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Abstract

Aortic stenosis is a serious cardiovascular disease that requires urgent attention and

surgical intervention. If not treated, aortic stenosis can result in heart attack or cardiac

arrest. Transcatheter Aortic Valve Replacement is a surgical technique that is used to

treat aortic stenosis. Like all heart surgery, the procedure is difficult to perform and

may lead to life-threatening complications. It is therefore important for a surgeon to

be able to plan and rehearse the surgery before the operation to minimise risk to the

patient.

A detailed study was carried out to develop a 3D-printed, improved surgical tool for

patient-specific planning and rehearsal of a Transcatheter Aortic Valve Replacement

procedure. With this new tool, a cardiologist will be able better to understand a specific

patient’s heart geometry and practice the procedure in advance. Computer tomography

images were processed using image segmentation software to identify the anatomy of

a specific patient’s heart and the surrounding blood vessels. Using materials design

concepts, a polymer composite was developed that is able to mimic the mechanical

properties of aortic tissue. State-of-art multi-material 3D printing technology was

then used to produce a replica aorta with a geometry that matched that of the patient.

An artificial aortic valve, identical to the type used in the Transcatheter Aortic valve

replacement procedure, was then fitted to the replica aorta and was shown, using a

standard test, to be a good fit with no obvious leaks.
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Sammanfattning

Aortastenos är en hjärtsjukdom som får mycket uppmärksamhet och kräver kirurgi

på grund av dess katastrofala komplikationer. Den allvarligaste komplikationen

av aortastenos är hjärtinfarkt och resulterande hjärtstopp. Transcatheter Aortic

Valve Replacement är en kardiovaskulär intervention som erbjuds för patienter med

aortastenos. Denna typ av hjärtkirurgi är komplex och kan orsaka livshotande

situationer för patienten om något går snett under operationen. Det är därför viktigt

för kirurgen att kunna planera ingreppet innan han eller hon utför själva operationen

för att minimera fara för patienten.

Denna detaljerade studie ämnar utveckla och förbättra det kirurgiska verktyget

för preoperativ planering av Transcatheter Aortic Valve Replacement genom 3D-

tryckning. Forskningsarbetet kommer att ge kardiologer ett nytt sätt att förstå

patientens hjärta i detalj och ett ökat förtroende för att träna på ingreppet på förhand.

Datortomografibilder behandlades med hjälp av en bildsegmentationsprogramvara för

att kunna skapa en anatomiskt korrekt kopia av patientens hjärta och tillhörande

kärl. Genom att applicera material-vetenskapslära kan ett nytt kompositmaterial

utvecklas med exakt samma mekaniska egenskaper som naturlig aortavävnad. Den

mest moderna 3D-trycktekniken användes sedan för att producera en patientspecifik

aorta. En artificiell aortaklaff placerades i den nyproducerade aortamodellen och tester

visade en perfekt matchning utan läckage.

Nyckelord

3D-trycktekniken, Aortamodell, Sammansatt design, Styvhet, Bio-material
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Abbreviations

AA Ascending Aorta

AM Additive Manufacturing

CAD Computer Aided Design

CLT Classical Lamination Theory

CT Computational Tomography

DIACOM Digital Imaging and Communications in Medicine

DIW Direct Ink Writing

G-code Geometric code

PLA Polylactic acid

PAR Paravalvular Aortic Regurgitation

STL Standard Triangle Language

TAVR Transcatheter Aortic Valve Replacement
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List of symbols

εc Principal strain of composite

εm Principal strain of matrix

εf Principal strain of fiber

σc Principal stress of composite

σm Principal stress of matrix

σf Principal stress of fiber

Ec Elastic Modulus of Composite

Em Elastic Modulus of Matrix

Ef Elastic Modulus of Fibers

η Dynamic viscosity

γ Shear strain

τ Shear stress
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1 Introduction

1.1 Overview

Aortic stenosis is one of the cardiovascular diseases which seeks attention due to its

severity. It is basically the deterioration of aortic valve leaflets due to age-related

calcium decomposition in the heart valve. The severe impact of aortic stenosis results

in a heart attack or a cardiac arrest. According to the World health organization

report, heart failure from aortic stenosis accounts for up to 25 % of all deaths and

number projected to be double by 2030. The statistics show that the number of people

suffering from aortic stenosis is increasing which also initiates the need for proper

surgical medication. Open heart surgery and Transcatheter Aortic Valve Replacement

(TAVR) are two surgical treatments which surgeons suggest as a treatment to aortic

stenosis. However, both the surgeries are complex to perform and may cause the

life-threatening situation to the patient if something goes wrong by the surgeon. It

is therefore important for a surgeon to have some planning before the actual surgery.

