also used as suggestions for future research. Like
improving the anatomy of the bladder by making a more realistic shape (requirement TA4), making openings
for the ureters and a urethra (TA5 and TA6), making creases on the wall of the bladder (TA9) or making
the phantom so it can hold fluids (TPH1).

6.6 Further research

Next to the already discussed suggestions in the last paragraph, future research can be done to improve the
used materials and methods. This was already discussed in detail in this Chapter, a short summary will
be presented here with the most important points of improvement. Different techniques and materials were
used to create the samples and phantoms. Ecoflex and Dragon skin were used as the base. Dragon skin was
the most suitable of the two materials, because it has a short curing time and elastic properties that are
similar to that of the bladder wall. More research can be done by looking for a similar material that has
a little longer pot life to be able to make tumours and use sandwich molding. Another type of ink can be
tested that stays on better on the silicone material. Furthermore, to be able to see the layers on the OCT,
TiO2 was the most suitable scatterer. But the method could be improved to reduce the amount of lumps in
the material. In addition, bigger volumes can be used to reduce the possibilities of errors in measuring the
scatterers. Lastly, the precise shelf life of the materials needs to be monitored.
To create the phantoms, spin coating was one of the techniques used to create the layers of the bladder wall.
For spin coating more research needs to be done to more accurately determine the spin speeds for a certain
thickness.
Finally, the tumour sites can be improved by making thinner sites that should result in OCT images that
penetrate the phantom deeper. Thinner sites can be acquired by using a curved material, like hard plastic,
to remove excess. In addition, a gradient should be added in the T1 tumour to be able to distinguish it from
the CIS tumour.
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7 Conclusion

For the development of the bladder phantom for the ex-vivo experiment in the Next gen in-vivo project
a short literary study was done and 5 pairs of samples and 2 phantoms were created. The samples and
phantoms were analysed by OCT and a phantom by the miniature camera. From the results of the literary
research the silicone rubber materials Ecoflex and Dragon skin and the scatterers TiO2 and silica gel were
chosen to develop samples analysed with OCT. Based on the results of the samples, Dragon skin and TiO2

were most suitable to develop the phantoms.
The techniques that resulted from the literary study were sandwich molding for the thicker muscularis pro-
pria layer and spin coating for the thinner lamina propria and urothelium layers. A spin coater was designed
and created to be able to make these thin layers, to make it possible to see all layers on an OCT image.
These techniques are suitable to partially create the anatomy, physiology and pathology of a bladder.
For the development of a bladder phantom in this research, 5 pairs of samples and 2 phantoms were created.
Dragon skin together with TiO2 with a ratio of 0.06 : 0,21 : 0.15 for the urothelium, lamina propria and
muscularis propria respectively, gave a clear representation of the three layers, where all layers were distin-
guishable on OCT. These properties and materials were used for making the bladder phantoms. CIS, T1,
T2 and Ta tumours were created in these bladder phantoms. Although the tumours were visible on OCT
with their characteristics, there is still room for improvement with regards to thinner tumour layers.
Lastly to be able to make blood vessels to be analysed with the miniature camera from the Next gen in-vivo
project a red permanent marker can be used. This type of ink has a negligible influence on the OCT images.
Further research can be done to develop a bladder phantom more accurately. This can be done by research-
ing a more suitable material than Dragon skin that has a longer pot life, not too long curing time and still
has the properties of the bladder. Furthermore, different pink and red inks can be further tested to create
more realistic bladder colours for the miniature camera. And a method to reduce the amount of lumps in
the material can be investigated.

In conclusion, a bladder phantom with tumour sites out of Dragon skin and TiO2 made with sandwich
molding and spin coating and inked with red permanent marker is able to be analysed with OCT and a
miniature camera used in the Next gen in-vivo project.
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