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ABSTRACT

Three-dimensional (3D) printing has been widely used and grown rapidly through the
last decades, it addresses the challenges of traditional moulding and subtractive
manufacturing. In the context of cardiovascular disease (CVD), patient-specific cardiac
phantoms can play an important role for interventional cardiology procedures. The
emergence of 3D printing and 3D printable soft materials provide the opportunity to
produce anthropomorphic phantoms with complex geometries and realistic properties
for applications in cardiology. This thesis presents novel work in this field of research,
focusing on the use of two soft materials: Layfomm40 and silicone. Both materials
complement each other based on their strengths and weaknesses for different cardiac
phantom fabrication. Several different phantoms were designed and constructed, and

the functionality was demonstrated and analysed.

Chapter 1 introduces 3D printing and soft materials, as well as how 3D printing
contributes to the healthcare field. Chapter 2 summarizes the state-of-art literature about
3D printed cardiac phantoms, atrial models, and various valve or aorta model
manufacturing. Chapter 3 elaborates the material preparation and characterisation. The
characterisation involved: 1) mechanical property testing; 2) ultrasound acoustic
property testing; 3) optical microscopy; 4) thermal & electrical conductivity testing;
and 5) rheological characterisation. Chapter 4 to 6 present three different cardiac
models for applications in simulations. The key material used in chapters 4 & 5 was

Layfomm40, while silicone was mainly utilised in chapter 6.

Chapter 4 describes the production and evaluation of a patient-specific multi-modal
imaging compatible whole heart phantom using Layfomm40. The material and imaging
properties of the Layfomm40 phantom were evaluated and compared to commonly used
Tango Plus. The results showed that the Layfomm40 phantom had favourable tissue-

mimicking material properties and was compatible with multiple imaging modalities.
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Layfomm40 phantoms have great potential for cardiac interventional procedure
simulation and testing of novel technologies. This work was published in the Journal

of 3D Printing & Additive Manufacturing.

Cardiac ablation therapy is a common technique used for the treatment of arrythmias.
In Chapter 5, a novel bi-atrial phantom was constructed and evaluated for simulation of
atrial radiofrequency ablation (RFA). Based on the microscopy and conductivity
characterisation results in chapter 3, Layfomm40 was evaluated as a suitable material
for compatibility with RFA and electroanatomic mapping systems (EAMSS), which are
used for guidance during cardiac RFA procedures. The irreversible thermochromic
paint was also investigated to allow visualisation of ablation points. The printed
Layfomm40 atrial model was coated with this thermochromic paint, placed in a custom
enclosure and evaluated for simulation of cardiac ablation procedures in the cardiac
catheterisation laboratory using fluoroscopy and the CARTO3 EAMS. The
thermochromic paint allowed realistic visualisation of the ablated areas and the bi-atrial
phantom performed well as an interventional procedure simulator. This work was
published in Applied Sciences: Emerging Techniques in Imaging, Modelling and

Visualization for Cardiovascular Diagnosis and Therapy.

Aortic stenosis is one of the most common cardiac pathologies and there are many open
questions regarding its optimal management. There is an emerging demand for aorta
and valve phantoms to study aortic stenosis. Although Layfomm40 has been proved to
be suitable for creating static cardiac phantoms, it is prone to delamination and therefore
it would be challenging to construct dynamic phantoms that can withstand
physiological flow conditions or have functional components, such as valves. However,
silicone is a resilient soft tissue-mimicking material used commonly to make
anthropomorphic phantoms. In Chapter 6, silicone aorta and aortic valve phantoms
were constructed and evaluated. Initially, 3D-printed two-part moulds were used to

make the phantoms, with the internal mould printed in water-soluble material. Different



diseased valves were manufactured with Ecoflex silicone and then attached to a durable
aorta model fabricated using Dragonskin silicone. The phantoms were evaluated using
a physiological flow circuit and imaged using ultrasound and magnetic resonance
imaging (MRI), showing realistic anatomical appearance and physiologically plausible
function. Then, for comparison, another aortic valve model was fabricated using direct
silicone printing with modified silicone inks. The printed silicone valve also survived
in the flow test, demonstrating an alternative and viable new solution for silicone model
manufacturing. The valve manufacturing work using the two-part mould technique was
published in the MICCAI-STACOM Conference, and the physiological pressure analysis
of the silicone valves was accepted in the Journal of Cardiovascular Translational

Research.

In conclusion, the work presented in this thesis expands the knowledge and
understanding in the domain of using soft materials for construction of cardiac
anthropomorphic phantoms. This will have a significant impact for the training of
healthcare professionals, testing of novel devices and imaging technologies, and the

progression of research for the treatment of CVD.
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1.INTRODUCTION & BACKGROUND

1.1 Thesis Motivation, Aims, Objectives and Structure

1.1.1 Thesis Motivation & Aims

Three-dimensional (3D) printing has been widely used and grown rapidly through the
last decades, it addresses the challenges of traditional moulding and subtractive
manufacturing [1]. In the context of cardiovascular disease (CVD) [2], patient-specific
cardiac phantoms can play an important role for interventional cardiology procedures
[3]. The emergence of 3D printing with soft materials provides the opportunity to
produce anthropomorphic phantoms with complex geometries and realistic properties
for applications in cardiology. However, the materials used in previous research either
have inappropriate properties for medical imaging or are not suitable for 3D printing,
while most 3D printable soft materials available in the market like thermoplastic
polyurethane (TPU) [4] or elastic resin [5] are not flexible/ultrasound compatible
enough to mimic cardiac tissue, let alone their functional limitations in certain
interventional procedures. Some patient-specific phantoms [6,7] are known to be useful
in clinical applications, but they are either difficult to manufacture or incomplete

without fine geometries, which limits their applications in high-fidelity scenarios.

Motivated by solving the problem of making anatomically realistic cardiac phantoms
which can be applied in various interventional simulations, and deepening the
investigation of more 3D printable soft material choices, this thesis presents novel work

in this field of research.

The aim of the PhD work begins with the need to seek a solution for the production of
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a complete, ultrasound compatible cardiac phantom for multimodal medical imaging
and interventional procedures, using the techniques of 3D printing. The phantom needs
to be easy to manufacture and at the same time, customisable and inexpensive. When a
phantom is to be imaged, it is necessary to use a material with appropriate properties
for the imaging modality. Ultrasound imaging, in particular, requires good soft tissue-
mimicking properties, such as low acoustic attenuation and low surface reflection [8].
Material’s flexibility should, therefore, be a key factor when choosing a material for an
ultrasound phantom. Then, the aims were expanded to make other types of cardiac
models for specific uses in electrophysiological and dynamic experiments. Other than
being compatible to different medical imaging modalities, they have to demonstrate
corresponding properties such as thermochromism [9], conductivity [10], durability
[11], etc. Functions should be validated using multiple clinical systems, while

comparisons should be made between the used materials and biological tissue.

1.1.2 Thesis Objectives

The overall thesis mainly uses two soft materials—Layfomm40 from Poro-Lay series
(Kai Parthy, Germany) & silicone elastomer from Smooth-on silicone (Smooth-on Inc,
the USA). Table 1.1 lists the key materials and corresponding characterisations before

using them to make specific cardiac phantoms:

Table 1.1. Characterisations of key materials used in the thesis.

Key Materials Charaterisations
3D printable materials: 1. Mechanical tests;
Layfomm40, 2. Ultrasound acoustic property tests;
modified silicone inks; 3. Optical microscope observations;
Unprintable materials: 4. Conductivity tests;
Commercial RTV-silicones 5. Rheological tests.
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While Layfomm40 is a novel 3D printable material, silicone needs to be modified for
the use in direct silicone printing [12], otherwise the moulding technique [13] should
be applied instead. Before using them to manufacture functional anthropomorphic
phantoms for applications in cardiology, the two materials were characterised from the
following aspects listed in table 1.1, with some comparisons to the other 3D printable
soft materials such as Tango Plus [14]. Major findings could be summarized from the

material characterizations:

From mechanical tests, as a 3D printable material, Layfomm40 has the closest Young’s
modulus [15] value (128.5 kPa) to real myocardium (180-280 kPa [16]) with a
difference of 28.6%-54% when compared to other 3D printable materials in Poro-Lay
series & Tango Plus. While Dragonskin 10 silicone has a close Shore A hardness [15]
value (9.5 HA) to arcus aorta’s (13.4+1.9 HA [17]) with a difference of 29.10%, and
Ecoflex 0030 has a Young’s modulus value of 55 kPa, with a minor difference of 11.29%

when compared to the value of real valvular leaflets’ tissue (62 kPa [18]).

From ultrasound acoustic property tests, excluding the unprintable silicone materials,
among the 3D printable soft materials compared in terms of ultrasound acoustic
properties [19], all the Poro-Lay series materials after rinsing have significantly less
difference to myocardium [19] than Tango Plus, for example, Gel-Lay has the smallest
impedance difference of 2.99% and Layfomm40 has the smallest velocity difference of
32 m/s, while Tango Plus’s impedance difference to tissue is 34.13% and 809 m/s
respectively. However, the ultrasound properties’ difference between the materials
within Poro-Lay series are quite small, which means the Poro-Lay materials are good

ultrasound materials.

While from the optical microscope [20] observations, the images from microscale of
rinsed Layfomm40 are consistent with its formula description: micro holes could be

generated in its polymer structures and water/saline/thermochromic solutions could be
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absorbed inside with the dissolving of its PVA component.

The electrical conductivity tests prove that small electrical conductivity (3.0 x 107°
S/m) could be obtained in saline water rinsed Layfomm40, which is higher than the
value of silicone rubber (5.16 x 10712 S/m [21]), this property makes Layfomm40
compatible to the radiofrequency ablation (RFA) and electroanatomic mapping systems
(EAMS) [22] in functional testing described in chapter 5. Meanwhile, the thermal
conductivity of rinsed Layfomm40 is 0.4 W/m/K, which is comparable to the value of
cardiac tissue (0.56 W/m/K [23]), with a minor difference of 28.57%. And the
rheological [24] tests show both high temperature and suitable amount of fumed silica
are necessary to make the silicone ink printable, as high temperature could accelerate

its curing process while fumed silica addition could increase its viscosity.

Based on these characteristics of Layfomm40 and silicone, they were then chosen to
make different cardiac models: ultrasound compatible whole cardiac model for multi-
modal medical imaging in chapter 4, thermochromic bi-atrial model for ablation
simulation and CARTO3 mapping [25] in chapter 5, durable aorta and valve models
with different pathologies for pressure analysis under ultrasound/MRI imaging in
chapter 6. Corresponding functional experiments and success metrics are summarized
intable 1.2-1, 1.2-2 & 1.2-3.

Table 1.2-1. Developed whole cardiac models and success metrics (Chapter 4)

Manufacturing Obijectives Experiments Success metrics

Techniques

Ultrasound 1. Visual inspection 1. Anatomical similarity

compatible 2. Ultrasound to patient heart;
3D printing whole cardiac imaging 2. Clear ultrasound,
(FDM) models 3. X-ray & CT X-ray, CT & MRI images
(Layfomm40 & imaging collected on both
Tango Plus) 4. MRI imaging phantoms
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Table 1.2-2. Developed thermochromic bi-atrial model and success metrics (Chapter 5)

Experiments

Success metrics

Manufacturing Obijectives
Techniques
3D printing  Thermochromic
(FDM) bi-atrial model
(Layfomm 40)

1. Visual
inspection
2. RF ablation
3. CARTO3
mapping
4. Ultrasound

1. Anatomical similarity

to patient atrium;
2. Permanent and
reproducible marks
after ablation;

3. Successful CARTO3

mapping results;

4. Clear ultrasound

image from bicaval view

Table 1.2-3. Developed aorta & valve models and success metrics (Chapter 6)

Experiments

Success metrics

Ultrasound imaging

1.Visual inspection
2. Ultrasound & MRI-
Imaging
3. Flow test

Ultrasound compatibility
1. Anatomical similarity
to biological valves;

2. Ultrasound & MRI-
Compatibility;

3. Durability;

4. Close transvalvular
pressure gradient to
natural & commercial

prosthetic valves

Manufacturing  Objectives
Techniques
Aorta model
Two-part One normal
moulding valve &
(Moulds three
printed using  pathological
FDM printer valve
separately) models
Silicone 3D printed
printing normal
valve

Ultrasound imaging&
flow test

Similarity to moulded

valve
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1.1.3 Thesis Structures

The whole thesis includes 7 chapters, with main contents are chapter 3 ~ 6:

Chapter 1 introduces the overall contents of the thesis and gives the introduction to 3D
printing technologies and soft materials, and chapter 2 summarizes the state-of-art
literatures about various 3D printed cardiac phantoms, including whole cardiac models,
bi-atrial models and valve models, which correspond to the work presented in the
following “results” chapters from chapter 4 to chapter 6. During the finding and using
of new 3D printable soft materials, the soft material candidates were chosen based on
their characterisation results, the relevant material preparation and characterisation are

illustrated in chapter 3.

Chapter 4 describes the production and evaluation of a patient-specific multi-modal
imaging compatible whole heart phantom using a novel 3D-printable material called
Layfomm40. The material and imaging properties of the Layfomm40 phantom were
evaluated and compared to commonly used Tango Plus phantoms. The results showed
that the Layfomm40 phantom had favourable tissue-mimicking material properties and
was compatible with multiple imaging modalities. Layfomm40 phantoms have great
potential for cardiac interventional procedure simulation and testing of novel
technologies. This work was published in the following journal paper: Wang, S., Noh,
Y., Brown, J., Roujol, S., Li, Y., Wang, S., Housden, R., Ester, M. C., Al-Hamadani,
M., Rajani, R., & Rhode, K. (2020, December). Development and testing of an
ultrasound-compatible cardiac phantom for interventional procedure simulation using
direct three-dimensional printing. 3D Printing and Additive Manufacturing, 269-278.
https://doi.org/10.1089/3dp.2019.0097

Cardiac ablation therapy is a common technique used for the treatment of arrythmias.

In chapter 5, a novel phantom was constructed and evaluated for simulation of atrial
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radiofrequency ablation. Layfomm40 was evaluated as a suitable material for
compatibility with RFA and EAMS, which are used for guidance during cardiac RFA
procedures. An irreversible thermochromic paint was investigated to allow
visualisation of ablation lesions. A Layfomm40 atrial model was constructed and
coated with the thermochromic paint. This was placed in a custom enclosure and
evaluated for simulation of cardiac ablation procedures in the cardiac catheterisation
laboratory using fluoroscopy and CARTO3 mapping. It was found that Layfomm40
was compatible with RFA and CARTO3 mapping system. The thermochromic paint
allowed realistic visualisation of ablation lesions and the atrial phantom performed well
as a procedure simulator. This work is published in this journal paper:

Wang S, Saija C, Choo J, Ou Z, Birsoan M, Germanos S, Rothwell J, Vakili B, Kotadia
I, Xu Z, Rolet A, Namour A, Yang WS, Williams SE, Rhode K. (2022, June). Cardiac
radiofrequency ablation simulation using a 3D-printed bi-atrial thermochromic

model. Applied Sciences. https://doi.org/10.3390/app12136553

Although Layfomm40 proved to be suitable for creating cardiac phantoms, it is prone
to delamination and therefore it would be challenging to construct phantoms that can
withstand physiological flow conditions or have functional components, such as valves.
In chapter 6, silicone phantoms of the aorta and aortic valve were constructed and
evaluated. 3D printed two-part moulds were used to make the silicone phantoms, with
the internal mould printed in water-soluble material. Different diseased valves were
manufactured with Ecoflex 0030 silicone and then attached to a durable aorta model
which was fabricated using Dragonskin silicone. The phantoms were evaluated using a
physiological flow circuit and imaged using ultrasound and magnetic resonance
imaging (MRI), showing realistic anatomical appearance and physiologically plausible
function. Additionally, in Chapter 6, the possibility of directly 3D printing phantoms
using silicone is explored. The silicone material properties were modified using fumed
silica to increase compatibility with the silicone printer. Another aortic valve model

was designed and constructed using silicone printing and evaluated using a
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physiological flow circuit and ultrasound imaging. Results demonstrated that the
directly printed valve was comparable to that made by two-part moulding. Relevant
work about the two-part moulding manufacturing technique was published in the
MICCAI-STACOM Conference: Wang, S., Gill, H., Wan, W., Tricker, H., Fernandes,
J. F., Noh, Y., ... & Rhode, K. (2019, October). Manufacturing of ultrasound-and MRI-
compatible aortic valves using 3D printing for analysis and simulation. In International
Workshop on Statistical Atlases and Computational Models of the Heart (pp. 12-21).
Springer, Cham. While the haemodynamic findings were presented in the publication
of our collaborator: Gill, H., Fernandes, J. F., Nio, A., Dockerill, C., Shah, N., Ahmed,
N., Raymond, J., Wang, S., Sotelo, J., Urbina, J., Uribe, S., Rajani, R., Rhode, K., &
Lamata, P. (2023). Aortic Stenosis: Haemodynamic Benchmark and Metric Reliability
Study. Journal of Cardiovascular Translational Research.

https://doi.org/10.1007/s12265-022-10350-w

Chapter 7 presents the summary of the finding, conclusions, and some directions for
future work. The work presented in this thesis expands the knowledge and
understanding in the domain of using soft materials for construction of cardiac
anthropomorphic phantoms. This will have a significant impact for the training of
healthcare professionals, testing of novel devices and imaging technologies, and the

progression of research for the treatment of CVD.

1.2Types of 3D Printing Techniques and Printable Materials

3D printing/additive manufacturing is an additive process to turn a digital file into a 3D
solid model. It is the opposite to a subtractive method that involves material removal.
Instead, it creates the object layer by layer with the use of a 3D printer [26]. Today, this
technology has spread into the fields of the military industry, education, architecture,

automotive engineering, civil engineering, healthcare, and many others [26]. Based on
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the printing procedure, it can be classified into the following types: fused deposition
modelling (FDM), vat polymerisation like digital light processing (DLP) and
stereolithography (SLA), selective laser sintering (SLS), inkjet printing, extrusion-

based printing, and many others.

The general principles of 3D printing involve 3D modelling, material and printer type
selection, printing and finishing, which are illustrated in figure 1.1. The 3D models can
be generated via computer-aided design (CAD), 3D scanning, 2D photography with 3D
reconstruction using photogrammetry software, 3D animation software or medical
segmentation software. After fixing any errors in the 3D files, they can be processed by
slicing software that converts the model into printing paths called g-code. With the
resultant g-code, the printer can construct the model layer by layer. The printing
procedure can last from several minutes to days. Because the layered structure will
cause inevitable staircasing effects on the surface of prints, a chemical vapour process
using alcohol and other solvents can be used to polish the printing results and achieve

a smoother surface.

2. Material & Printer
=% Selection: Filament/FDM, N 3. Model Slicing, Printing ™\ 4. Post-processing of The

1. 3D Modelling: CAD,
Segmentation, Surface

: Powder/SLS, Resin/SLA, [ with G-code. Prints.
Scanning, etc.

etc.

Figure 1.1 General principles of 3D printing

3D printing/Additive manufacturing is a term encompasses various materials. The
material choices include synthetic plastics, resins, metals, rubbers with different
flexibility, surface finishing, durability, printing speed, melting temperature and cost
[27]. Selecting the correct materials and 3D printing techniques based on the application
needs is the first step of product development as different technologies have their own

strengths and weaknesses.
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Figure 1.2 [28] demonstrates the main mechanism of four main streams 3D printing
techniques, even though they all build models layer by layer, they still have significant

differences in terms of raw material forms, curing and extrusion processes.

FDM, also named fused filament fabrication or filament freeform fabrication (FFF)
[29], is the most used 3D printing technique with the use of continuous thermoplastic
filament. FDM printer uses a heated extrusion nozzle to melt the polymer in a filament
form and the material will then be cured on the print bed, meanwhile, the motor drives
the spool to feed the new filament inside the extruder. The speed of a FDM printer can
reach 90mm/s which surpass other printer types. Figure 1.2 (a) shows the mechanism
of a typical dual extruder FDM printer, which can print two different materials at the

same time.

Inkjet-based 3D printing is also known as binder jet printing or drop-on-demand (DOD)
printing. It is a type of additive manufacturing technology to recreate colourful models
with high fidelity and printing resolution [30]. As shown in figure 1.2 (b), inkjet printing
uses similar print head to move across a bed of liquid materials/solid suspensions of
photopolymers and selectively depositing liquid binding materials. Unlike FDM, it is a
low-temperature and low-pressure process. When the model is completed, unbound

materials will be automatically removed and reused for next time [30].

SLA, also known as resin printing, is a 3D printing technique that uses UV-light curable
resin materials to create prototypes. The printable resin is usually made of monomers
and a photo initiator, which can be crosslinked from a liquid form to a solid model
under light with certain wavelengths [31]. In figure 1.2 (c), SLA uses a laser source
with a scanning system instead of a print head to cure liquid photopolymer on the
fabrication platform. The whole process will be carried out inside a light-proof
environment. Compared to other technologies, it can achieve the highest resolution of

10um with the sharpest details, while the printed parts are relatively brittle [32].
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SLS is a 3D printing technique using laser source to sinter or melt powdered materials
like metal and nylon. The laser can bind the material together to make the solid 3D
model [33]. This technique is commonly used to manufacture metal parts. As shown in
figure 1.2 (d), SLS uses a laser and scanning system, unused powder can be recycled,

and printed parts should be further post-processed by media blasting for better quality.

Filament B #= === Filament A

Inkjet printer
Roller head

Z
Drive wheel Port
Extrusion nozzle

Print bed Part

W #== Material spool

Fabrication

platform Powder supply Powderbed Fabrication

(a) platform platform (D

Laser

source  Scanner system Laser source Scanner system

Roller T T Part
-

Fabrication
platform

Powder supply Powderbed Fabrication
(C) platform platform (d

Liquid photopolymer

Figure 1.2. Main mechanisms of key 3D printing techniques: (a) fused deposition
modelling (FDM), used materials: thermoplastic filaments; (b) inkjet printing, used
materials: liquid materials/solid suspensions of photopolymers; (c) stereolithography
(SLA), used materials: photo crosslinked resins; and (d) selective laser sintering (SLS),

used materials: metal/plastic powder [28]
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1.3 Introduction to Soft Materials and Relevant Uses in 3D

Printing

In terms of materials’ level of flexibility, they can be classified as soft materials or rigid
materials. The definition of soft material in this thesis refers to materials with the
following features: (a) can be bent, twisted and deformed without losing properties, and
(b) are easy to fracture, stretch, deform and burn during processing [34]. These
properties bring about difficulties in manufacturing using soft materials, as well as
motivate the development of related tools, equipment and technologies. Advanced
manufacturing with soft materials has been investigated for 60 years [35], and 3D
printing was regarded as one of the cutting-edge technologies in manufacturing using

soft materials [36].

TPU is awell-known 3D printable material used to make flexible parts with both plastic
and rubber properties [37]. It belongs to the thermoplastic elastomers (TPE) family and
can be stretched, compressed or bent without being easily broken under external force.
However, this flexibility makes it more challenging for direct printing compared to
normal PLA or ABS materials. Additionally, its thermal stability and chemical
resistance make this material more difficult to be post-processed than other TPE
materials. Currently, TPU rubbers are widely used in sports goods, automotive bushings
and protective products as shown in figure 1.3 (a) [37], with a range of Shore A hardness

between 40-90 HA, and elongation break between 130-300%.