One way of practicing is to do mock surgery on the look-like heart model which have

an exact resemblance to the patient’s heart. 3D-Printing technology for manufacturing

organmodels for surgical applications in cardiology is famous in recent years. Additive

manufacturing can fabricate extremely complex components. Many anatomicalmodels

of the heart, kidneys, brain, leg, hand, lungs, spinal cord, etc have been developed

so far for the planning of surgeries [1]. The models can mimic similar geometrical

parameters maintaining exact dimensions of patients organ. Such models are called

surgical phantoms. However; these models fail to mimic the natural properties of

the respective organ. With age, the mechanical properties of human organs degrade.

Therefore, for any surgical model it is important to adapt time changing mechanical

and biological properties. Natural organs possesses the mechanical properties due to

complicated network of cells, tissues and other biological materials.

The heart is the most vital organ of any living being. As time passes, heart tissue

degrades leading to aortic stenosis. The symptoms mainly involves narrowing of the

aortic valve opening which in turn restricts the blood flow from the left ventricle to

the aorta and may also affect the pressure in the left atrium [2]. Artificial heart valves

could be implanted inside the patients body to restore the normal blood flow. This can
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be done by open heart surgery. However; many patients are uncomfortable with open

heart surgery due to its complexity and other side effects.

In 2002, an alternative procedure called theTrascatheterAortic ValveReplacementwas

invented [3]. The procedure involves injecting an arteficial valve through a catheter into

arteries in leg. The arteficial valve mounted within a stent is then pushed all the way

into the heart to replace diseased aortic valve. It is important operation considering

sensitivity of aortic geometry and from local material properties of aortic tissue [4].

It suggests that there is a need for a precise anatomical understanding of the patient-

specific aortic structure in which heart stents are deployed. In most of the cases area of

deployment is not directly explored by the surgeon, thereby computational visualization

before and during the operation is vital. Due to inability of measuring geometry of

organ,misjudjing inTAVRmay cause serious complication such as device embolization,

coronary blockage, etc. If the TAVR implant is not right size it can lead to fatal rupture

of aorta or leakage inside the heart. Hence, training to perform cardiac surgery for

aortic stenosis is vital for effective and safe operation. Some techniques are available

in advanced medical science to help surgeons perform complex cardiac operations.

Options include CT Scan, online simulator, 3D printed model, vascular casted toys,

etc [5]. Patient specific surgical simulators turned out to be effective training tools

for planning of cardiac surgery. In the past decade, many heart models have been

developed which can fully capture the mechanical and tactile properties of the human

heart. Some of them are cadavers or animal heart models. These are expensive and

only available in limited numbers.

In recent times, multi-material-based heart models have become popular as surgical

simulators. Stratasys printers are widely used to fabricate patient specific multi-

material models. The pre-processed Tango-Plus and Vero-Plus printable materials are

suggested for the heart models [6]. Although these materials are close to the behaviour

of heart tissue, they are not guaranteed to generate the exact behaviour of the organ.

Some researchers used different patterns and combinations to produce the desired

aortic stiffness [7]. Themulti-material models developed by the commercially available

printers are costly and cannot replicate the effects of human tissue. By taking advantage

of design freedom using Direct Ink Writing 3D printer one can design almost any kind

of material ink with tuneable properties including specific stiffness, colour, viscosity

etc. Direct Ink Writing is similar to a desktop 3D printer. Taking into consideration
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the complex composite structure of aortic tissue, one needs to manufacture a similar

structure to produce similar mechanics.

Goals and scope of the study

The main goal of carrying out this work is to give a tool for the 3D reconstruction of

the aorta from a clinical data set, and which can be used to test the novel biomedical

implants such as aortic stents. The objectives of this thesis work are:

1. To investigate the mechanical behaviour of materials considering the histology

(cell structure) of aortic tissue, to achieve non-linear anisotropic material

behaviour.