Two other noted commercial soft material series in the 3D printing market are produced
by one of the leading companies, Stratasys, using the PolyJet technique. One series is
the Tango series, including Tango and Tango Plus; the other is the digital anatomy
series, including tissue-matrix and gel-matrix. Compared to the previously mentioned

TPU composites, Tango materials can build up flexible prototypes and simulate rubber-
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like properties with a much lower Shore A hardness of 26-28 HA and elongation break
of 170-220 %. These are ideal for making shock absorption footwear, gaskets and
surgical models as shown in figure 1.3 (b) [38]. While the other one--tissue-matrix is
the softest commercially available printable material which behaves very closely to real
human tissue. When mixing it with different amounts of another PolyJet material,
Agilus, tissue-matrix can be extended to simulate fat, muscle and tumours, and used to
make more types of tissues that mimic soft organs, for example, the full cardiac model
shown in figure 1.3 (c) [39], but this new series has not been widely used due to the

high cost.

Ultraviolet (UV) light-curable soft materials are also being rapidly developed to work
with SLA printers. Some elastic resin materials can achieve a minimum Shore A
hardness of 38 HA, for example, the Flex100 resin demonstrated in figure 1.3 (d)
(Monocure, Australia) [40]. In combination with shape memory polymers, a new type
of photosensitive 4D hydrogel has been invented, as shown in figure 1.3 (e) [41]. The
printed lotus can gradually blossom under UV light with a 365-405nm wavelength, and

it has great potential in healthcare applications, such as self-expanding cardiac stents.

Figure 1.3. Soft material products made by additive manufacturing platforms (a) TPU

cell phone cover [37]; (b) Tango Plus vascular model [38]; (c) tissue matrix cardiac
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model [39]; (d) elastic resin tire model [40]; (e) 4D hydrogel lotus model with self-

expanding effects [41]

However, the primary limitation of current 3D printing with soft materials is the low
manufacturing speed, as it is more difficult to push the right amount of extrusion
through the nozzle, rapid movement of the extruder can cause uneven surface finishing,
and most soft materials take more time to cure on the printer bed [42]. The second
limitation is that the current printable models developed with rigid materials are not
suitable for soft and active materials, as some sophisticated designs need strong
supports which soft materials cannot provide. The third limitation is the 3D printable
soft material choices and their hardness, so far, the most known elastic commercial
FDM-printable filament has a hardness of 60 HA [43], while the most elastic UV-
curable resin has a hardness of 50 HA [44], and Tango series from Stratasys has a

hardness of 26 HA [38].

The soft materials explored in this thesis, for example, Layfomm40 from the Poro-Lay
series and modified silicone inks, expand the variety of 3D printable soft materials with
detailed analysis of their strengths and disadvantages. The potential combination with
other material components such as smart materials and the improvement of the
techniques’ accuracy and functions provide the opportunity to fabricate more functional

phantoms, devices and systems.

1.4 3D Printing in Healthcare

The development of 3D printing and its products help advance several fields, including
the automotive, education, military and even fashion industries. This section will focus
on the state-of-the-art applications in healthcare, which have gone through several
levels. At the first level, the printed products are mainly medical models and devices

used in vitro, which have no requirements for material biocompatibility and special
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mechanical properties. Secondly, the materials used have good biocompatibility, but
the product cannot be degraded and will become a permanent implant after being placed
inside the human body. Thirdly, the materials used have good biocompatibility and
degradability. After implantation, the product can interact with human tissues to
promote tissue regeneration. At the final level, the used materials contain living cells,
proteins and other extracellular matrices with biological activities to make real tissues
and organs. Currently, the first three application levels are relatively mature and have
entered into real clinical scenarios. The following sub-sections will illustrate some

classic applications from different levels.

The rise of 3D printing has started to contribute to surgical departments, from visual-
tactile aids in preoperative planning to patient-specific implants. The relevant
applications focus on the following categories: surgical models/phantoms, simulation
guides/platforms and implants. Though the models and guides can easily be printed
using plastics or resins with FDM or SLA techniques, the implants are generally printed
with metal or high-performance materials with SLS, SLM or inkjet printing because
they require good biocompatibility and strength. Phantoms and simulators can be used
to improve the surgical outcome prediction, and the real surgery operation time and
risks can both be reduced. 3D printed models have already been demonstrated as

superior to 3D medical images [45].

Patient-specific implants are another recent and popular 3D printing application. The
implants are segmented from accurate 3D medical imaging slices to best fit the patient
anatomy and restore the proper function. For example, surgery for bone reconstruction
caused by tumour and neurosurgery for skull defect reconstruction also utilise patient-

specific implants [46,47], as does chest wall reconstruction in thoracic surgery.

Tissue engineering is an interdisciplinary subject with a combination of cell culture,
material and biomedical engineering that focuses on biological tissue restoration,
maintenance, improvement and replacement [48]. 3D bioprinting is a promising

technique to fabricate tissues and organs using hydrogels loaded with living cells. It can
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be realised via inkjet, extrusion-based and laser-assisted printing and has the potential
to produce different transplantable soft tissues like skin and cartilage [49]. It is a useful
tool for creating biomimetic scaffolds with well-controlled chemistry and architecture
using thin material layers that other manufacturing methods cannot achieve. Various
biomaterials can be used in 3D bioprinting to form the desired organ shapes with
different mechanical properties. Polymeric materials are preferred because of the good
biocompatibility, biodegradability, low cost, and preparation as bio-inks. For example,
hydrogel is the most commonly used bio-ink type because cells can live inside this
material. They can be obtained naturally or by manual synthesis [49]. With microscopic

pores left within the structure, these pores provide the essential nutrients for stem cells.
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2 LITERATURE REVIEW

The following subsections summarise the state-of-art literatures about various cardiac

model fabrications, which correspond to the content described in each “results” chapter:

2.1 State-of-art 3D Cardiac Phantoms Used in Clinical

Applications

The literature review in section 2.1 corresponds to the content in chapter 4: the
development of ultrasound compatible whole cardiac models, and their uses in cardiac

interventional procedures/multimodal medical imaging.

2.1.1 Clinical background of cardiac interventional procedures and

multimodal imaging techniques

A cardiac interventional procedure, also known as an interventional cardiology
procedure, is an important type of minimally invasive surgery that deals with the
catheter-based treatment of cardiovascular diseases, such as coronary artery disease,
arrythmias, peripheral arterial diseases and aortic diseases [50]. The main advantages
of using the interventional cardiology approach are the avoidance of scars, pain and

long post-operative recovery compared with traditional open-heart surgery.

Generally, cardiac interventions can be classified into seven categories: cardiac
catheterisation, percutaneous coronary intervention, stents, embolic protection,
percutaneous valve repair, balloon valvuloplasty and atherectomy. Catheters are
medical devices that can be inserted in the body to perform several cardiac intervention
procedures. As an example of these procedures, a right heart catheterisation for tissue

ablation to treat atrial fibrillation is shown in figure 2.1 [51]. The catheter will be
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inserted into the groin and threaded through the femoral vein and inferior vena cava to
the right atrium, then reaches the left atrium through transseptal puncture using a kit

including a pre-shaped sheath, an introducer and a needle.

Figure 2.1. Cardiac catheterisation for tissue ablation under X-ray imaging guidance

[51]

A catheter-based interventional procedures can be performed under multiple imaging
modalities for guidance, particularly where the anatomy is complex or soft tissue
visualisation is crucial. Since direct line of sight is inhibited, the imaging provides the
position of intervention instruments in respect to the patient’s anatomy. These imaging
modalities include real-time cardiac magnetic resonance (CMR)[52], radiology[53],
echocardiography/cardiac ultrasound [54], etc. Each modality has its advantages and
disadvantages, so two or more modalities are sometimes combined to monitor cardiac

catheterisation.

Cardiovascular magnetic resonance imaging (CMR) can provide high-resolution, real-
time 3D cardiac information without ionising radiation; however, it is not commonly
used for cardiac interventions, but for diagnosis. It demonstrates excellent tissue-device
contrast and dynamic cardiac function, especially the enhancement of the

chamber/vessel wall and lumen [52].
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Interventional radiology was invented as an efficient, invasive diagnostic imaging
specialty [53] and encompasses a wide range of rooms, such as catheterisation
laboratories and angiography and electrophysiology suites. The fluoroscopy-guided
interventional procedure can be regarded as the gold standard of cardiovascular disease
diagnosis and treatment since X-Ray have high temporal and spatial resolution.
Additionally, interventional cardiologists also embrace cardiac CT (CCT) as a helpful
tool during minimally invasive surgery to improve tissue discrimination. It is now often
used in pre- and post- evaluation for coronary intervention [55]. and in the future, non-
invasive coronary CT angiography (CTA) could be widely used instead of invasive
diagnosis [56]. However, the use of CT scanning is a major healthcare advancement,
especially when analysing coronary anatomical details, and sometimes supplants
traditional invasive angiography, but the lower frame rate, compared with X-Ray
imaging, limits its real-time functionality. Therefore, CT scanning is used mainly as an
evaluation procedure, while X-Rays are used mainly for real-time device guidance in

cardiac interventions [57].

Even though traditional X-Ray imaging dominates percutaneous cardiovascular
interventions, it is limited when interventions involve the myocardium, pericardium
and cardiac valves, because it has very limited soft tissue contrast. Cardiac ultrasound
(echocardiography) can overcome these problems. Compared to the other imaging
modalities, echocardiography [54] is especially useful for transcatheter treatments,
percutaneous mitral valve procedures and left atrial appendage closures, because it
simultaneously provides real-time imaging of the device and the cardiac inner
structures. There are three types of echocardiography that might be used during
intervention: transthoracic echocardiography (TTE), intracardiac echocardiography
(ICE) and transoesophageal echocardiography (TOE/TEE). TTE is widely available
and portable as a non-invasive imaging procedure [54,] although it has a limited ability

to visualise the back of the heart and is difficult to use during interventional procedures
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since the ultrasound probe needs to be held manually for a long time. ICE has also
demonstrated great potential for device monitoring during interventions, with a probe
insertion that is comfortable for the patient, but several limitations currently exist: the
phased array probe is expensive and single use only, and no standard views for ICE
have been defined [58]. As a trade-off between image quality and imaging cost, TOE

imaging is commonly chosen before and during catheter-based interventions.

2.1.2 Ultrasound compatible materials and phantom fabrication

Tissue-mimicking materials [59] with ultrasound compatibility have been widely used
in anatomical model fabrication and related biomedical research. They have played an
important role in modelling soft tissue to evaluate clinical procedures with multimodal
imaging techniques and therapeutic device performance without risk to real patients.
Since physical phantoms are used in application-specific acquisition and protocols
varying across manufacturing environments, the materials chosen to make the

phantoms become critical to the success of their functionality.

The soft tissue-mimicking materials generally used for ultrasound phantoms can be
classified into 14 different categories: agarose-based, gelatin based, magnesium silicate
based, oil based, water based, open cell foam based, polyacrylamide gel based,
polyurethane, polyvinyl alcohol based, tofu, condensed milk based, urethane rubber,

Zerdine and Polyvinyl Chloride Plastisol (PVVCP) [60-64].

Previous research in [65] has demonstrated that ultrasound compatible materials that
mimic soft tissue can be controlled by different mixtures of gelatine, silica powder and
an Intralipid solution, where the silica or Intralipid particles generate realistic optical
scattering, and the gelatin can maintain good stability and slow bacterial growth. In
[66], a precise and thorough method to design a polyvinyl alcohol cryogel (PVA-C)

phantom that can be used for both medical microwave and ultrasound is presented. The
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final demonstration that its acoustic property is soft tissue mimicking is shown in figure
2.2 [66], the increase of cellulose helps to make the phantom material more compatible
to ultrasound imaging (figure 2.2 (panel A)), on the contrary, with the addition of
sucrose increases the ultrasound attenuation (figure 2.2 (panel B)). While when
focusing on cardiac phantoms used for ultrasound imaging purposes, a partial cardiac
phantom, including cardiac atrial structures made with a metal mould, was recently
developed. The phantom was mainly designed for surgical applications with an

ultrasound-compatible material (gel-wax) and proved to have low acoustic attenuation

and reflection [67].
A ()

Figure 2.2. Ultrasound images acquired at varying cellulose concentrations without
added sucrose (panel A); and at varying sucrose concentrations for a fixed 1% cellulose

(panel B) [66]

All these materials have been tested to have similar or lower attenuation and reflection
values compared with cardiac tissue, but none can be directly 3D printed, so developing
phantoms with complex geometries is still challenging with conventional shaping

methods, such as hard negative moulds or liquid perfusion, because they involve
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significant work to remove the moulds. This is a particular problem for making cardiac

phantoms.

With the development of 3D printing technologies in recent years, production of soft
phantoms with complex geometries, using direct 3D printing, has become feasible and
could potentially be easier and cheaper for phantom fabrication compared with
conventional manufacturing methods. Recently, a complete review was carried out on
the use of 3D printing technology for making cardiac phantoms [68]. However, the
cardiac phantoms demonstrated in [68] are either sub-parts, such as parts of the aorta
only, or are made of clear rigid materials. Other cardiac phantoms, such as the
anthropomorphic phantom used to measure surface radiation exposure [69], the foetal
cardiac ventricular phantom in 4D sonography [70] and the multipurpose ultrasound
phantom used for fast cardiac imaging [71] can produce good images of the heart itself,
but they are usually expensive, non-customisable and lack several functionalities when

used for specific imaging purposes.

In summary, the ultrasound materials used in previous research are not suitable for 3D
printing. The currently available patient-specific ultrasound phantoms are known to be
useful in clinical applications, but they are either difficult to manufacture or incomplete

without fine geometries, which limits their applications in high-fidelity scenarios.

2.1.3 Current medical applications of cardiac phantoms

Thanks to the advancement of 3D printing, cardiac phantoms can be constructed with
multiple colours and materials, like the multi-colour whole cardiac model, the multi-
material left heart model and the mitral annulus model with calcium shown in figure
2.3[68], where the original model can be readily generated from a high-spatial

resolution cardiac CT, an MRI or through CAD software. These models can help people
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to better understand normal and abnormal heart structures compared to 2D images,

satisfying the demonstration and education needs [68].

3D Printed Multi-color 3D Printed Multi-material Mitral Annulus
Transparent Model Left Heart Model “Calcium”

Figure 2.3. Multimaterial and multicoloured patient specific 3D printed heart for
educational purposes and communication with patients: multi-colour transparent whole
cardiac model, multi-material left heart model, and mitral annulus model with calcium

[68]

Except for basic educational functions, cardiac models with various pathologies are also
widely used in minimally invasive surgery simulations and for pre-operative planning.
Examples include a mitral clip simulation for a mitral valve repair procedure [72] and
transvalvular flow volume quantification based on the functional valve model in [68].
As shown in figure 2.4, the mitral clip procedure was carried out on an ultrasound
imaging-compatible cardiac phantom with movable mitral valve. This phantom was
manufactured using mould assembly with transparent silicone elastomer, and the
phantom accuracy was evaluated by calculating the absolute distance between the
original patient data and the segmentation’s point-cloud dataset. Finally, this phantom
was validated by a mitral clip device under ultrasound guidance, which determined its

ability to display realistic anatomical and instrumental features [72].
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Simulator

Figure 2.4. Fabrication of silicone cardiac model with valvular structure and its mitral

clip simulation under ultrasound [72]

These functional cardiac phantoms give the possibilities of wvarious in-vitro
interventional simulation, however, the complicated moulding procedures using
silicone or other non-3D printable soft materials result in low-efficiency and difficulty
of replication, to simply the fabrication procedure, direct 3D printed functional cardiac
phantoms are needed for further research while 3D printable soft materials have to be

included as well without losing their multi-modal imaging compatibilities.

2.2 3D Printed Atrial Models and Simulation Applications

The literature review in section 2.2 corresponds to the content in chapter 5: a bi-atrial
model made for RF ablation simulation and CARTO3 mapping, with description of

atrial anatomies and previous research about atrial model fabrication.
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2.2.1 Backgrounds of atrial anatomies and treatment to atrial

fibrillation

Catheter ablation is an effective treatment for patients with atrial fibrillation [73] and
has become popular choice. During the procedure, catheters will be inserted into the
right atrium (RA) first, then the left atrium (LA) is accessed by a transseptal puncture.
X-ray imaging/fluoroscopy is used to guide the positioning of devices, which can be
challenging [74], while ultrasound imaging is often used to guide the transeptal
puncture. However, using fluoroscopy alone is difficult and time-consuming during the
creation of lines of the conduction block in the 3D geometry of LA, which encourages
the development of new non-fluoroscopic mapping techniques to increase the success
rate as well as reduce the X-ray exposure. Electroanatomic mapping systems, such as
CARTOS, allow monitoring of device position, creation of 3D chamber geometry and
measurement of electrical signals, which significantly improves the clinical outcome

[75].

Figure 2.5 [76] shows an example of a left atrium model constructed from contrast
enhanced magnetic resonance angiography (CE-MRA) images using semi-automatic
segmentation, it contains left atrial (LA) body (light blue), LA appendage (dark blue),
left superior pulmonary vein (pink), left inferior pulmonary vein (orange), right superior
pulmonary vein (yellow), and right inferior pulmonary vein (green). The fibrotic tissue
distribution is incorporated into the segmented model from late gadolinium
enhancement magnetic resonance imaging (LGE-MRI), which can help to guide the
ablation procedure. While figure 2.6 [77] depicts a more complete model that includes
both the left and right atria (LA and RA), pulmonary veins (PV), superior and inferior
venae cavae (SVC and IVC), left and right atrial myocardium (LAM and RAM),
coronary sinus (CS) and intercaval bundles, as well as the inclination and transverse

angles of an atrium’s cross section.

47



Figure 2.5. Left atrium model construction for atrial fibrillation (AF) simulation (a)
Semi-automatic segmentation of contrast enhanced magnetic resonance angiogram
(CE-MRA) imaging; (b) late-gadolinium enhancement (LGE) imaging with registered
segmentation overlaid in red; (c) 3D left atrium model with labelled regions: left atrial
(LA) body (light blue), LA appendage (dark blue), left superior pulmonary vein (pink),
left inferior pulmonary vein (orange), right superior pulmonary vein (yellow), and right

inferior pulmonary vein (green) [76]
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Figure 2.6. Anatomical illustration of bi-atrial models (including both right atrium &
left atrium ) of patients with fibre orientation and representation of the inclination and

transverse angles of an atrium’s cross section[77]
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2.2.2 Literature review about atrium phantom fabrication

As 3D printing assists cardiologists and cardiac surgeons immensely during
intervention and surgical planning [78], it is predicted that this technology will play a
revolutionary role in the medical field in recent years [79]. However, to make the
fabricated model applicable in specific simulation environments, printed materials must

be carefully chosen.

Previously, [80] used 3D printed moulds designed from CT LAA images to
manufacture flexible balloon-like devices which could adopt the morphology of LAA
after cardiac implantation. However, this study only provides a proof of concept of the
feasibility and efficacy of using 3D printed endocardial implants while the printed
models cannot be generalised to interventional procedures such as radiofrequency
ablation (RFA), as illustrated in figure 2.7 [81], the catheter needs to be inserted into
the heart chambers through a vein to create the lesion, and this requires the phantom
material has similar response to ablation heat like cardiac tissue. Figure 2.8 [82] gives
a more comprehensive description of two cases of LAA models with multimodal
imaging, and the corresponding printed atrium model, while figure 2.9 [83]
demonstrates how a deformable atrium model can help clinicians in simulating the
transcatheter LAA closure procedure using the rubber-like material, Tango Plus. They
all show the principle of 3D printed left atrium models in clinical applications, but
mainly for demonstrations, while no further functional validation performed on these

models.
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Reference

Patch Electrode Catheter

Body

RF Generator

Figure 2.7. Radiofrequency ablation (RFA) setup: a catheter is inserted into a vein
(typically in the groin or the neck) and its tip is wire steered within the heart chamber.

[81]

Rev Esp Cardiol. 2018;71:762-4

Figure 2.8. Multimodal imaging of LAA in cases A and B. A, B: cardiac measurements
via computed tomography. C, D: computed tomography rendering of left atrial volume

in working projections. E, F: transoesophageal echocardiographic views (45° and 135°)
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showing landing zone. G: right anterior oblique cranial fluoroscopic projections. H: 3D

printed model [82]

Figure 2.9. 3D printed model of the left atrium to plan atrial appendage closure in

challenging anatomy using the rubber-like material, Tango Plus [83]

2.3 3D Printing in Aorta & Valve Model Manufacturing

The literature review in section 2.3 corresponds to the content in chapter 6:
manufacturing of anthropomorphic aorta and aortic valves, with illustration about the
need of these models and recent research about how 3D printing contributes in their

fabrications.

2.3.1 The need of 3D printed aorta & aortic valve models

The aortic valve allows the blood to flow from the left ventricle to the aorta, disease of
either the aorta or aortic valve may cause serious morbidity [84]. Disorders of the aorta
can cause atherosclerosis (hardening of aorta), hypertension (high blood pressure) and
connective tissue disorders [84]. Valvular disease means that one or more heart valves
cannot function correctly, and three basic problems occur: stenosis,

regurgitation/backflow and atresia.
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Patient-specific valve and aorta models can be used during the preparation of minimal
invasive surgeries [85]. With the help of these 3D printed models, clinicians are able to
better understand patients’ valvular structure and mechanical properties and can plan
and test the valve-related surgical procedure’s efficiency and risks [85]. Additionally,
the tactile and three-dimensional feedback provided by the 3D printed valve models
helps clinicians to visualise and identify corresponding valvular diseases and associated

anatomical changes, such as calcification on the leaflets [86].

Except for being used in surgical simulation, 3D printed prosthetic valves can also be
used as implants. Conventional replacement valves are usually made of rigid polymers
or animal tissues combined with circular metal frames, which can hardly match real
patients’ aorta shape. Manufacturing these metallic valves is also expensive and time-
consuming, many patients after transplantation have to suffer life-long complications
of immune response and take anticoagulants [87]. 3D printed silicone aortic valve
models can solve the problem of manufacturing difficulty and replicate the actual
valves’ shape to the utmost extent. The lead time of production can be reduced from
several working days to a few hours, while the cost is reduced to only several dollars
with a bio-printer [87]. The manufacturing process of a silicone replacement valve is
demonstrated in figure 2.10 (a-j) [87]. The reinforcement patterns were sprayed on the
customised aortic root and leaflet mandrels using a custom-built non-planar 3D printer,
the valve section was combined with the negative mould of the root-shape mandrel, and

the complete replacement valve was produced.
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Figure 2.10. Multi-material additive manufacturing process used for the fabrication of
customised silicone heart valves: (a) mandrel supports of aortic root; (b) valve-shaped
mandrel; (c-e) customised inter-leaflets; (f) valve with soft silicone membrane; (g)

auxetic valve outer surface; (j) complete silicone replacement valve [87]

Apart from the valve model, 3D printed aorta models can also benefit surgeons as a
supportive tool. Standard interventional procedures for this include implantation of
stent-grafts through the femoral artery, or custom aortic prostheses. Stent-grafts are not
patient-specific but patient-specific aortic prostheses manufacturing is expensive and
time-consuming [88]. The emergence of 3D printed aortic prostheses and customised
stent-grafts improve the implanted model accuracy as well as reduce the manufacturing
time frame from several weeks to only several hours, as shown in figure 2.11 [88], the
customised stent-graft was designed based on a patient-specific 3D printed aorta model,
physicians now are able to optimize the surgical procedure and limit the complication

after aortic aneurysm treatment.
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Figure 2.11. Using 3D printed aorta models that are based on the patient’s anatomy to

create custom stent-grafts [88]

With the prevalence of aortic-valve implantation and repair, medical imaging
assessment has become increasingly important for preoperative interventional or
surgical planning. Echocardiography is the key tool in the primary diagnosis of AS, as
it provides information of essential areas of valve pathologies, as shown in figure 2.12
(b), in which the calcification of the valve leaflets is highlighted together with a wider
left ventricle outflow tract than the same area in figure 2.12(a) [89]. The combination
of short- and long-axis echo images can describe the thickness, calcification level and
number of cusps of the aortic valve. Additionally, the combination of imaging and
Doppler determines the level of valvular obstruction. Continuous-wave (CW) Doppler
through the aortic and mitral valves produces filled waveforms, enabling this mode to
measure blood-flow velocity higher than 2 m/sec, while pulsed-wave (PW) Doppler,
which produces unfilled waveforms, can only measure blood velocities lower than 2
m/sec [90]. Measured peak velocity can be used to calculate the maximum pressure
gradient, P4, and the whole systolic wave area can be used to calculate the mean

pressure, Pom-
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Figure 2.12. Ultrasound imaging of the aortic root: (a) Left ventricular outflow tract
diameter measured in zoomed parasternal long-axis view; (b) example of a patient with

calcification [89]

2.3.2 Current 3D printing in aorta and valve model manufacturing

Previously, [91] summarised a systematic review of commonly used 3D-printing
materials to create various valve models, such as ABS, Tango Plus and FullCure 930.
Customised silicone and hydrogel printers have also been developed to directly print

some non-mouldable models.

Figure 2.13 [92] demonstrates the workflow for creating an aortic valve model. The
first step of is to acquire high-resolution volumetric cardiac medical images such as CT
or MRI in a DICOM (digital imaging and communication in medicine) format. The
second step is segmentation focusing on the area near the aortic valve to create patient-
specific valve models with part of the aorta and aortic root. This is a multi-step process,
which includes the pre-processing of image slices and postprocessing of segmented
meshes. The segmented digital models are then exported as 3D-printable files, typically
as an STL file. The main adjustments of an STL file include error repairing, surface
smoothing, mirroring and the elimination of extra meshes. The final step is to load the
valve model into slicing software and start printing. The material is chosen based on

simulation requirements, and sometimes multiple materials are used to represent
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different anatomical elements [91], for example, the calcification area will use more

rigid materials than the normal valve tissue, and the material of the aorta needs to be

more durable than the leaflets.

| |
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3D print material
selection for each
anatomical element

Imaging Data Segmentation

Digital Model

Multi-material 3D
Printed Model

Figure 2.13. Cardiovascular 3D-printing workflow of an aortic valve, including the

acquisition of imaging data, segmentation and actual 3D printing [92].

Figure 2.14 [93] demonstrates a multi-material aortic-root model with an embedded

internal sensor array. It is comprised of three different materials to represent the main

aorta, the leaflets and calcifications. The sensor array inside can facilitate the contact

pressure measurement and locations in the valve’s region of interest. The use of this

model helps inform the implantation size and risks of post-TAVR disturbance [93].
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Figure 2.14. Overview of a patient-specific 3D-printed aortic-root model concept and

components for the TAVR procedure [93].
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A typical tissue-mimicking valve or aorta model manufacturing technique is printing
casts and moulds and then dipping or coating with materials such as silicone. Figure
2.15 [94] provides examples of a mould for mitral, tricuspid and complete
atrioventricular canal (CAVC) valves. To reduce the manufacturing difficulty, these
valve models are only composed of essential leaflets, while the aortic root is eliminated
so the mould can be flat and smooth. Surgeons involved in relevant experiments
consider silicone valve models to be useful in cardiac surgical and interventional cases.
However, deeper analysis is still required to meet the needs of more complicated
designs of valve moulds. To be more explicit, the moulds designed can only produce
2D or shallow 3D valvular structures with silicone materials. If clinical cases require
using more complete 3D silicone models with structures like those shown in figure
2.13, these type of surface moulds printed only using PLA are not suitable. Thus, a
more separable mould design is desired, and other printing materials need to be

investigated to solve the problem of mould removal.

Figure 2.15. (a) Moulds and (b) silicone valves in order from left to right: tricuspid,
CAVC, mitral; (c) surgical practice of suturing techniques on a CAVC valve model

[94].

Apart from the moulding method, silicone valve phantoms can also be directly 3D
printed thanks to the advances of silicone printing technique. [12] has combined a
mixing chamber and controlled heating system based on an open-source FDM printer
to print a specific type of commercial silicone — Dragonskin VF10 (Smooth-on, the

USA), but the commercial silicone materials are too limited in both flexibility and
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viscosity to be applied to broader healthcare cases. Further modifications of the silicone
inks are thus required for using the silicone printing technique in valve model

manufacturing.

2.4 Conclusions and Relation to Following Chapters

From the different cardiac models presented in the current literatures, it can be
concluded that most of 3D printed models are mainly for demonstration purposes
without further validations using medical devices, or expensive and non-customizable.
While most soft tissue-mimicking materials lack 3D printability, the conventional
moulding techniques limit their uses in creating complicated geometries. Advances in
3D printing bring more 3D printable soft materials like TPU and flexible resin
materials, however, their flexibility could be hardly compared to biological tissue’s,

thus, not suitable for making functional anthropomorphic cardiac models directly.

The research in this thesis explores a novel 3D printable soft material—Layfomm40
and new manufacturing techniques using another soft tissue-mimicking material—
silicone as supplement. The key materials were first characterised in chapter 3 with
detailed analysis of their strengths/weaknesses, and relevant physical property
comparisons to tissue’s. The various cardiovascular phantoms produced using the
selected materials in the following “results” chapters 4-6 could demonstrate high
anatomical fidelities to patients’ ones from both visual inspection and multi-modal
medical imaging. The combination with other components such as smart materials also
endows these cardiac models with more functionalities. Meanwhile, the inexpensive
and easy fabrication procedures using Layfomm40 and silicone promote their wider

uses in the future.
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3. MATERIAL CHARACTERISATIONS

3.1 Introduction to Material Characterisation

As stated in the list of objectives in section 1.1.2 of the thesis introduction, the main
soft materials used in the thesis were Layfomm40 & silicone rubbers, before using these
materials to fabricate various cardiac models described in chapter 4-6, they were
characterised and compared using the following methods:1. mechanical property tests,
including Young’s modulus & hardness tests of Layfomm40 & commercial silicones,
three-point bending test for the selection of proper moulding materials when two-part
moulding technique was applied; 2. ultrasound acoustic property test, which was
mainly for the selection and validation of ultrasound compatible 3D printing materials
to make the whole cardiac phantom; 3. optical microscope observation of Layfomm40
material after rinsed with water, saline and thermochromic solution, which was mainly
for the demonstration of its structure change from microcosmic level; 4. thermal &
electrical conductivity tests and comparisons between Layfomm40 & other conductive
3D printing materials, which was for the validation of Layfomm40’s compatibility of
the radiofrequency ablation system; 5. rheological characterisation of modified silicone
inks with fumed silica powder addition, for the fabrication of valve model using direct

silicone printing technique.

Mechanical testing was the main characterisation method used throughout the whole
thesis, it can be not only used to determine the similarities/differences between the
phantom materials and cardiac tissue, but also used to select the most suitable moulding
material in case moulding technique was applied for silicone model fabrication. Thus,
Layfomm40, silicones and another 3D printable soft material—Tango Plus were
characterised in terms of Young’s modulus and hardness, the characterisation results

were used for the whole cardiac model fabrication in chapter 4, and the aorta & valve
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model fabrication in chapter 6; while different dissolvable moulding materials were
compared in terms of flexural modulus in addition to their water solubility, the relevant
results were used for the two-part moulds fabrication in chapter 6. It is worth
mentioning that, even though printed silicone specimens have different mechanical
performances with moulded silicone specimens, as the focus of the mechanical
characterisation was the effect of fumed silica powder addition instead of the
manufacturing technique, to simplify the specimens’ fabrication procedure, the
mechanical characterisation of the new silicone inks used in silicone printing section of

chapter 6 was based on moulded silicone specimens.

Ultrasound acoustic property testing was mainly used to determine the materials’
ultrasound compatibility quantitively, the testing results can be regarded as
complementary data for the qualitative ultrasound imaging results demonstrated in

chapter 4.

The optical microscope observation and conductivity testing of Layfomm40 were the
main characterisations for the fabrication of bi-atrial ablation phantom in chapter 5, the
microscope characterisation proved Layfomm40’s capability of saline water or
thermochromic solution absorption, and the conductivity characterisation proved its

compatibility to the radiofrequency ablation system.

Even though the original silicone materials’ viscosities were provided from open-source
instructions, the effect of fumed silica powder addition in the modified silicone inks for
silicone printing in chapter 6 remained unknown from previous literatures. The finale
rheological characterisation focused on the new silicone inks’ viscosity changes along
different fumed silica power amount and temperature; the relevant results were then
used to help determine the parameter settings of the silicone printer to make valve

model comparable to moulded counterparts in chapter 6.
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3.2 Mechanical Property Testing

3.2.1 Comparison Between 3D Printable & Unprintable Soft

Materials

3.2.1.1 Young’s modulus & hardness tests of novel 3D printable

materials and commercial silicones

Before fabricating the phantom, it is necessary to choose materials suitable for the
representation of soft tissue. In order to reduce the 3D printing difficulties, the
selected material needs to be easily 3D printable. A key selection criterion is flexibility.
This was evaluated for both elasticity in tension and resistivity to indentation, by
measuring Young’s modulus and Shore A hardness respectively [15]. And the
flexibility results of new 3D printable soft materials were compared to the results of
three types of room temperature vulcanising (RTV) silicones, the RTV silicones were
chosen for comparison as they were regarded as common tissue-mimicking materials.
The 3D printable soft materials tested were the Poro-Lay series including Layfomm40,
Layfomm60 and Gel-Lay; Tango Plus; silicones including Jehbco silicone, RTV

silicone Ecoflex-0020 (silicone 0020) and RTV silicone Ecoflex-0050 (silicone 0050).

The hardness could be measured with a durometer [15], it measures the depth of an
indentation in the material created by a given force on a standardised presser foot. While
Young’s Modulus [15] describes the elastic properties of a solid undergoing tension in
one direction only. Figure 3.1 shows an example of the load-extension curve, and

Young’s modulus is the slope of this curve. It can be calculated with the equation E =

FLg

YT where E is the Young’s modulus, which should be a constant, F is the force exerted

on the object under tension, A is the cross-sectional area perpendicular to the applied
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force, AL is the length by which the object changes when the force is applied and L, is

the original length of the object [95].

Specimen 1 to 1

Specimen #
1

Load [N]

0 10 20 30 40 50
Extension [mm]

Figure 3.1. Load-extension curve example of silicone 0050. samples recorded by

Instron 3343 tensile machine and Bluehills software.

In the following experiments shown in figure 3.2 (a), the durometer measurement was
performed with a Shore A durometer tester on prepared 5 cm thick samples according
to the user manual, and all the results were read directly from the tester’s digital screen.
And in figure 3.2 (b), the Young’s modulus was measured using a tension test machine
(Instron 3343) with a4 mm thick and 10 mm wide 1SO 527 Type 1B specimen. During
testing, the machine’s clipping hands stretched the specimen until manually stopped.
For each material, the test was repeated 20 times in order to reduce random errors,
and the full dataset was recorded and exported using Bluehills, the built-in software,
and further analysed in MATLAB 2017. The Instron sample holding arms move
slowly when the motor is activated; the Young’s modulus can then be calculated from

the recorded extended distance and loading force.
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Figure 3.2. Stiffness testing experimental setup: durometer testing (a) and Young’s

modulus testing (b)

Tables 3.1-1 and 3.1-2 summarise the flexibility (hardness and Young’s modulus)
comparison results between different 3D printable unprintable materials, respectively.
PolyJet Materials Data Sheet published in 2016 reported that the Young’s modulus of
Tango Plus is between 0.1 and 1 MPa (equivalent to 100-1000 kPa), while RTV silicone
has a smaller Young’s modulus of 0.01 to 0.2 MPa (equivalent to 10-200 kPa). Except
for Jehbco silicone, the stiffness testing results for these materials agree with the results
in the above literature. As for the Shore A hardness, Tango Plus demonstrated a
durometer measurement between 26 and 29 HA in [16], which is also consistent with

the tests presented here.

Table 3.1-1. Flexibility comparison between different 3D printable materials

Samples Layfomm40 Layfomm60 Gel-lay Tango Plus
Durometer 4 (min) 16.5 17 29 (max)
(HA)
Young’s 128.5 (min) 584.8 1493.7 609.5
Modulus (max)
(kPa)
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Table 3.1-2. Flexibility comparison between different unprintable materials

Samples Silicone 0050 Silicone 0020 Jehbco Silicone
Durometer (HA) 5 2.5 (min) 39 (max)
Young’s 96.5 17.8 (min) 2350.0 (max)

Modulus (kPa)

Table 3.2. Advantages & disadvantages of 3D printable and unprintable soft material

Type

Materials

Advantages

Disadvantages

3D
Printable
Materials

Poro-Lay Series

Tango Plus/Agilus
Series

TPU/TPE Series

Porous, flexible and
conductive after
immersion in water

High printing quality

and good durability

Good durability, low
cost

Delaminated and
dried out easily, low
printing quality, low

durability

Low flexibility and
unclear ultrasound
imaging
performance

Very low flexibility
and very bad
medical imaging
performance, low
printing quality

Unprintable
Materials

Silicone

PVA-C

Paraffin/Agarose

Very high flexibility,
durability and multi-
modal imaging
performance

Low viscosity, very

high flexibility and

very low ultrasound
attenuation

Low viscosity, very

high flexibility and

very low ultrasound
attenuation,
recyclability

Slow curing process

Complicated
freeze—thaw cycle
S0 not water
soluble, low
durability, high
frangibility

High melting point,
low durability, high
frangibility
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Even though the 3D printable material--Layfomm40°s flexibility could satisfy the
requirements to make an ultrasound compatible cardiac phantom for static simulations,
its low durability compared to silicones limits its applications in dynamic experiments.
Table 3.2 summarises the advantages and disadvantages of these 3D printable and
unprintable materials. From the table, it can be concluded that all the current 3D
printable materials are limited by their low flexibility or poor printing quality, and
among the unprintable materials, Ecoflex and Dragonskin perform better than PVA-C,
agarose and hydrogel in terms of their durability and ease of use. Thus, typical silicone
materials were considered to make the aorta/valve phantom for the flow test in chapter
6. Using the same setup in figure 3.2, the silicone material candidates were also
characterised in terms of flexibility, and the results were presented in table 3.3, together

with the flexibility of aorta and valve leaflets [17,18, 96].

Table 3.3. Flexibility comparison between potential aorta and valve phantom

materials: 3D printable soft materials and traditional silicone rubbers

Shore A Hardness Young’s Modulus (kPa)
Aorta 13.441.9 [17] 701-983 [96]

Valve leaflets N/A 62 [18]
Agilus30 30 431
Agilus40 40 476
Agilus50 50 571
Agilus60 60 784

Tango Plus 26-28 609.5

Flex100 Resin 38 1,365
Dragonskin 10 9.5 109
Dragonskin 20 20.5 427
Ecoflex 0010 0.5 16
Ecoflex 0030 3 55
Ecoflex 0050 5 97

65



3.2.1.2 Young’s modulus & hardness tests of modified silicones

The previous commercial silicone materials used to make the aorta & valve listed in
table 3.3 were not viscose enough to be printable, by adding certain amount of fumed
silica powder, the modified silicone inks could form the filament shape and be used as
printable materials. However, the powder addition will affect the printouts’ mechanical
properties, which could further affect the printouts’ functionality. Thus, the Young’s
modulus and hardness of cured silicone specimens with different amount of fumed
silica were also analysed and compared. As the focus of the modified silicone inks’
mechanical characterisation was the effect of fumed silica powder addition instead of
the manufacturing technique, to simplify the specimens’ fabrication procedure, the
mechanical characterisation of the new inks used in silicone printing section of chapter

6 was based on moulded silicone specimens.

The tested modified silicone inks involve four types of Smooth-on silicone materials as
they have obvious viscosity and flexibility differences: Dragonskin 10, Dragonskin 20,
Ecoflex 0010 and Rebound 25. The amount of added fumed silica to make a printable
ink varies according to the type of silicone base. For Dragonskin 10 and 20, the range
is 20-50%, for Rebound 25, the range is 20—-40% and for Ecoflex 0010, the range is
40-60%, these values were determined from experimental printing performances based

on their original mixed viscosities, and the amount of added fumed silica powder was

measured in a glass Pyrex beaker by volume percentage.

Figure 3.3 Silicone specimens (ASTM type IlI) for testing flexibility: (a) specimen
moulds; (b) specimens with different amounts of fumed silica; (c) Young’s modulus test

with Instron 3343 tensile machine; (d) hardness test with Shore A durometer
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Figure 3.3 (a, b) shows the modified silicone specimens’ preparation with different
amounts of added fumed silica, and the flexibility characterisation setups shown in
figure 3.3 (c, d) are the same as previous setup in figure 3.2. All corresponding
flexibility results are listed in tables 3.4-1 and 3.4-2, which demonstrate that the use of
fumed silica powder could increases the silicone materials’ flexibility (both hardness

and Young’s modulus), but in a small range.

Table 3.4-1 Shore A hardness of various silicone inks (HA)

Fumed Silica Dragonskin 10 Dragonskin 20  Ecoflex 0010 Rebound 25
Addition (v/v)

0% 10.0 22.0 0.5 215
10% 12.0 235 0.5 22.5
20% 13.0 245 0.5 240
30% 145 26.0 1.0 26.0
40% 15.0 271.5 2.0 27.5
50% 16.0 28.5 2.5 /

60% / / 2.5 /

Table 3.4-2 Young’s modulus of various silicone inks (kPa)

Fumed Silica  Dragonskin 10 Dragonskin 20  Ecoflex 0010 Rebound 25
Addition (v/v)

0% 151.62 386.55 15.76 372.17
10% 169.54 390.47 20.68 417.34
20% 202.94 443.00 24.74 446.08
30% 217.96 466.13 32.57 513.90
40% 224.03 470.65 41.01 535.96
50% 273.46 559.30 47.92 /

60% / / 54.2 /

67



3.2.2 Moulding Material Comparison

As silicone rubber was considered to be the best material type to make the aorta and
valve phantoms, before the mould-based technique was applied, the suitable moulding
material should be selected based on the following requirements: it must dissolve easily

with simple solvents and be stable when external force is applied.

3.2.2.1 Water solubility of different moulding materials

Separate water solubility test was performed before mechanically characterising

different moulding materials using three-point-bending test [97].

There are several water-soluble 3D-printing materials available on the market,
including PVA (Technologyoutlet, Amazon, UK), High-T-Lay (Kai Parthy, Germany)
and Lay-PVA (Kai Parthy, Germany), which fulfil these criteria. From the initial
experiments, a full infill density of 100% and room-temperature water environment
were chosen, and the dissolving process took several days, which was longer than
expected. Thus, it was necessary to compare the three selected moulding materials in
terms of different infills and their solubility at different water temperatures, finding the
optimal dissolving parameters will speed up the manufacturing process and avoid

wasting time on unnecessary printing.

The specimen used for the infill density experiment was a 3 x 3 x 3 cm3 cube with a
discrete infill density range of 0% to 100%, and the dissolving water temperature was
controlled at 25°C. The specimen used for the water-temperature experiment was a 1 x
1 x 1 cm3 cube with 0% infill, and the water temperature was controlled from 25°C to
100°C. The dissolving procedure was monitored by a surveillance camera (Y| Dome

Camera) and manually recorded from the starting point to the fully dissolved point.
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The water solubility results are presented in tables 3.5-1 and 3.5-2: the printed PVA
cube with 0% density can be fully dissolved within just 1.62 hours, the Lay-PVA cube
needs 4.75 hours, which is around 3 times that of PVA, while the High-T-Lay cube
needs 36.08 hours, which is more than 22 times that of PVVA. Meanwhile, the dissolving
time increases exponentially with specimen infill density; for example, the 100% PVA
specimen needs 377.83 hours to fully dissolve, which is around 233 times that of the

0% PVA specimen.

Table 3.5-1. Moulding material dissolving time comparison with different infill

densities (@ room temperature of 25°C).

Infill Density Time Taken to Dissolve (Hours)

) PVA High-T-Lay Lay-PVA
0 1.62 36.08 4.75

20 10.43 163.08 58.38
40 24.43 367.50 173.42
60 116.42 656.42 284.73
80 263.33 858.25 397.57
100 377.83 1,028.17 494.28

Average Time 132.34 518.25 235.52

Table 3.5-2 shows that PVA is the best water-soluble material at various water
temperatures, while with a higher temperature, all the tested materials dissolve more
rapidly; for example, the time needed for 0% PVA to dissolve at 25°C is 93 minutes,

which is nearly 3 times of the time at 100°C.
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Table 3.5-2. Moulding material dissolving time comparison at different temperatures

(@ 0% infill density).

Temperature Time Taken to Dissolve (Minutes)
o PVA High-T-Lay Lay-PVA
25 93 2,124 311
40 72 1,324 314
60 50 1,293 309
80 42 1,290 310
100 33 1,285 306
Average Time 58 1,463 310

3.2.2.2 Bending tests of different moulding materials

In addition to the dissolving time, the performance of the moulding material when
external force is applied also needed to be considered, as the moulds would be fixed
with clamps before the silicone was poured in. Thus, a three-point bending test [97]
was performed to compare the material’s flexural modulus [98]. The three-point
bending test is used to analyse a solid material’s static behaviour under certain axial-
and lateral-loading forces [99]. The results can be plotted via force-extension curves,
and parameters such as flexural modulus and failure force can then be calculated from

this curve.

The specimens for this test were prepared as 10 x 2 x 1 cm? cuboids with infill density
ranging from 20% to 100%, and a Zwick Roell Z010 tensile-testing system was used.
The experimental setup is shown in figure 3.4. Before activating the tensile machine,
the specimen was placed in the middle of the fixture, and the bottom pivots on both
sides were the same to guarantee data precision. During testing, the punch was carefully

lowered at a pre-defined speed until the specimen was crushed, then the relevant curve
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was generated using testXpert Il software (Zwick Roell, Germany). Following the
experiments, the recorded data were analysed in Matlab 2019. The failure force when
the specimen cracks is simply the maximum loading force, and the flexural modulus
that represents the material’s strength could be calculated using the equation E; =
(L*m)/(4bd?) in [97], where E is the flexural modulus, L is the support span, b is the
width of the specimen, d is its depth and m is the gradient of the initial straight-line

portion of the load-extension curve:

Figure 3.4. (a) Illustration and (b) experiment of the three-point bending test.

Tables 3.6-1 and 3.6-2 present the failure-force and flexural-modulus results of the
materials, from which we can see that Lay-PVA can withstand the highest external force
and PVA can withstand the lowest; the average load force of Lay-PVA is 630 N, which
is 2.57 times that of PVA; Lay-PVA also has the highest flexural modulus with an
average value of 1412 MPa, and PVA has the lowest value of 242 MPa. Meanwhile,
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with higher infill density, the failure force of all the specimens increases with

increments between 20% and 100% ranging from 301 N (PVA) to 936 N (Lay-PVA).

Table 3.6-1. Moulding material failure force comparison

Infill Density (%)

Maximum Load Force (N)

PVA High-T-Lay Lay-PVA
20 134 111 216
40 163 157 497
60 165 297 546
80 326 429 737
100 435 522 1,152
Average Force 245 303 630

Table 3.6-2. Moulding material flexural modulus comparison

Infill Density (%)

Flexural Modulus (MPa)

PVA High-T-Lay Lay-PVA
20 137 489 612
40 144 705 906
60 148 972 1,276
80 276 1,244 1,815
100 506 1,656 2,454
Average Modulus 242 1,013 1,412
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3.3 Ultrasound Acoustic Property Testing

In addition to the stiffness and hardness measurements, the material’s ultrasound
acoustic properties were measured and used as a reference for the selection of the
ultrasound phantom material. The following experiment examined pixel intensity in
the ultrasound image (under a consistent gain setting), attenuation, speed of sound,

acoustic impedance and reflection coefficients/backscattering.

Ultrasound Advanced Open
Platform (ULA-OP64-2)

\ 4

Water
tank

Testing Sample IronPlate

Figure 3.5. Ultrasound experimental setup with ULA-OP-64-2

4 Ultrasound Probe

The samples for the pixel intensity test were 5x5x5 cm cubes for the materials
previously mentioned, and the 2D ultrasound images were acquired using the x3-1
transducer on the iE33 ultrasound machine (Philips, The Netherlands). Because
different materials have different attenuations for ultrasound waves, they were
prepared at different thicknesses with flat surfaces for the other acoustic parameter
tests in order to ensure each sample’s attenuation could be calculated. The pulse-echo
method [60] was used for acoustic testing with a single-sided broadband linear
LA332E-2 probe (Esaote, Italy) operating at 1.5 MHz, as higher frequencies could

not penetrate through the materials. The detailed experimental setup is illustrated in
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figure 3.5, where the iron plate is placed on the bottom as the reflection reference,
using non-contact ultrasound imaging. All acquired data was then processed by the
Ultrasound Advanced Open Platform (ULA-OP64-2) [19] and analysed using
MATLAB 2017.

Figure 3.6 [100] shows the ultrasound wave signal acquired during pulse-echo testing.
From the signal’s travel time, the velocity can be calculated using equation (3.1), and
from the amplitude difference, the attenuation can be calculated using equation (3.2).
To reduce random errors, for one sample the signal acquisition was repeated for 100
cycles, and all the post processing was averaged. In the velocity calculation, c, is the
acoustic velocity in the sample, c,, is the acoustic velocity in degassed water (1.48 x
106 kg/m?/s), d is the sample thickness, measured separately, and AT is the time shift
upon displacement of water with the sample in place. The attenuation and
backscattering coefficients can be calculated from the log difference between the two
acquired spectra in equation (3.2), where o is the attenuation coefficient, u is the
backscattering coefficient, A (x, y; £) is the magnitude of the spectrum with the sample

in place and A, (x, y, f) is the magnitude of the spectrum with no sample in place.
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Figure 3.6. Ultrasound signal for attenuation and velocity calculation [100]
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Besides velocity and attenuation, some other derived acoustic values can be
calculated using equation (3.3), as stated in [101]. The pressure amplitude reflection
coefficient r, the pressure amplitude transmission coefficient t, the intensity
reflection coefficient R and the intensity transmission coefficient T can be calculated
using equation (3.3), where water is taken as the reference impedance Z; with a value
of 1.48% 10%kg/m? /s. The acoustic impedance can be calculated from Z = cp, where
c is the velocity transmitted in the sample, p is the material’s density. The ultrasound
images of different materials under the same ultrasound machine settings are depicted
in figure 3.7 together with their pixel values. It can be seen that Poro-Lay materials,
including Layfomm40, Layfomm60 and Gel-Lay, have similar pixel intensities
varying from 152 to157 (the highest), silicone materials have similar pixel intensities

(the medial) from 124-127, and Tango Plus has the lowest pixel intensity of 58.88.

—=——= (31

_ 20 AGy.f) d_B] _ A(f)
a=——logi 1oy om LU= ZOIoglvo(f) [dB] (3.2)
 Z-7Zy , 22,  Zy-TZaig o AZyZ,

T Zi+Zy T Z4+Zy R= (Zl+Zz) T = (Z1+2,)2 (3:3)

Figure 3.7. Ultrasound pixel intensity for (a) Layfommd40: 152.78 +34.21; (b)
Layfomm60: 157.33 +£36.15; (c) Gel-lay: 154.54 +34.74 ; (d) Tango Plus:
58.88 +62.29 (min); (e) silicone 0050: 124.00 £55.03 and (f) silicone 0020:
127.05+£57.7
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Table 3.7-1. Ultrasound acoustic properties of different 3D printable materials

Samples Layfomm40 Layfomm60 Gel-lay Tango
Plus
Density (kg/m?) 1,082 1,041 1,023 1,100
(min)
Attenuation 6.57 5.95 6.24 29.31
(dB/cm@1.5MHz) (max)
Velocity 1,468 1,544 1,581 2,039
(m/s@1.5MHz) (max)
Impedance 1.59 1.61 1.62 2.24
(10°kg/m?/s) (max)
Backscattering -22.50 -20.41 -17.86 -32.60
Coefficients (dB (min)
at 1.5 MHz)

The ultrasound acoustic values, including the velocity, attenuation and backscattering
of different materials, are summarised in tables 3.7-1 and 3.7-2. For each property, the
minimum and the maximum are highlighted for all the tested materials. Because Jehbco
silicone has a much larger Young’s modulus than other materials and soft tissue, its
ultrasound properties were not tested further. It can be seen that silicone 0020, which is
the most flexible material, also has the lowest attenuation of 3.52 dB/cm at 1.5 MHz,

the largest mean backscattering coefficient of -15.26 dB relative to steel plate and the
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lowest velocity of 1,038 m/s at 1.5 MHz. In literature, it is reported that the classic
tissue-mimicking material, RTV silicone, has a velocity between 959 and 1,113 m/s and
attenuation between 0.1 and 5.6 dB/cm measured in the frequency range of 500 kHz-1
MHz [102]; our results agree with these reference results. Further comparisons between

these materials and real tissue were discussed in section 3.7.

Table 3.7-2. Ultrasound acoustic properties of different unprintable materials

Samples Silicone 0050 Silicone 0020
Density (kg/m?) 1,363 (max) 1,202
Attenuation 4.62 3.52 (min)
(dB/cm at 1.5 MHz)
Velocity 1,063 1,038 (min)
(m/s atl.5 MHz)
Impedance 1.45 1.25 (min)
(10°kg/m?/s)
Backscattering -18.22 -15.26 (max)

Coefficients
(dB @ 1.5 MHz)

3.4 Optical Microscope Observation

The Layfomm40 material’s ability to absorb other liquids makes it easily combined
with other materials, which enables its compatibility to the radiofrequency ablation
system—the conductivity & colour-changing effects, the corresponding functional
results were presented in chapter 5 with a bi-atrial model. The aim of the optical
microscope characterization is to demonstrate Layfomm40’s porous structures rinsed
in different liquids. The observation of its material change from microscale was carried
out using Leica optical microscope (Leica Microsystems GmbH, Germany), while the
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used liquids included water, saline & thermochromic solutions. The type of the
thermochromic material was determined from the visual inspection and microscope

observation first as shown from figure 3.8-3.10.

Thermochromic material is a type of smart material with a colour-changing effect
triggered by heating or cooling. It is usually composed of a colour developer, former
and co-solvent, as shown in figure 5.7. The colour developer can produce the colour-
changing effect and colour intensity, while the former determines the base colour [103].
In terms of whether the original colour can be recovered, thermochromic materials can
be classified as reversible and irreversible ones. The two material types employ
different principles to produce the colour-changing effect, and both thermochromic
pigments were purchased from Special FX Creative (SFXC, UK). As shown in figure
3.8 (a), the colour former and colour developer inside reversible thermochromic
microcapsules are only reorganised under heat, making the colour-changing effect
temporary. On the other hand, the volatile dye inside irreversible thermochromic
microcapsules evaporated when heated to the phase transition temperature, resulting in
a permanent colourless state. Figure 3.9 shows their different colour-changing effects
using two 3D printed cuboid specimens and a hot lamp as the external heat source. The
blue specimen in figure 3.9 (a-1 and b-1) was directly printed by a type of colour-
changing PLA material, it went colourless when heated above 40°C but once placed in
cold water, it gradually recovered its original blue colour. Compared to the reversible
colour-changing specimen, the irreversible specimen was printed using regular white
PLA filament and coated with grey irreversible paint. The effect lasts permanently once
the original colour has vanished. The colour changing procedure was also monitored
under an optical microscope, with the results shown in figure 3.10; the results were
consistent with those in figure 3.9. However, it could be observed that the recovered
colour of the reversible thermochromic PLA specimen was lighter than the original
colour, with its grid structure made crystal-like. Moreover, the irreversible specimen

did not have any holes on its surface.
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Figure 3.8. Composite changing procedures of (a) reversible and (b) irreversible
thermochromic materials during heating and cooling: (a) in reversible thermochromic
microcapsules, the colour former and colour developer are reorganised under heat; (b)
in irreversible thermochromic microcapsules, the volatile dye is evaporated during

heating

heat

cool
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heat

cool
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Figure 3.9. Comparison of (a-1 and b-1) reversible and (a-2 and b-2) irreversible
thermochromic paintings; (b) demonstration on 3D printed PLA cuboid specimens: the
reversible blue PLA specimen’s colour recovers after rinsing in cold water, while the

irreversible grey PLA specimen remains colourless even without heat source
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Figure 3.10. Optical microscope comparison of (a) reversible and (b) irreversible
thermochromic PLA specimens: the recovered colour of (a) is lighter than its original

colour, while (b) remains colourless state after heating.

Based on the requirements of the ablation experiments in chapter 5, the ablated mark
should last permanently for postoperative visualization, thus, the irreversible
thermochromic pigment was chosen as the bi-atrial model’s coating, and the absorption
of the thermochromic solution of Layfomm40 material was compared to the absorption
of water and saline solution at the same time using Leica optical microscope (Leica

Microsystems, Germany) in figure 3.11 (a).
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Figure 3.11. (a) Leica optical microscope (Leica Microsystems, Germany); (b) four
printed Layfomm40 samples: samples immersed in colour-changing ink, saline water

and water, and dry Layfomm40

100 pm

Figure 3.12. Optical microscope images of (a) dry Layfommd40, (b) Layfomm40
immersed in pure water, (c) Layfomm40 immersed in saturated salt water and (d)

Layfomm40 immersed in thermochromic ink

As shown in figure 3.11 (b), the Layfomm40 specimens were prepared as circular discs
(2 cm diameter) in dry condition, or immersed in water, saline and irreversible
thermochromic solution. Figure 3.12 shows the corresponding microscope images of
the four samples. The dry Layfomm40 initially appeared as a fibrous material with a

flat surface. After absorbing water (figure 3.12 (b)), the porous structure appeared,
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allowing water to flow inside. Aside from resembling figure 3.12 (b), the saline water-
immersed sample in figure 3.12 (c) became conductive, and the quantitative
conductivity shall be characterised in the next section 3.5. Figure 3.12 (d) demonstrates
that the irreversible thermochromic pigments could float inside Layfomm40 along with

the air bubbles and water.

3.5 Thermal & Electrical Conductivity Testing

In addition to being irreversibly thermochromic and flexible, the material must be both
thermally and electrically conductive to make the atrial ablation simulator compatible
with the RFA system. The previous microscope images have proven the Layfomm40’s
ability of absorbing saline water, and the quantitative conductivity characterisations
were performed using the following setup in figure 3.13 in terms of both electrical &

thermal conductivity.

Electrical conductivity is a concept used to quantify a material’s ability to transfer
electric current, a high value of electrical conductivity indicates a high ability of current
conduction and low impedance [10]. The electrical conductivity testing was completed
using a multimeter, as shown in figure 3.13 (a). The prepared specimens were 3D

printed 10mm*10mm*10mm cubes using the chosen four printable materials in table

3.8. The result could be calculated via equation: p = %; o= %, where p denotes

electrical volume resistivity, R denotes resistance, A denotes the specimen area, L
denotes the specimen length and o is the calculated electrical conductivity. As listed in
table 3.8, the conductive PLA from Proto-Pasta, Amelon and Graphene have an
electrical conductivity of 0.058, 0.007, and 0.017 Siemens/metre (S/m) respectively,

while saline water-immersed Layfomm40 has a comparatively small electrical
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conductivity of 3.0 x 107¢ S/m, but the rigidity of these conductive PLA filaments

limits their ability to mimic cardiac tissue.

Thermal conductivity is used to measure a material’s heat-conducting ability. Materials
with high thermal conductivity have a strong ability to transfer heat [10]. The thermal
conductivity experiment was conducted using the KD2 Pro thermal analyser (ICT
International, Australia), as shown in figure 3.13 (c), which was specifically used to
test the thermal conductivity of rubber-like materials. The samples were 100 mm long,
measured 15 mm around the needle probe and had a 2.4 mm inner hole. The tests were
performed using samples of varying densities immersed in saturated saline water;

however, these did not yield different results. The thermal conductivity could then be
calculated using equation: q = —k - % where g denotes the heat flow, x denotes the

thermal conductivity, T, — T, is the temperature difference and L is the heat flow’s
travel distance. The thermal conductivity of the rigid plastic materials could not be

tested using this thermal property analyser.

Table 3.8. Electrical and thermal conductivity comparison of different conductive 3D

printable materials & cardiac tissue

Material Conductive Conductive  Graphene Lay- Cardiac
PLA - PLA - fomm40 Tissue
Proto-Pasta Amelon

Electrical 0.058 0.007 0.017 3x107°%  0.16[104]
Conductivity

o (S/m)

Thermal - - - 0.40 0.56[23]
Conductivity

k(W/m/K)
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Figure 3.13. (a & b) Electrical conductivity testing and calculation using a multimeter;

(c & d) thermal conductivity testing and calculation using KD2 pro thermal analyser

3.6 Rheological Characterisation

The commercial silicone materials are generally not 3D printable due to their low
viscosities. The modification method used here is adding certain amount of fumed silica
powder, thus, direct silicone printing technique could be then applied to make the aortic
valve model in chapter 6. The relevant rheological characterisations of modified

silicone inks are described in this section.

Complex viscosity [105] measures the total resistance to the flow of a fluid and plays
an important role in a material’s printability, it can influence the extrusion’s morphology
(figure 3.14). Suitable viscosity is crucial for extruding a smooth strand for 3D printing.
Low viscosity generally causes the failure of the material to form a filament and stay
on the printer bed, whereas high viscosity is more likely to result in an inconsistent flow
from the nozzle, or even jamming. Hence, attaining the perfect printability of inks
involves finding trade-offs and a suitable viscosity. Experimentally, kinematic viscosity

can be measured by viscometer or rheometer, and the rheological characterisation
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results are important for choosing the correct type of silicone as well as a suitable
printing temperature. While rheological parameters already exist for commercial RTV
silicone in current research, numerical analysis on how fumed silica affects silicone

printing and the printed flexibility remains unknown.

0
0
LG (®) (©
Ink too runny, Right viscosity, Ink too viscous,
drop form fiber form, like  syringe tip blocked,

filament unable to extrude

Figure 3.14: Illustration of the effect of different ink viscosities: runny inks will cause
the failure of the material to form a filament, inks with proper viscosities can shape the

material into filament form while very viscous inks will block the extruder tip

Figure 3.15: Experimental setup for silicone materials’ rheological characterisation: (a)
two-part Dragonskin 10 RTV silicone (Bentley Advanced Materials, UK); (b) used

hydrophobic fumed silica powder; (c) Anton-Paar MCR92 rheometer, test in progress

The rheological experiments consisted of two-time sweep tests, one for different
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temperatures and the other for different amounts of fumed silica inside the prepared
silicone inks. To compare temperatures, the material sample was made of Dragonskin
10 silicone (Smooth-on, USA), shown in figure 3.15 (a), and fumed silica powder
(figure 3.15 (b)). The amount of silica powder was fixed at 10% v/v, and the temperature
range was 40-80 °C. To compare the amounts of fumed silica, the temperature was fixed
at 60°C, and the amount of silica powder was 0-20% v/v. Both experiments were
completed using an Anton-Paar MCR92 rheometer (Anton Paar, USA), shown in figure
3.15 (c), in oscillation mode (a rheological testing mode to investigate phase transitions
and crystallisations during a curing process, can be used to determine both viscous and
elastic properties of the materials) on a 40 mm diameter steel plate peltier. The exported
data was analysed with Origin 2020 (OriginLab, USA), which is an all- in-one software

to handle tasks such as signal processing, data manipulation, graphing and reports.
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Figure 3.16: Time sweep experiments of Dragonskin 10 silicone +10% fumed silica

(v/v percent) at different temperatures (40-80 °C)
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Figure 3.17: Time sweep experiments of Dragonskin 10 silicone at 60 °C with different

amounts of fumed silica (0-20% v/v)

Figure 3.16 shows the complex viscosities of Dragonskin 10 silicone with 10% fumed

silica along different temperatures from 40°C to 80°C, the inks’ viscosities increase from

10® mPa.s to 107 mPa.s within 0.5-5 mins. While figure 3.17 shows the complex

viscosities of Dragonskin 10 silicone at fixed temperature 60°C along different fumed

silica amount from 0% to 20%, the lowest finale viscosity is around 1.5x 107 mPa.s

and the highest finale viscosity is around 4.5x 107 mPa.s.

3.7 Discussion

3.7.1 Analysis of Mechanical Characterisation Results

3.7.1.1 Mechanical analysis of phantom materials

From the mechanical testing results presented in Table 3.1-1 & 3.1-2, it can be seen that

amongst all the selected materials, silicone 0020 is the most elastic, while Jehbco
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silicone is the stiffest. Moreover, the myocardium’s Young’s modulus reported in [16]
is between 0.18 and 0.28 MPa (equivalent to 180-280 kPa). As a 3D printable material,
Layfomm40 has the closest Young’s modulus value (128.5 kPa) to real myocardium
with a difference of 28.6%-54%, while the Young’s modulus values of the other three
3D printable materials are much larger than the myocardium’s one: Layfomm60 &
Tango Plus: 2-3 times, Gel-Lay: 5-8 times of myocardium’s Young’s modulus.
Meanwhile, Layfomm40’s hardness (4 HA) can achieve the same level as the classic
tissue-mimicking material silicone Ecoflex-0050 (5HA) at its maximum flexibility after
rinsing. A conclusion can be drawn that among all 3D printable materials, Layfomm40
is the best choice to mimic cardiac tissue in terms of flexibility (both Young’s modulus

and hardness).

However, Layfomm40 could not be used to make the dynamic valve model, thus, a
more durable material type--silicone was investigated. From the hardness and Young’s
modulus data presented in table 3.3, when compared to the arcus aorta’s hardness
reported in [17], which is Shore A 13.4+1.9, Dragonskin 10 silicone has the closest
value of Shore A 9.5 among the listed materials, with a difference of 29.10% compared
to biological tissue, therefore, it was selected to make the aorta phantom in chapter 6
using the two-part moulding technique. While Ecoflex 0030 was chosen as the valve
materials with a Young’s modulus difference of 11.29% when compared to the value of

real valvular leaflets’ tissue (62 kPa) reported in [18].

The use of fumed silica powder could change the unprintable commercial silicones to
printable ones, with certain increases in materials’ hardness and Young’s modulus
values presented in table 3.4-1 & 3.4-2, however, there is no quantitative relationship
between the increase in flexibility and the amount of silica. With a broader range of ink
flexibility, the silicone printing technique can be used in more applications, while the

most suitable printing option depends on the application requirement.
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3.7.1.2 Mechanical analysis of moulding materials

The moulding materials’ mechanical performances were also analysed as they shall
affect the phantom fabrication procedure when moulding technique applied. Separate
water solubility test was performed first, from table 3.5-1, it can be observed that PVA
is the dissolves the most easily, while High-T-Lay is the most difficult, and the
dissolving time increases non-linearly with the tested infill densities. While table 3.5-2

shows that high temperatures could accelerate the moulding materials’ dissolving.

Regarding to the strength analysis from table 3.6-1 & 3.6-2, PVA has the smallest
average flexural modulus with 242 MPa and Lay-PVA has the largest with 1,412 MPa,
which means PVA is the best option in terms of flexible moulding materials, and Lay-
PVA is the strongest. With a lower infill density, the mould becomes very fragile while
high infill density makes the mould hard to dissolve. Thus, the final printing option for

the internal moulding material was PVA with 40% infill density.

3.7.2 Analysis of Ultrasound Acoustic Properties

From the ultrasound images in figure 3.7, it can be observed that the low pixel
intensity of Tango Plus sample means that it could result in corresponding low-quality
ultrasound images, while the Poro-Lay & silicone materials are more ultrasound
compatible. This finding is also consistent with the quantitative ultrasound acoustic

measurements.

The velocity of real tissue is reported to be around 1500 m/s in [106], while the

attenuation and acoustic impedance of real cardiac tissue are 0.5 dB/cm and 1.67 X
kg . . .
106 ﬁ/s, respectively, at 1 MHz [19]. According to the linear dependency of

attenuation on frequency, the estimated attenuation of real cardiac tissue is 0.75 dB/cm

at 1.5 MHz. A comparison between the real tissue and the new materials is summarised
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in table 3.9-1 and 3.9-2, where the relative difference is calculated by the absolute

difference dividing the value of the cardiac tissue.

Table 3.9-1. Ultrasound acoustic value differences between different 3D printable

materials and real tissue

Samples Layfomm40 Layfomm60 Gel-lay Tango
Plus
Attenuation 776% 693% 732% 3,808%
Difference (max)
(@1.5MHz)

Impedance 4.79% 3.59% 2.99% 34.13%
Difference (min) (max)
Velocity 32 44 81 809
Difference (min) (max)

(m/s)

Table 3.9-2. Ultrasound acoustic value differences between different unprintable

materials and real tissue

Samples Silicone 0050 Silicone 0020
Attenuation Difference 516% 303% (min)
(@ 1.5 MHz)
Impedance Difference 13.17% 25.15%
Velocity Difference 437 462
(m/s)
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From the calculated differences listed in table 3.9-1 & 3.9-2, it is clear that all the
silicones and rinsed Poro-Lay series materials have significantly less difference to
myocardium [106,19] than Tango Plus: Tango Plus has the largest attenuation (3808%),
impedance (34.13%) and velocity differences (809 m/s) compared to real tissue, while
silicone 0020 has the smallest attenuation difference of 303%, Gel-Lay has the smallest
impedance difference of 2.99% and Layfomm40 has the smallest velocity difference of
32 m/s. However, the ultrasound properties’ difference between the materials within
Poro-Lay series are quite small, which means the Poro-Lay materials are good

ultrasound materials.

Combined with the mechanical results that Layfomm40 has the highest flexibility
among all the 3D printable materials, it was chosen out of all the 3D printable materials
to make the ultrasound compatible cardiac phantom, while Tango Plus was chosen for

better printing quality and easy stable storage.

3.7.3 Analysis of Optical Microscope Images & Conductivity of

Layfomm40

The results in figure 3.9 (b-2) & figure 3.10 (b) demonstrate the irreversible
thermochromic coating’s permanent colour-changing effect after heating. In the further
microscope images figure 3.12 (d), the thermochromic solution could also be absorbed
inside Layfomm40 just like water and saline, however, the pigment was easily washed
away when the Layfomm40 model was placed in a water tank. Thus, instead of
immersing the model in ink, pigments were mixed with acrylic paint and brushed on its
surface in the subsequent atrium simulator design in chapter 5. The microscope
observation results of the rinsed Layfomm40 are consistent with its formula
description: the PVA component of Layfomm40 will dissolve inside water/other mixed

liquids, and the TPU component will keep its shape with micro holes generated in the
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polymer structures. These micro holes could be potentially used for cell growing, which

IS an interesting topic in the future work.

From the results presented in table 3.8, even though the electrical conductivity of
Layfomm40 (3.0 x 107° S/m) is much lower than cardiac tissue’s (0.16 S/m [104])
and other rigid conductive 3D printable materials’ (0.007-0.058 S/m), it is still much
higher than the value of the traditional soft tissue-mimicking material, silicone rubber,
which is only 5.16 x 10712 S/m [21], and the small conductivity of saline water rinsed
Layfomm40 was enough for initiating the RFA device in later functional testing
described in chapter 5. However, the thermal conductivity of Layfomm40 is 0.4
W/m/K, which is comparable to the value of cardiac tissue (0.56 W/m/K [23]), with a
difference of 28.57%.

From the current analysis, there is no commercial 3D printable materials with both good
thermal and electrical conductivities comparable to real cardiac tissue at the same time,
let alone other properties like flexibility. The results show that the saline water rinsed
Layfomm40 is more ideal than silicone rubber or other rigid conductive filaments to
make the RFA simulator in chapter 5. This is not only because of its good flexibility
and ultrasound acoustic property as demonstrated from mechanical and ultrasound
acoustic characterisations, but also because of its ability to simultaneously transfer heat
and electrical current, which is essential for the RFA system to work and leave a mark

on the surface where ablated.

3.7.4 Rheological Analysis of Modified Silicone Inks for Silicone

Printing

From the rheological characterisation of the modified silicone inks, figure 3.16 shows
that as temperature increases, the complex viscosity n of the ink increases and reaches

a plateau faster. For example, it takes more than five minutes for the silicone material
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to cure at 40 °C, but only 30 seconds at 80 °C. However, there is no obvious correlation
between the plateau complex viscosity and the temperature because ink molecules
move faster and collide with each other more frequently, accelerating the crosslinking
process. Figure 3.17 demonstrates that the addition of fumed silica increased the
complex viscosity of the crosslinked Dragonskin 10 silicone, and as the concentration
of the silica increased, the plateau complex viscosity of the silicone increased.
Meanwhile, the increase in fumed silica addition also increased the crosslinking time
of the silicone gel, from around 30 seconds for Dragonskin 10 silicone to around two
minutes for 20% silica-added silicone. One explanation for this is that the curing
process is determined more by the temperature and the reaction of the crosslinker and
catalyst after mixing, whereas the powder can only increase the original and cured

viscosity without changing the chemical reaction.

From the previous two rheological tests, it can be concluded that both high temperature
and suitable amount of fumed silica are necessary to make the silicone ink printable,
during the later printing test, the chosen ink was prepared with Dragonskin 10 silicone
with 20% fumed silica powder addition, and the temperature of the heating system was
set to 80°C, in cases where higher viscosities or hardness were desired, the fumed silica

can be added up to 60% depending on the chosen silicone base materials.

3.8 Conclusion and Relation to Following Chapters

The different characterisations described in chapter 3 help the selection of proper soft

materials for different cardiac models’ fabrication:

Based on the flexibility and ultrasound acoustic characterisation results, Layfomm40
was chosen because of its close Young’s modulus value and ultrasound compatibility
to myocardium, while Tango Plus was chosen for better printing quality and easy stable

storage to make the whole ultrasound cardiac phantoms developed in chapter 4. Based
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on the optical microscope observations and conductivity results, saline water rinsed
Layfomm40 material coated with irreversible thermochromic painting was chosen to
make the bi-atrial model for RF ablation and CARTO3 mapping in chapter 5. Based on
the high durability and flexibility, silicone materials were chosen to make the aorta &
valve models (Dragonskin 10 has a close Shore A hardness to aorta and Ecoflex 0030
has a close Young’s modulus value to valvular leaflets), PVA was selected as the
moulding materials when two-part moulding technique was applied, while silicone inks
mixed with fumed silica powder were chosen to make another valve model when
silicone printing technique was applied in chapter 6, the relevant rheological

characterisation results help find suitable silicone printing parameters.
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4. DEVELOPMENT OF A CARDIAC
PHANTOM FOR MULTIMODAL
IMAGING AND INTERVENTIONAL
PROCEDURES

The aim of this chapter is to use direct 3D printing technique to make the whole cardiac
phantom for interventional procedures and multimodal medical imaging, particularly
ultrasound imaging. The patient-specific phantom needs to be easy to manufacture,
customisable and inexpensive. Based on the previous mechanical and ultrasound
acoustic property characterization results, the following work demonstrates the
fabrication of ultrasound-compatible cardiac phantoms with novel 3D printable
materials—Layfomm40 & Tango Plus, and the work presented in in this chapter can be

found in the journal publication:

Wang, S., Noh, Y., Brown, J., Roujol, S., Li, Y., Wang, S., Housden, R., Ester, M. C.,
Al-Hamadani, M., Rajani, R., & Rhode, K. (2020, December). Development and testing
of an ultrasound-compatible cardiac phantom for interventional procedure simulation
using direct three-dimensional printing. 3D Printing and Additive Manufacturing, 269-

278. https://doi.org/10.1089/3dp.2019.0097

4.1 Introduction to 3D Printed Cardiac Phantom

Early evaluation of CVD can be carried out using models or phantoms of the
cardiovascular system and reduce the dependency on animal, cadaveric or human
studies [107]. The development of high-fidelity anthropomorphic cardiac phantoms is
an area of current research. While the literatures summarized in section 2.1 presents

several ultrasound materials to be used for soft tissue-mimicking phantom fabrication
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and 3D printed cardiac models, a full-chamber ultrasound compatible cardiac phantom

directly made by 3D printing has not been reported.

The work described in this chapter is the production of complete cardiac phantoms with
four main chambers for multimodal medical imaging, particularly ultrasound, and
interventional procedures, using the techniques of 3D printing with soft materials
(including Layfomm40 & Tango Plus). Both phantoms’ fabrication procedure are easy
and inexpensive. 3D printing technology is investigated through both a high-end
PolyJet printer, using Tango Plus material (Stratasys Objet500, Israel), and a commonly
used FDM printer (WASP Delta 2040, Italy), using Poro-Lay materials (Kai Parthy,
Germany). Both materials’ mechanical and ultrasound acoustic properties were
characterised in chapter 3 as they need to be taken into consideration before printing.
Results are presented including visual inspection, qualitative comparison of
echocardiography, fluoroscopy, CT, and MRI images during cardiac interventional

simulation.

4.2 Development of Patient-specific Cardiac Phantoms Using

3D Printing

4.2.1 3D Cardiac Model Segmentation

After comparing the materials’ stiffness, hardness, and ultrasound acoustic properties
in chapter 3, Layfomm40 can be regarded as the best tissue-mimicking 3D printable
material. However, it must be immersed in water for a long time to keep its maximum
flexibility, while Tango Plus is more stable and easier to store. The overall procedure

for fabricating an ultrasound cardiac phantom is summarised in figure 4.1.
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Figure 4.1. Overall procedure for ultrasound cardiac phantom fabrication using 3D

printing technique.

Before printing, the cardiac model should first be segmented from volumetric medical
images. In this paper, the original images were obtained from a chest CT scan (519
slices) of a healthy male volunteer. They were then segmented semi-automatically
using ITK-Snap (University of Pennsylvania & Utah, USA). The segmentation
includes the structures of the left ventricle (LV), right ventricle (RV), left atrium (LA),
right atrium (RA), mitral valve (MV), aorta (AO), superior vena cava (SVC), inferior
vena cava (IVC) and the spine. As shown in figure 4.2, the red label is the
myocardium, which needs to be printed, while the yellow, green and brown labels are

the venae cavae, pulmonary artery and spine, respectively.

After post processing the exported red and brown labels, a 3D surface model was
obtained, as shown in figure 4.2 (d). After a rough segmentation, the 3D software,
Seg3D, was used to smooth the original segmentation and fix the holes inside. This
was done by applying a median filter with a smoothing value of 4. Finally, to simplify

the removal of the support material, the whole model was cut in half using Netfabb,
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to be glued together with super glue after 3D printing. The final segmentation results
used for 3D printing are shown in figure 4.3 where both the outside and inside of the
3D heart model could be clearly visualised. Using the inner slice view, the internal

cardiac structures are verified to be accurate representation of patient’s heart.

Figure 4.2. Original cardiac and spine segmentation of CT scan using ITK-SNAP with
different colours representing different areas: axial view (a), sagittal view (b), coronal

view (c) and 3D view (d)
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(b)

Figure 4.3. Post-processed segmented cardiac model: outside view (a) and inner slice

view (b)

4.2.2 3D Printing

As previously mentioned, Tango Plus was chosen for its better stability and Layfomm40
was selected for its high flexibility and low ultrasound attenuation amongst all the 3D
printable materials. Before sending the model to a printer, the 3D objects should first
be converted to g-code in Cura. As shown in figure 4.4, a PolyJet Objet500 printer was
used for Tango Plus, while an FDM-based WASP Delta 2040 (WASP, Italy) printer was
used for Poro-Lay. Compared with general rigid filaments, Layfomm40 has stricter
printing settings. The printing speed should be less than 40 mm/s, and the temperature
set to 225 °C in order to prevent nozzle clogging. For better printing quality, the filament
should be dried in a filament drier before printing. The general steps for printing with
Tango Plus are similar, except that the material is prepared in the form of gel instead of
a filament spool. To remove the support materials, the Tango Plus phantom was
immersed in 5% soda water for two hours, while the Layfomm40 phantom’s support
material was manually removed with tools. After printing, Tango Plus can be stored in
air without any post processing, while Layfomm40 should be rinsed in water for two

days to reach its maximum flexibility.
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Figure 4.4. 3D Printing: Layfomm40 (a) used by the WASP Delta 2040 printer (b) and
Tango Plus (c) printed on a PolyJet Objet500 printer (d)

Figure 4.5. Printed whole cardiac phantoms: Layfomm40 (a) and Tango Plus (b)

The printing results are shown in figure 4.5. The size of the printed cardiac phantom is
29.98x14.52x11.26 cm3, which is approximately the same size as a normal human heart.

The printing and material costs for the Layfomm40 and Tango Plus phantoms were
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GBP 68.70 and GBP 521.24, respectively. In terms of printing requirements, Tango Plus
requires a high-end PolyJet printer because it is liquid gel, not a normal filament spool,
thus making it less affordable. However, once printing begins, Tango Plus is much
easier to control due to its lower melting point. With Layfomm40, which can be printed
with any inexpensive desktop FDM printer, printing might result in failure due to its

higher melting point and stickiness.

4.3 Multimodal Imaging Validation of Cardiac Phantoms

After preparing the two cardiac phantoms, the multimodal imaging experiments were
conducted using 2D echocardiography, X-Ray and 3D CT and 3D MRI imaging
systems. The results from the two materials, Tango Plus and Layfomm40, were
compared. Since the appearance of both materials differs significantly from real

myocardium, a comparison with patient data was not considered.

4.3.1 Ultrasound Imaging Validation

The 2D ultrasound images were acquired through an iE33 ultrasound machine (Philips,
Netherlands) with a 2D matrix phased array x3-1 transducer (Philips, Netherlands)
under a TOE transgastric basal short-axis view, during which an ablation catheter was
inserted into the right ventricle of the phantom. During the experiment, the phantoms
were stuck to the bottom of a box filled with water. During image collection, the most
difficult problem was adjusting the probe’s location to find suitable standard views that

present both the catheter and cardiac structure in the best way.

Figure 4.6 shows the 2D echocardiography results of the two cardiac phantoms. The
ablation catheter appears as a bright spot labelled with a red circle. The ultrasound

results indicate that both Layfomm40 and Tango Plus are suitable tissue-mimicking
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materials for ultrasound phantoms because they both present clear cardiac inner
structures from non-contact imaging. By comparing the two phantoms, it can be seen
from figure 4.6 that the echocardiography of the Layfomm40 phantom has better
ultrasound image quality with less reflection and fewer artefacts on the phantom surface.
Moreover, Layfomm40’s speckle size is smaller than that of Tango Plus and closer to
real myocardium’s appearance. The catheter tip (red circle) inside both phantoms is
very distinct and easy to identify, which demonstrates the plausibility of building up

future TOE datasets using the phantoms.

Figure 4.6. 2D Echocardiography with the catheter (red circle) in the right ventricle
(RV): Layfomm40 phantom (a) and Tango Plus phantom (b)

4.3.2 X-Ray and CT Imaging Validation

The X-Ray and cone beam CT scans were acquired using Siemens Axiom Artis C-arm
system (Siemens, Germany). From the initial water-based experimental results, both
Layfomm40 and Tango Plus show a similar Hounsfield Unit (HU) to water in X-Ray
and CT images. Therefore, the final images were acquired in air for a higher phantom-
background contrast of both the heart and the catheter. To distinguish the two phantoms
during post analysis, a CS catheter was inserted through the inferior vena cava into the
right ventricle of the Tango Plus phantom and through the aorta into the left ventricle
of the Layfomm40 phantom. Figures 4.7 and 4.8 show the X-Ray and CT images of

both phantoms. The X-Ray and CT show no obvious difference between Tango Plus
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and Layfomm40 in terms of X-ray contrast or CT number, measured on the Hounsfield
Scale and close to 0 for both phantoms, i.e., similar to water. Compared to the
echocardiography results, the catheter tip under fluoroscopy can be tracked and
reconstructed more easily, but the cardiac inner structures, especially the valves, are

difficult to see in X-Ray. The latter are better visualised using CT.

(8 B¢

Figure 4.7. X-Ray images of the Layfomm40 (a and b) and Tango Plus (c and d)

phantoms showing the front and side views, with ablation catheters inside the left and

right ventricles, respectively

Figure 4.8. CT images from X, y, z views and the corresponding reconstructed ablation

catheters. Layfomm40 (a—d) and Tango Plus (e-h) phantoms
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4.3.3 MRI Imaging Validation

The MRI scanner used was a Siemens Magnetom Aera 1.5T (Siemens, Germany). Due
to safety considerations of the strong magnetic field of the environment, no catheter

could be inserted into the phantoms.

During imaging, both phantoms were placed in a plastic water tank under four classical
MRI imaging modes: T1-weighted, T1-mapping, T2-weighted and T2-mapping. The
whole procedure lasted approximately one hour in order to ensure image quality
because longer MRI imaging times can guarantee higher resolutions. 3D T1-weighted
and T2-weighted data were acquired using a fast spin echo sequence (voxel size =
1.3x1.3x1.3 mm?3). Single-slice T1- and T2- mapping were carried out using the
modified look-locker inversion recovery sequence (5-(3)-3 MOLLI scheme [108]) and
a T2-prepared based sequence, using a balanced steady state free precession (bSSFP)

readout [109] (voxel size = 1.4x2.1x8 mm?3) for both.

Figures 4.9 and 4.10 show the MRI images of the two phantoms without catheters.
From the T1 MRI imaging results, the Layfomm40 phantom have a higher contrast with
the water background than the Tango Plus phantom, which is closer to real tissue,
however, in T2 mode, the difference between the two phantoms is not as obvious as in
T1 mode. The image contrast of the Layfomm40 phantom is 80%, while that of Tango
Plus is -57% relative to water in T1 mode. The image contrast of Layfomm40 is -90%,

while that of Tango Plus is -96% relative to water in the T2 mode.
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Figure 4.9. MRI images from multiplanar orthogonal views in T1-weighted and T1-
mapping modes. T1-weighted: Layfomm40 phantom (a—c) and Tango Plus phantom

(e-9); T1-mapping: Layfomm40 phantom (d) and Tango Plus phantom (h)

Figure 4.10. MRI images from multiplanar orthogonal views in T2-weighted and T2-

mapping modes. T2-weighted: Layfomm40 phantom (a—c) and Tango Plus phantom

(e-9); T2-mapping: Layfomm40 phantom (d) and Tango Plus phantom (h)
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4.4 Discussion

From the comparison between Tango Plus cardiac phantom and Layfomm40 phantom,
the Tango Plus phantom has observably better quality in terms of resolution and surface
smoothness. The resolution of the Tango Plus phantom is 0.2 mm, which is two times
better than the resolution of the Layfomm40 phantom, which has a resolution of 0.4
mm. Additionally, Tango Plus can be stored in air at room temperature, while
Layfomm40 can only be stored in water to maintain its flexibility. Meanwhile, from
the visual inspection of the 3D printing results, both phantoms demonstrate good shape
and dimension stability. Even though the Layfomm40 material could absorb abundant
water inside, the TPU copolymer inside it could help keep the printed models’ stability
in the flexible form after its P\VA component washed away, various fluids could then
fill the created pores to tune the material’s properties so it can resemble real cardiac
tissue in many aspects. The FDM printing technique provides many options in tuning
the 3D models’ dimensions by rescaling in X, y, z direction easily using the slicing
softwares (for example, Cura). However, during Layfomm4Q’s printing, the required
high melting temperature around 225°C may result in slight warping, which needs more

attention in the following works.

By comparing the two phantoms’ echocardiography images in figure 4.6, the
echocardiography of the Layfomm40 phantom has better ultrasound image quality with
less reflection and fewer artefacts on the phantom surface. Moreover, Layfomm40’s
speckle size is smaller than that of Tango Plus which makes it closer to real
myocardium’s appearance under ultrasound, this finding matches its mechanical
properties described in chapter 3, that rinsed Layfomm40 has the closest Young’s
modulus value to real myocardium [16] with an error of 28.6%-54%. But the X-Ray
and CT results in figure3.29 & figure 3.30 show no obvious difference between Tango
Plus and Layfomm40 in terms of X-ray contrast or CT number, measured on the

Hounsfield Scale and close to 0 for both phantoms. This could be explained by that
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radiographic contrast relies on the materials’ density difference [110], high radiographic
contrast difference could only be observed in materials where density differences are
notably distinguished, a higher density material will attenuate more X-rays than a lower
density material and appear to be darker in the radiographies; however, the density of
rinsed Layfomm40 is 1082 kg/m3 and Tango Plus is 1100 kg/m?3, the density
difference is only 18 kg/m3, thus, their X-ray and CT imaging results appear to have

similar contrast.

The difference in MRI results is still significant between Layfomm40 and Tango Plus
phantoms, especially in T1-weighted mode. The T1 and T2 times of the Layfomm40
were 692 ms and 1,267 ms, respectively. While the T1 time of the Layfomm40 was in
a similar range as the in vivo myocardial T1 time (~1,000 ms using MOLLI [108]), its
T2 time was greater than the in vivo myocardial T2 time (~50ms [109]). The reduced
quality of the T1/T2 maps of the Tango Plus did not allow for a confident quantification
of T1/T2 times. From the T1 MRI imaging results, the Layfomm40 phantom have a
higher contrast with the water background than the Tango Plus phantom, which is closer
to real cardiac tissue. This is because the molecules of Layfomm40 after water
absorption consist of more hydrogen atoms than those of Tango Plus as Tango Plus is
water-resistant. The MRI imaging relies on the excitation of hydrogen atoms [111],
which are ubiquitous in the human body. The hydrogen nucleus, which acts as a small
magnet, absorbs a certain amount of energy and resonates, that is, the phenomenon of

magnetic resonance occurs.

From the multi-modal imaging results and corresponding Young’s modulus &
ultrasound acoustic results stated in Chapter 3, Layfomm40 is a promising and cost-
effective 3D printing material which could be used potentially as a substitute for animal
experiments like organoids [112], its porous structure could be used for cell growing
and drug delivery after water absorption. Compared to the animal evaluation system,

Layfomm40 cardiac model can reduce the complexity of experiments and keep the
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compatibility to real-time imaging technology with much lower cost. In previous
research, hydrogels were commonly used as biomaterials in advanced functional
biosystems creation as they could facilitate cell migration and adhesion in 3D
environment [113]. However, the major disadvantage of hydrogels is their lack of
mechanical strength due to the fast degradation. Compared to hydrogels, dry
Layfomm40’ rigidity could guarantee more complicated 3D structures of the printed
model, meanwhile, the low cost and ease of availability of Layfomm40 help promote
its wider applications and investigations, the cost of Layfomm40 is only 68.95 £/kg,
while the cost of GelMA hydrogel is between 7.09-73.44 £/g, and the cost of alginate
Is 36.7-122.4 £/g.

4.5 Conclusion & Relation to Next Chapter

From the presented results in this chapter, it can be concluded that both Poro-Lay
materials and Tango Plus have potential to represent soft cardiac tissue and used for
cardiac interventional procedures. The Layfommd40 phantom was printed using an FDM
printer and the Tango Plus phantom was printed using a high-end PolyJet printer. After
fabrication, the phantoms were imaged using ultrasound, X-Ray, CT and MRI systems,
revealing that both materials are suitable for multimodal medical imaging, while
Layfomm40 phantom showed better performance under ultrasound and MRI with fewer
artefacts and higher contrast. Meanwhile, Layfomm4Q’s ability to absorb other liquids
was observed after rinsing, thus, it will be an ideal choice to make cardiovascular
models for ablation simulation. Chapter 5 will illustrate the procedure of making a
conductive bi-atrial phantom for atrial ablation simulation, with the guidance of

CARTO3 mapping and ultrasound imaging.
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5. RADIOFREQUENCY  ABLATION
SIMULATION USING 3D PRINTED
THERMOCHROMIC BI-ATRIAL
PHANTOM UNDER CARTO3 MAPPING
& ULTRASOUND GUIDANCE

The aim of this chapter is to make a bi-atrial phantom to enhance electrophysiological
training, thus, the model needs to be compatible to the radiofrequency ablation system
and the CARTO3 mapping system, which are often used during the real interventional
procedures. Additionally, the ablated points on the phantom surface should be
reproduced repetitively during every training and easily visualised for validation of the

ablation locations afterwards.

The work about the development of the ablation simulator’s finale version presented in
section 5.2 of this chapter was mainly affected by COVID-19. The initial CARTO3
mapping experiment using the thermochromic bi-atrial model was completed during
November in 2020, after this experiment, due to the impact of COVID-19, | returned to
China to start the thesis-writing, while kept collaborating with the students working
towards the update of the simulator based on the initial electrophysiological testing
results. In June of 2022, the paper of this bi-atrial ablation simulator was published in

Applied Sciences Special Issue:

Wang S, Saija C, Choo J, Ou Z, Birsoan M, Germanos S, Rothwell J, Vakili B, Kotadia
I, Xu Z, Rolet A, Namour A, Yang WS, Williams SE, Rhode K. (2022, June). Cardiac
radiofrequency ablation simulation using a 3D-printed bi-atrial thermochromic

model. Applied Sciences. https://doi.org/10.3390/app12136553
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5.1 Introduction to Atrial Ablation Simulator

Radiofrequency ablation (RFA) using catheters is regularly used to treat atrial
fibrillations (AF) [22]. The complexity of cardiac ablation procedure necessitates high-
level training for clinical electrophysiologists, including theoretical knowledge,
systematic exercise-based learning and professional procedural skills. Ablation
simulation systems, including computer and physical models, have become important
in clinical training. Furthermore, simulation systems can also be used for ablation

device testing and as an alternative approach to animal and cadaver experiments.

The rise of atrial electrophysiology models is motivated by better understanding of the
AF mechanism, more efficient design of interventional approaches and guidance with
imaging and 3D electroanatomic mapping (EAM) techniques such as ultrasound, X-ray
fluoroscopy and the CARTO3 system [25]. Fabricated models and simulation of the
whole procedure can help in the development of clinical protocols and the validation of

related research hypotheses.

In previous chapters, Layfomm40 and silicone elastomers were investigated to make a
complete cardiac phantom, aorta and pathological valve models, and these
demonstrated compatibilities with multimodal medical imaging. However, silicone is
not electrically or thermally conductive, while Layfomm40 can obtain conductivity
after rinsing in saline water, which makes it an ideal material choice for an atrial
ablation simulator, as the ablation system requires electrical conductivity to initiate the

RFA device and thermal conductivity to penetrate through the phantom.

This chapter aims to produce a 3D printed atrial model that can be used for AA
simulation training using a Layfomm40 bi-atrial phantom which is coated with
irreversible colour-changing paint. Thermochromic materials are frequently used as

temperature indicators with colour change, allowing direct identification of ablation
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lesions. The model can therefore be used to train cardiac electrophysiologists in catheter
manipulation and ablation procedures. Permanent colour change after radiofrequency
ablation allows for immediate identification of lesions in practice. Optical microscopy
was used to analyse the inner structure of Layfomm40. With a patient-specific atrium
model and mould, a box is designed to mimic the patient position during real
interventional procedures. Ultrasound imaging and the CARTO3 mapping system were
then used to guide the catheter insertion procedure during a trial simulated ablation on

the phantom.

5.2 Atrial Ablation Simulator Fabrication

5.2.1 Atrial Model Segmentation and Initial Simulator Creation

In building the atrial ablation simulator, it is imperative to have an accurate patient-
specific atrium model with proper chamber and vascular structure. The model must be
hollow to allow the catheter and other devices to be inside and be placed in a saline
water environment representing the patient in an anatomical supine position. As shown
in figure 5.1 (a), the 3D solid atrium model was first manually segmented from the same
cardiac CT image series in chapter 4 using ITK-SNAP (University of Utah, USA). The
solid model was then exported into Seg3D (University of Utah, USA), smoothed using
a level 2 median filter, eroded by 2 mm and cut. Hence, the hollow atrium model has
even myocardium thickness, as shown in figure 5.1 (b). The left and right atrium
chambers were divided by the atrial septum so that the catheter puncture could be
simulated in the interventional procedure. Table 5.1 shows measurements of the 3D
atrium model’s main vessels, including IVC and SVC thickness and outer diameter,
both IVC and SVC have elliptical shapes. The eight measurements were taken from
eight distinct positions of the corresponding vessels using the dimension functions of

Meshmixer (Autodesk, USA). The maximum and minimum thickness of the IVVC were
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3.395 mm and 1.39 mm, respectively. Meanwhile, the SVC has a maximum thickness

of 2.528 mm and a minimum of 1.947 mm. The IVC’s average thickness and average

outer diameter were 2.111 mm and 45.766 mmx30.334 mm, respectively. Moreover,

the SVC had an average thickness of 2.317 mm and an average outer diameter of 36.021

mmx26.652 mm.

Figure 5.1. Atrium segmentation: axial view, sagittal view, coronal view and

reconstructed 3D model; (a) solid segmentation; (b) hollow segmentation

Table 5.1. Size of the atrium model’s main vessels

Trials IVC SVC IVC Quter SVC Quter
Thickness  Thickness Diameter (mm) Diameter (mm)
(mm) (mm)
1 3.395 2.528 45.182x18.500 36.691x26.550
2 1.390 2.324 50.485x%38.715 36.461x25.373
3 2.461 2.408 51.595x30.926 38.017x24.450
4 1.816 2.382 45.518x%33.620 41.106x27.763
5 1.747 2.435 42.053%x35.233 41.007x32.722
6 2.214 2.297 42.490x25.827 33.810x26.513
7 1.910 2.215 43.234%28.913 31.882x25.370
8 1.949 1.947 45.571x30.940 29.195%24.478
Average 2.111 2.317 45.766x30.334 36.021x26.652
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Figures 5.2 (a) and (b) depict the detailed structures of the reconstructed atrium model,
which include right atrium (RA), left atrium (LA), superior vena cava (SVC), inferior
vena cava (IVC), left atrial appendage (LAA), left upper pulmonary vein (LUPV), right
upper pulmonary vein (RUPV), left lower pulmonary vein (LLPV) and right lower
pulmonary vein (RLPV). The 3D model was then cut in half and exported into Cura
(Ultimaker, The Netherlands) to generate the printing toolpath, as shown in figure 5.2
(c). The reason for printing half models was that the single extruder Flsun-QQ printer
used for this experiment could not print with water-soluble support material and the
main model at the same time. The cut models’ open surface enabled the removal of
internal supports; such supports will not impede future imaging and ablation
procedures. Figure 5.2 (d) shows the final Layfomm40 atrium model coated with grey
thermochromic ink, which was mixed with irreversible colour-changing powder
(SFCX, UK) and white acrylic paint at 1:10 ratio. The model’s size was
102.05x74.75%159.73 mm3.

To guide the ablation catheter, the initial atrial ablation simulator (figure 5.3) used the
3D printed connectors and PVC tubes to anchor the atrium model in a supine position.
The catheter was inserted through a sheath and travelled from the IVC to the right
atrium, then penetrated to the left atrium. However, this initial simulator lacked extra
devices to hold the atrium model and connected tubes. Additionally, future CARTO3
mapping experiments would require the use of conductive patches and magnets. Thus,
an extra atrium base and patch holders were needed to improve the simulator’s stability
and prevent the model from floating. The following sections illustrate the procedure of

new simulator fabrication.
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Figure 5.2. (a) Anterior and (b) posterior views of the atrium model; (c) cut atrium
model’s upper and bottom parts for 3D printing; (d) final Layfomm40 atrium coated

with thermochromic paint

Figure 5.3. Initial design of atrial ablation simulator
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5.2.2 Fabrication of Atrial Ablation Simulator’s Second Version

As the previous simulator had problems with the atrium model floating, a second
version of the atrial simulator was developed with a new model base and patch holders.
The required water volume to conduct the ablation procedure was at least 10290 cm?3,
with a minimum height of 7cm. Like blood, the saline water used had a 0.9%
concentration. To initiate the CARTO3 mapping system, six conductive patches should
be placed on the bottom of the box and top of the water, and the patch diameter is 20
cm. As the patches will float inside the water tank, they should be fixed by extra
cylinders to make sure they are located at proper heights. Based on the height of the
atrium model container and water, the long cylinder should be 30 cm to hold the bottom
patches, and the short cylinder should be 17 cm to hold the top patches. Figure 5.4

depicts the computer-aided design (CAD) of the patch holders and atrium box.
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Figure 5.4. Upgraded CAD design of the atrium model container with patch holders

Initially, the cylinders were printed using white PLA materials, as shown in figure 5.5.
The holes on the box lid were cut using a wood engraving craft kit that has a burner pen
with an adjustable temperature. All the holes have the same size as the conductive

patches with equal distance between them. Once the PLA cylinders were attached to
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the box, the designed atrium mould base was placed in the box’s centre for imaging and

ablation purposes.

Figure 5.5. Upgraded assembly of atrium model container with patch holders

Since the base was used to hold the atrium and prevent floating, its initial version was
designed as a negative mould of the solid atrium segmentation (figure 5.6 (a and b)).
The mould was then cut into half via Netfabb (Autodesk, USA), as depicted in figure
5.6 (c and d). The hollow atrium model fits the mould’s internal structure perfectly.
Figure 5.7 displays the hollow atrium model and mould printing results using clear resin
at 0.3 scale of the original size, they were used to validate if the atrium model will fit
the current mould design. The atrium model was placed within the bottom mould
(figure 5.7 (c)) and the top mould (figure 5.7 (b)) functioned as a seal. The assembled
model and mould remained stable in the water tank because the resin density is 1.1

kg/m3, which is higher than the water density (1 kg/m3)
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Figure 5.6. Initial CAD of the atrium mould: (a) solid atrium model segmentation; (b)
virtual X-ray view of the atrium model; (c) bottom & (d) top mould based on the solid

atrium segmentation.

Figure 5.7. Printing results of the initial atrium mould using clear acrylic resin in 0.3
scale to validate the model fitting: (a) hollow atrium model; (b) top & (c) bottom of

atrium mould.

However, the atrium model’s complicated vessel structures prevented it from

completely fitting into the mould. Part of the main model remained outside, making it
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difficult to link the whole atrium to the tubes and container. Thus, the atrium base was
optimised, the top mould was changed to include two clamps to grip the IVC and SVC.
Subsequently, the atrium mould base was extended, and two more clamps were added
to keep the PVC tubes attached to the atrium (figure 5.8 (a and b)). The clips and o ring
were used to assemble all the base parts. First, they were printed at 50% scale with resin
(figure 5.8 (c and d)), once the new mould base and atrium model were confirmed to fit
with each other, they were printed in full scale using white PLA (figure 5.8 (e)). The
whole assembly was able to fit into the box container (figure 5.8 (f)). Hence, the printed
Layfomm40 atrium model was built using this mould and placed inside the container,
with all patch holders fixed on top of the lid (figure 5.9). Even though the PLA
material’s density was lower than that of water, the atrium and mould base assembly
did not float inside the water tank since the design fitted securely between all patch

holders.

Figure 5.8. (a& b) Upgraded CAD model of the complete atrium mould and container;
(c & d) resin printing results of 0.5 scale; (e &f) PLA printing results and full-scale

version assembly
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Figure 5.9. Upgraded mould assembly with Layfomm40 atrium model inside a water-
filled container: (a) top view of atrium model and mould base assembly; (b) top view

of container with patch holders; (c) side view of mould assembly when filled with water

5.2.3 Fabrication of Atrial Ablation Simulator’s Final Version

Even though the previous mould design assisted in keeping the atrium model, tubes and
all conductive patches inside the container and preventing them from floating, there
were still some issues. The 3D printed patch holders were not impermeable, and water
leakage might affect the magnets used for CARTO3 mapping. During the experiments,
the atrium model was difficult to rotate or move due to the mould’s fixed clamps. Thus,
further modifications were made to the simulator’s design, focusing mainly on the
clamps and patch holders. As shown in figure 5.10 (a & b), the small clamps held the
atrium’s SVC and IVC, while the bigger ones were used for the attached PVC tubes.
Unlike the previous version, the top and bottom parts of both clamps were connected
by PLA plastic rivets, and their caps were manufactured using a metal spatula, creating
a 1-2 mm nail head. Once the rivets were completed, they were used to join the clamps

that held the 1VC and SVC. The reason for using plastic rivets instead of nylon bolts
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and nuts was that the latter could be easily unscrewed during model rotation. At the
same time, by adjusting the screws’ height, these clamps could slide and be fastened on
the mould rails. Figure 5.10 (c) shows the printed 0.5 scale version of the mould and
atrium constructed with rigid white resin and a Yidimu light-emitting diode (LED)
printer (Yidimu, China). The layer’s thickness was only 0.025 mm. After printing, all
parts were polished with a scraper and cleaned with alcohol to guarantee accurate
dimensions. Once the new design proved to be functional, the full-scale version was
printed using white PLA (figure 5.10 (d)). As there were six patches with magnets in
total to initiate the CARTO3 mapping system, some PVC plumbing tubes with screws
on the end caps and Teflon tapes were mounted on top of the container lid. Compared
to 3D printed PLA holders, they were watertight. Furthermore, another six printed TPU
hooks were placed inside the holders so that the conductive patches could latch onto
them. The patch cables were withdrawn from the container to connect the external
device. Figure 5.11 illustrates the entire holder assembly on the lid, and the following
figure 5.14 (c) further demonstrates that all conductive patches could be firmly attached
to the cylinder holders, so later ablation and CARTO3 mapping experiments would be

carried out in a stable setup.

o S - :
Figure 5.10. CAD model — atrium mould assembly final version (a & b); (c) 0.5 scale

printing results using white resin; (d) full-scale version printing results using PLA
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Figure 5.11. Patch holder and container assembly final version: (a & b) electrical patch

and sensor holder; (c, d & e) container with six holders

Once the container was ready, the atrium model and the mould base were placed in the
box’s centre (figure 5.12). To prevent the Layfomm40 model from being broken by the
force of stretching the tubes, it was connected to the side catheter valve by two silicone
tubes and clamps. The catheter valve on the container’s side was used to replicate the
insertion of the sheath inside a patient (figure 5.13 (a)). The plastic sheath can help
guide the ablation catheter’s trajectory and provide a steady force during ablation. The
valve was made using a standard garden hose pipe fitting and sealed on the box with
one-part silicone sealant. Once inside the atrium, the catheter may be bent and rotated
clockwise and counterclockwise (figure 5.13 (b, ¢ & d)) until it finds the right position

to ablate the lesion tissue.
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Figure 5.12. Atrium model and mould assembly inside the container: (a) side view and

(b) top view

Figure 5.13. Catheter insertion and manipulation inside the atrium box: (a) insertion
through plastic sheath; (b, ¢ & d) manipulation of ablation catheter: straight, bending

clockwise and bending counterclockwise.

Once all simulator components were tested to work with each other, they were
assembled and compactly contained within a 48x39x31cm3 transparent box (Really
Useful Plastic Box, UK) with two catheter sheath entry points on both sides connecting
to IVC &SVC, as shown in figure 5.14 (a). In figure 5.14 (b), the entry point for the
IVC catheter sheath outside the box was extended using silicone tubing to simulate
realistic pathlengths for the catheter during atrial ablation procedures and connected to
the cardiac phantom on the other side. The water tank was filled up to 25 cm in depth
with 38°C 0.9% saline water to simulate the human thorax and its conductive properties.

As mentioned previously, the lid of the box shown in figure 5.14 (c) was designed to
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place the six conductive patches and the corresponding magnets, with three patches
above the phantom (simulating the patches on patient chest) and three at the bottom
(simulating the patches on patient back). As shown in figure 5.14 (d), the tubes were
constructed using standard PVC pipes and gasketed screw-on end-cap fittings and
Teflon tape to ensure no leaks were present. The patches were attached to the holders
externally via the 3D printed hook while the clips of the magnets were fixed inside it.
The phantom base in figure 5.14 (e) was designed to hold the phantom in place during
surgery. The clamps grip onto the phantom’s tube fittings and hold it in position. Each
clamp can slide on its rail, where they are firmly secured in position. The rails can be
adjusted in height, angle, and distance from the base to accommodate different heart
phantoms. The phantom rests on a soft sponge in the adjustable centre piece, rendering
the phantom versatile for all shapes, and finally further secured using a nylon Velcro
strap as demonstrated in figure 5.14 (f). All parts of the base assembly are secured in

place using M4 nylon bolts and nuts.

Figure 5.14. (a) Top view of catheter moving in the simulator; (b) catheter entry
point from the tube outside the container; (c) fully assembled lid with conductive
patches attached; (d) clips of magnets; (e) top view of atrium model, base and box

assembly; (f) side view of fully assembled simulator
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5.3 Functional Testing of the Atrial Ablation Simulator

5.3.1 RF Ablation Testing of the Layfomm40 Atrium Model

In previous conductivity analysis of Layfomm40 in chapter 3, its electrical conductivity
is around 2.98x 10~¢ S/m and thermal conductivity is between 0.339-0.448 W/m/K
respectively, this result is the foundation of the simulator’s compatibility to the RFA
system. In the RFA experiment, radiofrequency was delivered from a Stockert 70
Cardiac Ablation RF Generator (Biosense Webster Inc, USA) and a non-irrigated 8F
ThermoCool SmartTouch SF ablation catheter (Biosense Webster Inc, USA) via a
11cm 8F introducer sheath (Cordis, USA). The ablator module could be programmed
to function with various power and temperature settings, the catheter can be seamlessly
integrated with the CARTO3 system, with combined contact force technology and
advanced navigation capabilities, it can provide active measurement of stable contact
force and catheter tip location. Unwanted electrical pathways due to lesion formation
would be removed by selectively ablating the cardiac tissue using the catheter tip. The
whole system’s working procedure is depicted in figure 5.15. The radiofrequency
generator was connected to the ablation catheter. To avoid overheating, another RF
patch was added, and the simulation was run in a water tank. When activated, the
catheter tip’s heat was transferred to the tissue in a circular pattern. The resulting lesion
size is related to the following parameters (figure 5.16): ablation time, water

temperature, impedance of the ablated area and ablation power.
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Figure 5.15. (a) Radiofrequency ablation system working procedure illustration; (b)

catheter ablation description

Figure 5.16. (a) Illustration of RF generator device with the following parameters:
ablation time, water temperature, impedance of ablation area, ablation power; (b) water
tank simulation with catheter insertion via the contact-force controlled sheath and RF

patch inside water

To ensure that the simulation could create a log of ablation location on the Layfomm40
material as on real tissue, the ablation was first performed on chicken breasts and
subsequently on Layfomm40 discs. The printed disc had a 2 cm radius and 5 mm
thickness, with one layer of irreversible thermochromic paint, and the pigment: white
acrylic paint base mass ratio of the thermochromic paint is 1:10. Figure 5.17 shows that

Layfomm40 with irreversible colour-changing coating can produce an ablated point
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similar to the mark on a chicken breast. A conventional ThermoCool Smart Touch
ablation catheter (Biosense Webster, USA ) was used during this benchmark
experiment, as it was a trial experiment before the next ablation temperature and power
setting comparison experiment, the ablation catheter was directly put on top of the disc
without using the contact force control setup during the 30s ablation. The aim of this
experiment was to demonstrate the novel use of colour changing paint that is
temperature dependent to display ablation mark with similarity to the chicken breast

mark in terms of appearance.

Figure 5.17. Ablated lesion size of (a) chicken breast and (b) thermochromic
Layfomm40 disc using an ablation temperature of 70 °C and power of 70 watts during

the initial trial 30s ablation.

Table 5.2 shows the results of how RF generator settings affect the ablation mark’s size,
all sizes were measured using a Luthier’s Featherweight digital ruler. And this time in
order to eliminate the effect of contact force variation, the catheter was inserted at a 90°
angle through a femoral sheath. The impedance could be adjusted by changing the
amount of salt in the saline water, which must generally be between 120-130 Q. Each
simulation lasted 60 seconds, with the water temperature around 38 °C. To create a
repetitive and stable ablation mark size of 3.25+0.25 mm, the ablation temperature
should be between 70-80°C, while the ablation power should be between 70-90 Watts.
With the current thermochromic pigment mass ratio 1:10, if the temperature was lower

than 60°C and the power was less than 40 Watts, no ablated marks could be generated
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on the Layfomm40 disk. Moreover, a temperature higher than 90°C and power higher
than 90 Watts would produce a much larger mark than was required, with a diameter

of around 5 mm.

Table 5.2. Ablated mark sizes on thermochromic Layfomm40 disc using different

ablation temperatures and power settings (mm)

Ablation

(ngp‘jra;‘;;ier 50 60 70 80

(Watts)

30 NA NA NA NA
40 NA NA 2.7 2.4
50 NA 23 13 16
60 NA 1.4 18 33
70 NA 2.4 32 33
80 NA 1.9 30 32
90 NA 25 32 35

5.3.2 CARTO3 Mapping on Layfomm40 Atrium Model

The CARTOS3 electroanatomic mapping system used in this experiment is
manufactured by Biosense Webster, which helps facilitate the integration of patients’
electrophysiological and anatomical information, as well as aid cardiologists in
determining the right location to treat tachycardia [25]. The system is a catheter-based
electrophysiological system which consists of three main sub-components: ECG
(electrocardiogram) subsystem which connects to the patient body; location
technologies including CARTO magnetic location technology and advanced catheter

location; and mapping technology which builds up and displays the cardiac chambers
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together with the mapping points during reconstruction. During the interventional
ablation procedure, the ablation catheter is connected to the patient interface unit and
RF generator. When recognised by the system, the catheter can be displayed on screen

in real time.

While the anatomical mapping result is being built, the surface reconstruction of the
corresponding cardiac chamber can be visualised in a high level of detail. As shown in
figure 5.18, the initialisation of the CARTO3 mapping setup is determined by the
locations of back patches (green circle) and chest patches (yellow circle), and during
one interventional case, the system can adjust for any movement automatically in case
of patient position change. Figure 5.18 (a) shows the interface of the CARTO3 mapping
system. The conductive patches should be placed precisely based on the positions
shown in figure 5.18 (c), which imitates an actual patient’s supine position [114] (figure

5.18 (b)).

(b)

Right
e o
(5]
Eoot Water Mark Hehd
20icm

() 26 cm

b 20 cm =~ )
(i’{; 26 cm

Left ()

Figure 5.18. (a) The interface of the CARTO3 mapping system’s location setup; (b)

supine position of a real patient [114]; (c) simulated supine position in a water tank

Then, the simulator was taken to the cardiac catheterization laboratory, placed on the
patient table and connected to the CARTOS3 system. An 8F ThermoCool Smart Touch

SF (Surround Flow) (Biosense Webster, USA) ablation catheter was inserted via a
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11cm 8F introducer sheath (Cordis, USA) into the inferior vena cava. The ablation
catheter was connected to the CARTO3 system, the irrigation system and the RF
generator. The right side of the model was mapped to generate the geometry of the right
atrium and the vena cava. The introducer sheath was replaced with a 60cm 8.5F 55°
Heartspan Transseptal Fixed Sheath (Biotronik, Germany). The catheter passed from
the right atrium into the left atrium through the transseptal puncture in the bi-atrial
model. Mapping was then performed of the left atrium, while ablations were performed
only in the right side of the model. Every ablation duration was fixed for 45 seconds.

Figure 5.19. (a) CARTO3 mapping the RA; (b) screen view during RA ablation; (c) LA
mapping results; (d) RA mapping results with 10 ablation point

As shown in figure 5.19 (a & b), the RA was mapped first, once a satisfactory result
was achieved the doctor proceeded to locate the transeptal puncture using the mapping
catheter and fluoroscopy as guidance. Using this sheath and the catheter was effectively
manoeuvred to map the LA as shown in figure 5.19 (c). After this the mapping catheter
was removed and the RF ablation catheter was introduced. As shown in figure 5.19 (d)
and figure 5.19 (a & b), five lesions were first created in the cavoatrial junction/SVC
following a vertical distribution, in order of increasing ablative power, from inferior to
superior, the power settings for each ablation point were as follows: 15.9W; 16.0W;
22.0W; 23.0W; 30.6W; using a fixed power setting of 21.5+1.5W, five additional marks

were created in the posteroinferior aspect of the RA, displaying an average diameter of
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3.43mm, and the thermochromic pigment : acrylic paint mass ration used on this model
was increased from 1:10 to 2:15, to allow lower ablation power settings and easier
ablation points demonstration. For demonstrative purposes, a sample cutting was made
for closer inspection of ablated marks. No colour change was observed in the external
thermochromic paint layer (figure 5.20 (e)), indicating that transmural heat penetration
did not occur. This is further supported by figure 5.20 (f); preserved full-thickness
integrity of the Layfomm-40 confirms no thermal deformation of the ablated atrial wall.

Figure 5.20. (a) Exported geometry and ablation points from the CARTO3 system
showing the RA and the vena cava; (b) cut away of the atrium model immediately after
the ablation experiment showing the lesions and their correspondence to the ablation
points; (c) cut away of the dry atrium model; (d) ablation points clearly visible on the
internal surface; (e) external surface is not affected by the RFA; (f) transmural cut that

shows no effect inside the model wall.
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5.3.3 Ultrasound Testing on Layfomm40 Atrium Model

TOE is usually used during the transseptal puncture to ensure high rates of success and
low complications. Mid-oesophagus bicaval view [115] is one of the 20 standard TOE
views used to monitor the catheter puncture between the atria, as it demonstrates both

clear LA & RA, as well as IVC & SVC.

To simulate the complete atrial ablation procedure, a separate ultrasound experiment
was implemented on the Layfomm40 atrium model. Chapter 3 and chapter 4 have
proven the good ultrasound compatibility of the Layfomm40 material, but the
limitations of the environment made it difficult to collect all possible TOE standard
views in vitro on the full chamber cardiac phantom. By adjusting the probe on top of
the two chambers of the atrium model, a realistic bicaval view was obtained with the
catheter inserted inside the right atrium. The echocardiography of the phantom from the
bicaval view in figure 5.21 (a) showed that the imaging result was close to a real
patient’s echo shown in figure 5.21 (b) (data collected in St Thomas Hospital, London,
UK). The only difference between the simulated ultrasound image and the real
ultrasound image was that the former’s scattering had higher contrast to the background,

producing a clearer outline of the atrial septum.

Figure 5.21. Atrium ultrasound—bicaval view (a) phantom echocardiography with

inserted catheter in red circle; (b) real patient echocardiography
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5.4 Discussion

From the measurements listed in table 5.1, the bi-atrial model’s IVC’s average thickness
is 2.111 mm and the SVC'’s average thickness is 2.317 mm, which match the results
reported in [116] that myocardium wall thickness is between 1 and 4 mm. The left
atrium chamber diameter is between 37.9-43.6 mm, which is also within the range of a
real patient’s LA diameter (39.6+5.6 mm) [117]. Meanwhile, from the anterior and
posterior views of the bi-atrial model shown in figure 5.2, the 3D segmentation includes
the most important anatomical details of both the LA, RA and associated vessels, which
guarantees the fidelity of its CARTO and ultrasound imaging results. However, this
initial simulator built was too simple to be applied in the radiofrequency ablation and
CARTO3 mapping system, thus, two new versions were developed until all simulator
components were tested to work with the electrophysiological system, from the visual
inspection of the in-vitro catheterisation procedure shown in figure 5.13, the ablation

catheter could be inserted, bent and rotated smoothly inside the simulator.

The ablated material must be conductive for the ablation system to work. The
Layfomm40 was tested after 3 days of rinsing in saturated saltwater, preliminary results
in chapter 3 show that it has an electrical conductivity around 2.98x 107¢ S/m and
thermal conductivity between 0.339-0.448 W/m/K respectively, its small electrical
conductivity is enough for initiating the RFA device while its thermal conductivity

helps the ablation heat penetrate through the bi-atrial model.

During the initial trials shown in figure 5.17, the Layfomm-40 discs with irreversible
thermochromic paint coating were confirmed to be RFA sensitive. Table 5.2 shows that
marks could be formed on the discs with temperatures >60°C and power settings >40W.
The diameter of the mark best matched the mark produced on the chicken breast when
the temperature and power were >70°C and >70W, respectively. Settings below these

either produced no mark or inconsistently sized marks. Consistent marks were produced
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with temperatures of 70-80°C and powers of 70-90W, the average mark’s diameter for
these settings was measured to be 3.3£0.3mm (x1SD, n=9), which was the same as the
ablation mark’s diameter around 3 mm in the chicken breast at 70W, 70°C with 60
seconds ablation time. Figure 5.19 and figure 5.20 indicate that satisfactory ablation
result could be achieved using the CARTO3 mapping system as guidance, while
transmural heat penetration did not occur on the 3D printed bi-atrial model, the ablation
locations displayed in the CARTOS3 system match the results in reality. Furthermore,
the atrium echocardiography in bicaval view shown in figure 5.21 also recorded the

transseptal puncture procedure during catheterisation.

Combined with both CARTO mapping results and ultrasound imaging results, the RFA
simulator demonstrates good potential in pre-surgical planning, relevant medical device
testing, and even personalized clinical translation. The next step of this work would be
a trial with trainees using this ablation simulator to prove it can be beneficial for the

patients.

5.5 Conclusion and Relation to Next Chapter

As a further step for the use of Layfomm40 material other than medical imaging, this
chapter describes the development of a multi-functional atrial ablation simulator
consisting of a Layfomm40 bi-atrial model with irreversible thermochromic coatings.
The simulator includes an adjustable atrium mould base, and two sliding clamps, six
conductive patch holders and a plastic container. The conductivity of Layfomm40 in
the saline water environment activated the radiofrequency ablation device and catheter,
and the mixed thermochromic painting helped the lesion mark appear visibly on the
ablated area so that it could be identified after the ablation procedure. The setup of the
whole simulator included features to allow compatibility with the CARTO3 mapping
system, and the material’s ultrasound compatibility made it possible to produce a

realistic bicaval echocardiographic view during the transeptal puncture procedure.
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However, based on the comparisons between Layfomm40 and traditional silicone
materials in chapter 3, as well as the visual inspections of both cardiac phantoms
fabricated in chapter 4 & 5, Layfomm40 suffered from delamination problem, thus, not
durable enough to be applied in dynamic experiments like flow tests, while silicone can
withstand the high pressure for long time. Besides, the previous Layfomm40 cardiac
phantoms can only provide clear images from the chamber view, but limited in other
echocardiography views, for example, the aortic valve short axis (AXSA) view, which
is often used in blood flow measurements, thus, in the next chapter, to acquire the
haemodynamic results, silicone aorta and different pathological aortic valve models
will be fabricated separately. The manufacturing techniques include both two-part
moulding and direct silicone printing. The related flow and imaging tests will be

illustrated as well, offering more simulation results with the power of 3D printing.
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6.MANUFACTURING OF ULTRASOUND-
AND MRI-COMPATIBLE AORTA AND
VALVE PHANTOMS USING TWO-PART
MOULDING TECHNIQUE VS. SILICONE
PRINTING TECHNIQUE

The aim of this chapter is to make aorta & valve models which could resemble
biological ones, in addition to the anatomical appearances, these models need to be
compatible to both ultrasound and MRI imaging, as these two imaging modalities will
be used to monitor the valve opening and closing. Meanwhile, they should also be

durable enough to provide reliable transvalvular pressure data.

The work about the valve manufacturing using silicone printing technique in section
6.3 of this chapter was mainly affected by COVID-19, the printer assembly was
suspended during the lockdown period from March to May in 2020. Luckily, the main
work presented in this chapter was not affected by COVID-19, the ultrasound & MRI-
imaging experiments using two-part moulded silicone valves were completed in 2019,
and the relevant results were published in MICCAI-STACOM international conference:
Manufacturing of ultrasound-and MRI-compatible aortic valves using 3D printing for
analysis and simulation. While I led the silicone model’s manufacturing work, another
Ph.D student Harminder Gill in Dr Pablo Lamata’s group from King’s College London
led the haemodynamic experiments using these silicone valves during collaboration.
Thanks to the effort of Harminder Gill, the haemodynamic results and analysis of the
manufactured valve models were published in Journal of Cardiovascular Translational

Research: Aortic stenosis: haemodynamic benchmark and metric reliability study.
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6.1 Introduction to Silicone Aorta & Valve Models

As mentioned in the previous literatures in section 2.1.3, aortic valve stenosis [89] is
the most common valve-related disease, which can result from different underlying
pathologies, and its macroscopic appearance is typically classified into one of the
following categories: calcified valve, rheumatic valve or bicuspid valve. Treatment of
the valve, by means of surgical or minimally invasive methods, is required, as no
pharmacological methods demonstrate efficacy at preventing progression. However,
due to the limited views and resolution of medical imaging devices, current diagnostic
methods using imaging systems are inadequate for optimal management, such as
determining the timing of valve replacement, while model-based in-vitro simulations
of valve disease and pre-procedural interventional planning can benefit from advances
in 3D printing, as 3D phantoms can present more detailed and accurate cardiac anatomy

and related diseases in reality [118].

The fabricated whole cardiac phantom described in chapter 3 cannot be used for high-

fidelity representation of cardiac valves. Moreover, the used material, Layfomm40, is
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not durable enough to withstand physiological flow conditions. As silicone is an
optimal material with stiffness and tenacity similar to soft tissue [119], this chapter will
describe the manufacturing of silicone aorta and aortic valve models, with two-part

moulding or silicone printing techniques.

To make the anthropomorphic aorta & aortic valve models for ultrasound & MRI
imaging and in-vitro flow simulations, a novel low-cost two-part mould technique was
first developed, with an internal mould using polyvinyl alcohol (PVA) that can be easily
dissolved in water at room temperature. As well as the normal silicone valve, some
typical pathological valves were fabricated for comparison, and the imaging
compatibility was validated using both ultrasound and MRI together with transvalvular
pressure-drop measurements. Besides, silicone printing technique was also applied to
make another valve model, with comparable performances to the moulded one under

ultrasound and flow test.

The use of 3D-printed valve models and the experience of manufacturing them is
expected to be broadened in the near future with progress in material engineering,
computer-aided design and diagnostic imaging systems [120]. Although it seems a far
stretch of the imagination, the in-vivo implantation of 3D printed aortic valves may

become the final goal [121].

6.2 Anatomical Valve and Aorta Manufacturing Using Two-

part Moulding Technique

Based on the mechanical characterisation results in chapter 3, among different 3D
printable and unprintable materials, Dragonskin 10 silicone was chosen as the aorta
material with a Shore A hardness difference of 29.10%, while Ecoflex 0030 was chosen
as the valve materials with a Young’s modulus difference of 11.29%, and both phantoms

were fabricated using the two-part moulding technique.
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As mentioned previously, silicone phantoms are used to simulate real-life aortic-valve-
related surgical cases, so various valvular pathologies were also investigated, such as
rheumatic, calcified and defective leaflets, as shown in figure 6.1 [89]. To simulate
different valve pathologies, post-processing, such as calcification, was also performed
on the original normal phantom. Under the same imaging and flow environment, the
phantoms were expected to behave differently: rheumatic valve leaflets will not be able
to fully open due to adhesion, the calcified valve will have abnormally high contrast on
the cusps and there will be backflow similar to the rheumatic valve, the bicuspid valve
will only have one moving leaflet as the other two are merged into one, and the dilated

valve will need higher pressure to open and close than a normal valve.

Normal Rheumatic Calcified Bicuspid
— 7o
>
-
17N 4
v A :.'; L
: :; ! s ¥
R S22, )
b ,“\‘ 4~
{in \ A i ) =~
\ b / J
7 o L/ L ; L)Y /s
~’ N j S

(a) ~(b) (0 (d)
Figure 6.1. Pathological valve models: (a) normal valve, (b) rheumatic valve, (c)

calcified valve and (d) bicuspid valve [89]

6.2.1 Manufacturing of the Silicone Aortic Valve

Before making the actual silicone valve, the 3D model needed to be constructed either
via segmentation or computer-aided design (CAD). Initially, the original solid valve
model was segmented from a male chest CT scan using the ITK-SNAP (University of
Pennsylvania, USA) thresholding tool, then smoothed using a median filter in Seg3D

(University of Utah, USA). Finally, a hollow model was generated using the erosion—
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dilation method in Seg3D, with a valve thickness of 2 mm. The segmentation can be
viewed in figure 6.2. However, this segmentation had valve disease and the aortic root
was curved, and we needed a healthy model with a straight root, such as that
demonstrated in figure 6.4 (d), as the baseline. Another CAD valve model was therefore
drawn using SolidWorks 2018 (Dassault Systemes, USA) based on the segmented valve

structure, which was used as the final version to make the moulds.

Figure 6.2. Aortic valve model generation: (a) solid valve segmentation, (b) hollow

valve segmentation and (c) 3D hollow valve model.
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Figure 6.3. (a) 3D CAD model; (b) printed results of the initial valve-manufacturing

trial using a hollow PVA mould; (c) silicone valve model after mould dissolving

Initially, the mould has a single valve-shaped cavity, as shown in figure 6.3 (a). During
the first trial, as the complex cavity contained many curved, thin tracts and unremovable
printing supports, it became too difficult to pour all the silicone liquid into the mould

(shown in figure 6.3 (b)), and after dissolving the mould, the silicone valve had
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incomplete structures and an uneven thickness, as shown in figure 6.3 (c). Thus, the

two-part mould technique was then developed to replace the one-part mould.

The cavity was created using the same valve model, but instead of only using the cavity
function, the mould was split into an external mould (figure 6.4 (a)) and an internal
mould (figure 6.4 (b)). Thus, after printing, the support materials of both moulds were
easily removed. The external mould was printed using rigid PLA, while the internal
mould was printed using water-soluble PVA. With the assembled prints held together
by clamps (figure 6.4 (c)), degassed Ecoflex 0030 was poured into the mould. Once the
external mould was opened and the internal mould was dissolved, the normal valve

model was completed, as depicted in figure 6.4 (d).

(a) (b) @

Figure 6.4. Two-part mould-based silicone valve manufacturing: (a) external mould, (b)

internal mould, (c) two-part mould assembly and (d) a normal silicone valve.

From figure 6.5, it is clear that the quality of the silicone valve fabricated using two-
part moulds outperforms the one-part moulded valve, with smoother surface and more

even thickness.

Based on the normal silicone valve, some pathological valve models were then created,
as depicted in figure 6.6, including a rheumatic (figure 6.6 (b)), calcified (figure 6.6 (c))
and bicuspid (figure 6.6 (d)) valve model. The rheumatic valve was created by ensuring

that the anatomical orifice consisted of cuts made a third of the way down on each valve
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closure line to recreate the circumferential fusion of the cusps. The calcified valve was
created by paint-brushing on more silicone to replicate leaflet thickening and stiffening,

while the bicuspid valve was created by leaving one commissure fused to mimic a raphe.

Figure 6.5. Comparison between (a) one-part moulded and (b) two-part moulded

silicone valve.

Figure 6.6. Manufactured silicone valves, closed at the top and open at the bottom: (a)

normal valve, (b) rheumatic valve, (c) calcified valve and (d) bicuspid valve.
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6.2.2 Manufacturing of the Silicone Aorta

Based on the same two-part mould idea, the hollow aorta model was created using
Dragonskin 10 silicone. As shown in figure 6.7, the hollow aorta and the mould parts
were designed using SolidWorks 2018. The size of the aorta phantom was the same as
that of the average adult aorta (313*135* 32 mm?3), and its thickness was 2 mm. To
better connect the valve model to the aorta, the aortic root was the same size as the
valve root (32 mm), and on the bottom of the mould a circular cut was left open to let
the silicone in. As the Flsun 3D printer is limited by printing size, the aorta moulds were
printed using a large-size Anycubic Chiron printer with a maximum build volume of
400*400*450 mm3. As shown in figure 6.8 (a), the internal PVA mould was printed
using a 0.97 scale of the original CAD design to leave more space between the external
mould and the internal one. The time taken to fully dissolve the internal PVA mould
was approximately 1 day, and the final aorta model fit well with the previous valve

model, as shown in figure 6.8 (c).

Figure 6.7. STL file of the hollow aorta and its external and internal moulds.
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Figure 6.8. (a) Printed aorta moulds; (b) silicone aorta with PVA internal mould; (c)

final assembled silicone aorta and valve phantoms.

6.3 Anatomical VValve Manufacturing Using Silicone Printing

Other than the two-part moulding technique, the silicone valve model was also
fabricated using silicone printing, as the aorta model’s size exceeded the developed
silicone printer, only the valve model was made and compared to the moulded one in
the following work. The assembling of the silicone printer mainly follows the tutorial

in [12], with extra modification of the silicone ink.

6.3.1 Silicone Printer Assembly & Testing

The silicone printer includes three main systems: the extruding system, heating system

and the silicone pumping system.

The extruding mechanism involves the assembly of the printer base as well as the
customised DIW extruder. Due to cost and adaptability, the silicone printer base is a
full DIY kit named Anet A8 (Anet, China) with an open-source design as shown in

figure 6.9, the printer base consists of a liquid crystal display (LCD), mainboard, lead
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rods, printing bed, power supply, x-y-z motors and extruderand its building volume is

220%220x240 mm3 which is larger than most commercial bio-printers.

Mainboard | SHE

Extruder

Printing bed

Figure 6.9: Open-source Anet base of a silicone printer with modified extruder holder

The original Anet A8 metal extruder needs to be replaced by a new DIW extruding
system to print with two-part silicone. Figure 6.10 depicts a detailed silicone extruder
assembly based on the tutorial from [12]. It consists of an upper and lower nozzle,
extruder mount, pillar, left and right heater holder, heater wing arm and joint, upper seal

and silicone mixer.

Gear motor
controller

Gear motor

Motor
coupler

Heater wing

Syringe tip

Figure 6.10: Silicone extruder parts and final assembled extruding mechanism

After completing the extruding mechanism, to provide a suitable temperature for
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silicone printing, an extra heating system needs to be assembled with the silicone
extruder to blow hot air. Figure 6.11 depicts one important component of the heater
wing: convective aluminium blocks. The two blocks were designed based on two
50*10*30 mm3 aluminium cuboids. They are used to transfer heat and have 36 holes
arranged in a 6x6 square to allow the air to blow. The fan is attached on top of the block
with screws facing towards the extruder tip. When the thermistor is inserted along with
the heater, the aluminium block will heat up to a set temperature, and the hot air will

pass through the block to help the silicone cure.

Figure 6.11: Aluminium heating block: (a) 3D view of heat wing CAD model; (b)
manufactured metal heat wing; (c) heating iron connected with metal heat wing; (d)

heating module connected with silicone extruder

This heating system is controlled by the circuit map placed on a separate acrylic sheet
(figure 6.12) following the steps in [12]. During printing, the temperature of the metal
heating bed needs to be set around 70 °C. Depending on the types of silicone ink, the
printouts generally require post-curing at either high temperature or room temperature

from several minutes to hours.
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Figure 6.12: (a) Circuit map components of the heating system: LCD shield for speed
and temperature display, Arduino board to control fan speed, breadboard, relay module,
heater, potentiometer cap, motor driver, brushless fan, potentiometer; (b) circuit map

assembly on acrylic sheet.

The commercial syringe pump used for silicone printing in [12] was too expensive and
could not easily be customised to adapt to modified silicone inks with much higher

viscosities, thus, an external pumping system was developed separately:

The syringe pump was based on a set of linear guides, including an optical axis, lead
screw, pillow block bearing, linear rail support, CNC stepper coupler and ball bearing,
as shown in figure 6.13. The base parts were used to connect the metal linear guides
and motor with the gearbox, and the syringe holder parts were used to fix the 20 ml
syringe. All of the drawings in figure 6.13 (a) were completed using UG software
(Siemens PLM Software, USA). Figure 6.13 (b) shows the final assembled version of
the pump. To print the modified silicone inks with fumed silica addition using a 24 V
power supply, the gear ratio should either be 27:1 or 50:1 (from practical tests of all
possible gearboxes, 5:1 — 20:1 is too small, 100:1 is too slow); all of the other
parameters are listed in table 6.1. With more linear guides and a flat base, the pumps

can work with more stability and less noise.
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Figure 6.13: (a) Upgraded syringe pump 3D drawings; (b) printed and assembled

working syringe pump.

Table 6.1. Key parameters of the syringe pump components

Description Parameter

Pressure and Force 100 pounds per square inch, 216 N
Thread Torque 1.2-1.45 N'm

Gearbox’s Amplifying Ratio 27:1

Voltage and Input Current 24V, 1.2 A

Gear Motor Step 1.8 degrees/step, 200 steps

The referenced printing parameters for a successful print are a layer thickness of 1.3
mm or higher, a printed infill of 100%, a maximum printing speed of 7 mm/s, a syringe
tip larger than 1.3 mm, pumping flow rate of 20 ml/hr if the printing speed reaches its
maximum, bed temperature at 60°C, heater temperature at 80 °C and fan speed under

80%.

Before using the silicone printer to manufacture the aortic valve model, a small cylinder
was printed during the initial silicone printing test. Based on the rheological

characterisation results in chapter 3, Rebound 25 with 20% v/v fumed silica was used
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and printed on a heated printer bed. The diameter of the cylinder was 15 mm, and the
length was also 15 mm (figure 6.14 (a)). After five minutes, the printing procedure was
complete. The printed cylinder is shown in figure 6.14 (c), and the silicone printer can
accurately print the CAD model without dimension change (figure 6.14 (d)), this is
because the used silicone ink’ moderate viscosity can help the extrusion form the
filament shape and stay on the printer plate, and the fast crosslinking under heat can

prevent the silicone sample from flowing and collapsing.

A
-

Figure 6.14: (a) 3D CAD model of cylinder sample with the diameter of 15 mm; (b)

cylinder sample printing in progress; (c) printed cylinder; (d) diameter measurement of

printed cylinder: 15.04 mm.

6.3.2 Comparison Between Moulded & Printed Silicone Valve

Once the silicone printer was assembled and the printing ability was confirmed, the
CAD model of the aortic valve shown in figure 6.15 (b) was uploaded in Cura (Ultimakr,

The Netherlands) and sliced into g-code. As the silicone printer was still limited by the
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inability of printing support materials, the valve printed only consisted of three leaflets
without aortic root, then during the later flow test, it was mounted on a plastic fixture
inside the tubing as shown in figure 6.16, just like the moulded silicone valve. The
ultrasound machine used in figure 6.16 was GE Vivid E95 (GE, USA), and the pulsatile
flow pump was a CardioFlow 5000 MRI-compatible pump (Shelley Medical Imaging

Technologies, Canada).

Figure 6.16: Ultrasound imaging platform for valve experiments with a pulsatile flow
pump

The moulded silicone valve used Ecoflex 0030 without adding any fumed silica. To
make a clear comparison, the directly printed valve in figure 6.17 (b) used Dragonskin
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10 silicone mixed with 40% fumed silica as well as blue acrylic paint for differentiation.
The changing of the silicone material for the printed valve was because of the
unprintability of Ecoflex 0030, whose viscosity is only 3000 mPa.s while the required

viscosity for printable silicone ink should be between 106-107 mPa.s.

Despite of the material change of the printed valve, its ultrasound results shown in
figure 6.17 and figure 6.18 demonstrate similar valve structures as the moulded valve’s.
Figure 6.18 depicts the detailed real-time echoes of both valve models, where the
opening and closing of the leaflets can be clearly visualised. Meanwhile, both valves
survived in the pulsatile flow during pumping, which indicates that the directly printed

silicone valve is as durable as the moulded counterpart.

Figure 6.17: (a) Moulded silicone valve; (b) directly printed valve; (c) ultrasound image

of (a); (d) ultrasound image of (b)
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Figure 6.18: (a)—(e) Echoes of the moulded valve; (f)—(j) echoes of the directly printed

valve.

6.4 Ultrasound & MRI- Imaging Results and Pressure
Analysis of the Aorta & Valve Phantoms

The combination of ultrasound/MRI imaging and peak pressure analysis allows for a
more accurate valve pathology identification. Thus, after the manufacturing of the
silicone aorta and valve, the phantoms were connected to an MRI-compatible pulsatile-
flow pumping platform and monitored by both ultrasound and MRI imaging with
pressure data collected. The typical valve pathologies were also compared in terms of

in-vitro and in-vivo data.

6.4.1 Ultrasound & MRI-Imaging Results of the Aorta & Pathological

Valves

To validate whether the aorta and valve phantoms can provide the desired imaging

results, the four types of silicone valve and the aorta were first imaged using 2D
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ultrasound from both aortic-valve long-axis view (AV-LAX) and aortic-valve short-axis
view (AV-SAX) and 3D MRI from AV-SAX view. The 2D ultrasound images were
acquired with the Philips IE33 system (Philips, Netherlands) with a S5-1 probe in a
water tank, as shown in figures 6.19 (a) and 6.20 (a)—(c). Figure 6.20 (d)—(f) provides
an example of the simulated echocardiography of an aortic valve, aortic arch and
descending aorta compared with those in real patients (figure 6.20 (h)-(j)). It can be
seen that the silicone phantoms are tissue-mimicking under ultrasound with both a clear
inner structure and surface scattering, which means Dragonskin 10 and Ecoflex 0030
have good reflection as well as low attenuation, and the silicone models have been

manufactured with the necessary anatomical structures.

Figure 6.19. Medical imaging validation: (a) ultrasound imaging and (b) MRI.

To obtain the MRI images, the silicone aorta and valves were connected to and perfused
with an MRI-compatible pulsatile flow pump (CardioFlow 5000 MR). This time, the
images were acquired in 1% agar to optimise the imaging results. The imaging
procedure is demonstrated in figure 6.19 (b). The catheterisation unit was placed distal
to the aortic phantom, the reservoir and pump unit were placed outside the MRI device

and the fluid was circulated, as defined by the control unit.
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Figure 6.20. Ultrasound imaging of the assembled aorta and valve phantoms: (a)—(c)
probe manipulation at the top of the valve, aortic arch and aorta; (d—f) simulated

echocardiography; (h—j) real patient echocardiography.

Figure 6.21 (a)—(d) shows the ultrasound images of the four types of aortic valve from
an AV-SAX view. Even though the ultrasound images are limited by low resolution and
the difference between these valves is less significant, we can still see that the normal
valve has a clear three-leaflet structure, the rheumatic and calcified ones have more
vague anatomies and the bicuspid one demonstrates an abnormal opening on one side
of the leaflets. The MRI images shown in figure 6.21 (e)-(h) present the four valves
more clearly. While the normal valve opens fully, under the same pressure, the
rheumatic valve and calcified valve open significantly less and the bicuspid valve opens
eccentrically. These imaging results qualitatively demonstrate the imaging

compatibility and functionality of the artificial aorta and valves made using 3D printing.
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Figure 6.21. 2D ultrasound images of (a) a normal valve, (b) rheumatic valve, (c)
calcified valve and (d) bicuspid valve; MRI images of (e) a normal valve, (f) rheumatic

valve, (g) calcified valve and (h) bicuspid valve from an AV-SAX view.

6.4.2 Pressure Analysis of Valve Models with Various Pathologies

The pressure results presented in this section were mainly provided by our collaborator

Harminder Gill, the joint-work could be referred in the following two publications:

Gill, H., Fernandes, J. F., Bissell, M., Wang, S., & Lamata, P. (2020). 3D printed valve
models replicate in vivo bicuspid aortic valve peak pressure drops. Journal of the

American College of Cardiology, 75(11), 1636.

Gill, H., Fernandes, J. F., Nio, A., Dockerill, C., Shah, N., Ahmed, N., Raymond, J.,
Wang, S., Sotelo, J., Urbina, J., Uribe, S., Rajani, R., Rhode, K., & Lamata, P. (2023).
Aortic Stenosis: Haemodynamic benchmark and metric reliability study. Journal of

Cardiovascular Translational Research. https://doi.org/10.1007/s12265-022-10350-w

Peak-pressure analysis of aortic coarctation can be used to determine disease severity

and guide surgical repair. It can be measured together with echocardiography to get
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overestimated pressure values or merged with the MRI technique to obtain

haemodynamic parameters [122].

The pressure data collection system diagram is illustrated in figure 6.22, and the
detailed components are listed in the legends of figure 6.23: There were eight pressure
ports inserted in the flow system, each port could result in a column of fluid in direct
continuity. The pressure ports were located at a fixed distances of -30, +15, +30, +50,
+75, +100, +200 and +500mm relative to the valve position. Non-compliant 254mm
sections of 900PSI-rated Luer-lock PVC tubing (30526-14, Masterflex, Oldham, UK)
were attached to the ports allowing parallel connection of 8 PRESS-S-000 pressure
sensors (PendoTech™, Princeton, NJ, USA). Each sensor was calibrated and validated
against a solid-state pressure catheter (Mikro-Cath, Millar Inc, Houston, TX, USA).
The output from the sensors fed into a data controller (National Instruments, Austin,
TX, USA) and the results were recorded using MatLab (MathWorks, Natick, MA,
USA).

Reservoir

Tubing

Control
Unit
Flow
Monitoring

Phantom

Figure 6.22. Pressure analysis platform of the silicone valve phantoms with a pulsatile
flow pump: the liquid inside the reservoir will be pumped by the pump unit with pre-
defined control settings, then flow through the tubing and different types of valves,

while the valve model will be fixed inside the tubing.
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The manufactured valve phantoms were fixed inside the silicone tubing of the system
while these tubes were held in an acrylic box and connected to the reservoir and the
pump unit. The pump unit was controlled in terms of desired flow and heart rate: the
flow rate was set between 200 and 260 ml/s, and the heart rate was set to 75 bpm. The
4D flow sequences were acquired with a spatial resolution of 1.04-2.08 mm and

temporal resolution of 20-60 ms.

Reservoir
11) Control Unit

1) Pump

1v) Non-retumn valve

v) Aortic Valve Phantom
vi) Sensors

vii) Data Controller

viil) Gate Valve

Figure 6.23. Schematic diagram of the phantom circuits and flow system set-up, with
component parts listed in legend, the aortic valve models could be inserted inside tubing

as shown in (v)

The four valve types with different levels of pathology were compared in terms of
systolic peak pressure. The pressure data was collected from the locations shown in
figure 6.24: ascending aorta (AAl, AA2, AA3), left ventricle outflow tract (LVOT1,
LVOT2) and valve cusps. From table 6.2, it can be observed that the normal valve had
the lowest peak-pressure drop at 17 mm Hg, while the stenotic valve had the highest

peak pressure of 92 mm Hg.
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Figure 6.24. Location description of the aorta and valve phantom to measure systolic

pressure.
Table 6.2. Systolic pressure measurement
Peak
AA3 AA2 AAl LVOT 1 LVOT Pressure

Valve (mm (mm (mm (mm (mm  (mm
Type Ho) Ho) Ho) Ho) Hg)  Ho)
Normal 141 138 133 150 147 17
Rheumatic 135 133 133 155 153 22
Bicuspid 148 143 144 170 168 27
Stenotic 118 119 120 210 209 92

6.5 Discussion

From the practical printing experience and visual inspection of Layfomm40 cardiac
models, they suffered from the problem of delamination after rinsing, thus, Layfomm40
is not durable to withstand physiological flow and pumping. Based on the mechanical
characterisation results in chapter 3, silicone is an optimal material with enough

compliance, flexibility and durability, so silicone elastomer was chosen to make the
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aorta and aortic valve models, and the manufacturing technique evolved from two-part

moulding method to direct silicone printing method.

The results in figure 6.3 show the limitation of traditional one-part moulding technique,
the hollow PVA mould contained many support materials inside the crannies, which
blocked the silicone liquids during injection, once the silicone valve model cured and
removed from the one-part mould, holes and coarse surface could be observed from the
valve appearance. Figure 6.5 (b) demonstrates the silicone valve fabricated using two-
part moulds, as the moulds are printed separately, the support materials could be
removed before assembling, the clear cavity made the silicone injection flow smoothly
and the valve model cured properly after mould dissolving. By comparing the two
versions of the valve, the two-part moulded silicone valve is more exquisite than the
one-part moulded valve in figure 6.5 (a), and this two-part moulding method could be

also applied in the aorta model manufacturing.

The other three types of pathological aortic valves were manufactured based on the
normal valve as shown in figure 6.6 by modifying the valve cusps. From the visual
inspection (figure 6.6) & imaging results (figure 6.21) of the four valves, it can be seen
that the normal valve could open fully under pressure with main jet located centrally,
while the rheumatic valve only opens partially with a narrowed jet through the reduced-
size orifice, as the leaflets sticked to each other; the calcified valve could barely open
due to the abnormal thickness of the leaflets with needle-like jet flowing through it,
and the bicuspid valve demonstrates unilateral restriction with incomplete opening and
an eccentric jet. The opening and closing circumstances of the silicone valves match
the actual situations of corresponding aortic stenosis on real patient, that the scar tissue
on the aortic valve will narrow the valve opening, the calcium deposits on the leaflets

will create a rough surface and reduce the blood flow [123].

Then, from the comparison between the moulded valve and directly printed valve,
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conclusion can be drawn that as an alternative technique to fabricating medical-grade
silicone models, silicone printing could simplify the manufacturing procedure without
extra moulds design while there is minimal change in the product’s quality, both
silicone valve models could survive in the dynamic flow experiment under ultrasound

imaging monitoring.

The functions of the silicone valve models were validated in terms of ultrasound &
MRI-imaging, as well as further pressure analysis. The ultrasound and MRI-imaging
compatibility of the silicone models were proven in section 6.4.1. On the other hand,
the 3 disease aortic valve models did show the expected characteristics of narrower

ejection jets from the ultrasound and MRI images in figure 6.21.

The following discussion about the use of the silicone valves in haemodynamic
simulation was based on the pressure results in the recently published journal paper of

our collaborator Harminder Gill:

Gill, H., Fernandes, J. F., Nio, A., Dockerill, C., Shah, N., Ahmed, N., Raymond, J.,
Wang, S., Sotelo, J., Urbina, J., Uribe, S., Rajani, R., Rhode, K., & Lamata, P. (2023).
Aortic Stenosis: Haemodynamic benchmark and metric reliability study. Journal of

Cardiovascular Translational Research. https://doi.org/10.1007/s12265-022-10350-w

These pressure results were collected on the flow circuit setup described in figure 6.23,
the circuit consisted of a fabricated valve model, mounted into flexible tubing

representative of the aorta, connected to a reservoir and a configurable flow pump.

Even though the in-vivo validation represents the ideal strategy in clinical practice,
recruiting patients can be difficult, expensive and time-consuming. Therefore,
realistically, in-vitro data acquired from flow phantoms could be one effective solution.

The three different stenotic valves were tested on the platform in figure 6.32 and
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compared to the normal silicone valve, these phantoms allowed the study of the
ultrasound-based blood speckle imaging for a more accurate estimation of the peak
pressure drop and the validation of an MRI-based method to estimate the pressure

recovery distance.

The systolic pressure results listed in table 6.2 match expected haemodynamic findings,
where the point of maximum acceleration, equivalent to the effective orifice area, is
more distal to the anatomic orifice in more severe stenoses. These results also
demonstrate pressure recovery, best displayed by the normal valve, and the pressure
drop observed across the normal aortic valve model on the flow platform is consistent
with a non-diseased aortic valve of patients: A peak velocity of >2.5m/s provides
evidence to support a diagnosis, which equates to a pressure drop of 25mmHg by
application of the Bernoulli equation [122]. Within our range of simulated flow rates,
the instantaneous peak pressure drop remains a maximum of 24.1mmHg, indicating the
success in recreating a non-pathological aortic valve. Reassuringly, this high degree of
reproducibility was maintained amongst two different identical silicone valves
(correlation between control with valve X vs valve Y R? =. 0.995, calculated from both
instantaneous peak pressure drop data in figure 6.25), highlighting the consistency of

valve fabrication.

The size and pressure gradient of our silicone valve model are also comparable to the
commercial prosthetic valves. The diameter of the valve model shown in figure 6.5 (b)
is 28.5mm, while the ADIAM (ADIAM Life Science AG) polycarbonate urethane
(PCU) valve size is 29 mm [124], the St Jude Medical (SIJM) standard valve size is
between 19-27 mm, and the SJM Biocor valve size is between 21-27 mm [125]. The
pressure gradient data collected on the normal silicone valve (provided by Harminder
Gill) is 25 mmHg, this result is also close to the gradient (around 8 to 22 mmHg) of
most mechanical heart valves (MHV) [126], as well as the gradient of a normally

functioning (albeit mildly stenotic) natural valve [127]. However, the blood
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compatibility and thrombogenicity need to be confirmed with further investigation of

the silicone valve before using it as a new prosthetic valve type.

o

T y=1.08x+0.11
8 = R2=0.99

Instant Peak Pressure Drop Valve
Y/mmHg

8 13 18 23
Instant Peak Pressure Drop Valve X/mmHg

Figure 6.25. The instantaneous peak pressure drop/mmHg compared to the replacement

of valve X with valve Y

6.6 Conclusion

As explained in the previous chapter, Layfomm40 and Tango Plus were not suitable to
make a durable aorta or valve model, thus, this chapter introduces two effective silicone
phantom manufacturing techniques for valvular interventional procedure simulation:
two-part moulding & silicone printing, both techniques could produce silicone models
durable enough for dynamic flow testing, while these silicone models with complicated
and hollow structures cannot be made via traditional one-part moulding method. From
the visual inspection results, the silicone models demonstrate plausible valve opening
and closing both in healthy and pathological conditions. The fabricated silicone models

are also comparable with real patient ones— from both ultrasound& MRI images.
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Additionally, the flow testing on the normal silicone valve and different pathological
silicone valves provides a reliable solution to obtaining the ground-truth pressure
measurement. Catheterized fluid-filled pressure sensors and pressure wires, used in-
vivo, display important limitations. Unlike the in-vivo experiments, which are limited
by the need to interpolate along the length of the vessel to estimate the instantaneous
peak pressure drop, the silicone valves manufactured in this chapter could be used for
direct pressure transduction from sensors in the phantom wall in-vitro and tested for

control and reproducibility.

In conclusion, the aorta & valve models described in chapter 6 first successfully pass
the visual inspection in terms of sizes and anatomical appearances, meanwhile, the
valve model fabricated using direct silicone printing keeps the durability under flow as
the moulded one. In the functional experiments, the ultrasound & MRI-imaging
comparisons between the normal valve and pathological valves demonstrate the
phantoms’ medical imaging compatibility as well as expected valve opening and
closing performances, further hemodynamic analysis proves that the transvalvular
pressure gradient of the silicone valve is comparable to natural & commercial prosthetic
valves, which expands the silicone models’ applications from in-vitro simulation to

potential implantation in the future.
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7. CONCLUSIONS & FUTURE WORK

7.1 Chapter Summaries and Thesis Conclusions

As mentioned in the beginning of the thesis, the overall theme of the work presented is
using 3D printing to make anthropomorphic cardiac phantoms with soft materials.
These soft materials, including Layfomm40 and silicones, could demonstrate tissue-
mimicking properties in terms of flexibility, ultrasound acoustic property, etc. And the
fabricated cardiac phantoms in chapter 4-6 also satisfy the functional needs in different
simulation procedures, such as medical imaging, ablation, and pulsatile flow. Safety
risks related to the engineering methods are low. As no animals or patients involved in
listed experiments, ethical approval is not required, but the strong connection to

cardiology research does encourage future clinical trainings.

From the characterisation results of the soft materials mainly used in the thesis, major
findings of Layfomm40 as a 3D printable material were summarized in chapter 3, that
it has the closest Young’s modulus value (128.5 kPa) to real myocardium with a
difference of 28.6%-54% when compared to other 3D printable materials, and it also
has close ultrasound acoustic properties and thermal conductivities to biological tissue,
the porous structure created after rinsing makes its application in further tissue

engineering become possible.

Meanwhile, the successful fabrications of ultrasound compatible whole cardiac models,
thermochromic bi-atrial models and silicone aorta and valve models could demonstrate
anatomical similarities to real heart, with different functional successes validated using
corresponding clinical systems. Separate chapter summaries are presented in the

following subsections 7.1.1-7.1.3:
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7.1.1 Directly 3D Printed Ultrasound Compatible Cardiac Phantom

Chapter 4 makes an initial investigation for engineering ultrasound compatible cardiac

phantoms using directly 3D printing.

At present, all 3D printable elastomers have low flexibility with minimum Shore A
hardness of 30 HA that the ultrasound wave cannot easily penetrate. Other ultrasound
compatible materials with high flexibility cannot be printed using current printing
techniques, especially when the model has complicated geometries, such as cardiac
phantoms. The fabrication idea of chapter 4 to solve the problems is to use rigid
printable material—Layfomm40 and soften it afterwards. Layfomm40, with the highest
flexibility and closest ultrasound velocity and attenuation to myocardium, was chosen
as the most ultrasound-compatible 3D printable material. A 3D cardiac model was first
segmented from an adult chest CT scan and then printed directly with Layfomm40,
while another Tango Plus cardiac phantom was also printed for comparison. In addition
to ultrasound imaging, both cardiac phantoms were validated under X-ray, CT and MRI
imaging modalities. The cardiac outer and inner structures were clearly visible from

these imaging results.

7.1.2 Thermochromic Bi-atrial Model for Ablation Simulation

As mentioned in chapter 4, Layfomm40 was utilised as a promising soft tissue-
mimicking material for making anatomical phantoms. Layfomm40’s absorption
properties make it the ideal choice for constructing functional models as it absorbs
saline water, colour changing pigments and other liquids simultaneously, chapter 5
describes Layfomm40’s further use in thermochromic bi-atrial model fabrication for

ablation simulations.

Unlike previous models that only required imaging compatibility, the bi-atrial model
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constructed in chapter 5 has to be thermally and electrically conductive as well to work
with the radiofrequency system and heat-responsive so that the ablated mark would
remain afterwards. The bi-atrial model was coated with irreversible thermochromic
pigments with permanent colour-changing effects. The transition temperature was 44°C,
just between the water and the ablation temperatures, ensuring that the colour-changing
conditions were satisfied. The model detailed the superior vena cava, the inferior vena
cava and the left and right atria. Before printing, the Layfommd40 sample was immersed
in saline water, and the colour-changing coating was tested with the RF ablation system
and compared to chicken breast tissue. The comparison results showed that similar
marks were evident on the Layfomm40 sample as those produced on real tissue. Finally,
the bi-atrial model was printed with Layfomm40 and assembled inside the water tank
with a holding base and silicone tubes. Monitoring of the interventional procedure took

place using ultrasound imaging and the CARTO3 mapping system.

7.1.3 Ultrasound and MRI-compatible Silicone Aorta & Valve Models

In order to find and simulate the optimal treatment for aortic valve stenosis, valve model
compatible with ultrasound and MRI with durability for pulsatile flow was required. As
Layfomm40 is porous and easily delaminated under external force, it is not strong
enough to withstand the dynamic flow environment. Compared to all 3D printable and
non-3D printable materials, silicone elastomers outperform others, with a wide range

of flexibility, high durability and multi-modal imaging compatibility.

Thus, a two-part moulding technique with separable internal and external moulds was
applied first to make the silicone aorta and valves in chapter 6. The external mould was
printed with PLA for reuse, and the internal one was printed with water-soluble PVA
material, allowing it to be easily removed. The Ecoflex 0030 silicone cured inside the
mould to construct a detailed complete aortic valve with three cuspids. The aorta model

was also created with a stiffer silicone (Dragonskin 10) using the same technique. The
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valve’s opening and closing under the pulsatile flow was monitored under ultrasound
and MRI imaging modalities, and further hemodynamic analysis proves that the
transvalvular pressure gradient of the silicone valve (~25 mmHg) is comparable to
natural & commercial prosthetic valves, which expands the silicone models’

applications from in-vitro simulation to potential implantation in the future.

Additionally, chapter 6 also demonstrated the silicone printer’s capability in aortic
valve’s development. Sophisticated non-mouldable silicone models are now printable
using this technology, while the durability and flexibility of the model can be

maintained.

7.2 Current Limitations and Future Work

As described in the title, the work presented in the thesis did demonstrate the success
in making different functional anthropomorphic cardiac phantoms. However, theses
cardiac phantoms haven’t been tested with a trial with patients. Meanwhile, the
phantom materials’ biocompatibility and thrombogenicity still remain to be tested.
There is still a long way to go from interventional simulations to actual clinical

translations for engineered cardiac phantoms.

One direction of the future research could be in-vitro cell co-culturing with these
materials, if they are tested to be biocompatible, the next step work is to use them for
organoids [112] manufacturing, possible applications in effective therapeutic drug
delivery [128] could be combined during relevant experiments. Another future work
direction is when they are less likely to be used on patients directly, fabricated phantoms
could be used during the pre-surgical planning where patients will be involved as well,
treatments between the patients with and without the pre-surgical planning shall be
analysed and compared to show the impact of these phantoms. Moreover, further

improvements of the Layfomm40 cardiac phantoms are still required as they limit in
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poor printing accuracy and durability from presented results in the thesis, one solution

could be optimising the material qualities by coatings or mixing with polymers.
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