2. To fabricate a patient specific mechanical model of human aorta using multiple

materials and 3D-printing techniques.

3. To examine the success of the patient specific model by deploying the artificial

aortic valve stent.

4. To try and print additional details on to the aorta, including branches of the blood

vessel and component parts of valve.

1.2 Ethical and Social aspects

The consequences of carrying out this work is to give a robust and sustainable pre-

surgical organ model to the cardiologist. Using the newly developed model, it will

be possible to reduce life threatening complications and deaths caused during heart

surgery. Researchers can examine the newly invented medical implants or heart stents

within thismodel instead of testing them inside animal body parts or in human trials. In

this way, the gap between in-vitro and in-vivo studies can be bridged while reducing the

need for in-vivo testing. Improvement in heart surgery through pre-surgical planning

will speed up operations and reduce surgical risk. It will further lead to socioeconomic

benefits in such a way that more people will survive such conditions and surgery and

can continue to contribute to society and the economy. Rapid and precise intervention

can reduce cardiovascular problems, which would otherwise limit the ability of some

people to work and cause harm to the economy.
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2 Literature & State of the art

2.1 Cardiac anatomy

The human heart is a complex composite structure with dense connective tissue

network as seen in Figure 2.1. The main function of heart is to pump blood

through circulatory system. One can classically divide its complex structure into four

chambers. Two blood receiving chambers referred as left and right atrium and two

blood discharging chambers are called left and right ventricles. All these chambers

are separated by four valves. Two valves separate each atrium and ventricle and the

remaining each lie at the exit of a ventricle. In this work, wewill mainly highlighting the

”Aortic valve structure” which comprises Aorta and top portion of left ventricle.

Figure 2.1: Human heart and aorta anatomy [8]

2.2 Classification of aortic structure

The aorta is the largest artery in the human body, which arises from left ventricle (LV)

in the heart and divides into two sub-arteries down in the abdomen. Figure 2.2 shows

the anatomy of the human aorta near the heart. The aortic valve separates the aorta

from left ventricle; Figure 2.1. The arterial pressure, blood flow rate, and surrounding

heart tissues play important role in determining the behaviour of aorta.

The following terminology oneneeds to understand in order to check anatomyof human

aorta.
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Figure 2.2: Anatomy of human aorta

• Ascending aorta: The ascending aorta is a part of the aorta [9] which begins at the

upper part of the base of the left ventricle.

• Aortic Valve: The aortic valve is the final part in the aorta where blood travels

through before flowing through the systemic circulation. It is part of the outflow

track of the left ventricle and aortic root. The main function of aortic valve is to

prevent blood flowing back from the aorta into the left ventricle during diastole.

• Aortic Valve Leaflets: The aortic valve consists of three leaflets which open and

close once in every cardiac cycle. Each leaflet is attached to the aortic annulus

and intersects its neighboring leaflet at the sinotubular junction. The free edge of

each leaflet seals with its neighbor when pressure is applied to the aortic side of

the Aortic valve.

• Aortic Sinus: In between each commissure of the aortic valve and opposite the

cusps of the aortic valve, three cylindrical dilatations or cavities referred as the

aortic sinuses. For simplicity one can say, sinuses are located in cavities behind

every leaflets [10].

• Aortic root: The aortic root is the part beginning at the aortic annulus and

extending to the sinotubular junction. It is sometimes regarded as a part of the

ascending aorta, [11] or sometimes considered as a separate entity from the rest

of the ascending aorta [12].

• Aortic annulus: The aortic annulus is a fibrous structure at the aortic orifice to the

front and right of the aortic valve and is considered the transition point between

the left ventricle and aortic root.
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• Sinotubular Junction: The Sinotubular junction is the location comprising

ascending aorta where the aortic sinuses end and the aorta becomes a tubular

in geometry. It is an imaginary top end ring of aortic crown.

• Left Ventrical Outflow Track: The Left Ventricular Outflow Track (LVOT) is a

small opening of Left Ventricle which is connected to the aorta. The blood passes

through LVOT in order to enter the aortic root.

Geometries of aortic annulus and aortic root are especially important regions

since the heart valve stent is deployed at these locations. The outer dimension

of the stent is defined by the precise dimension of aortic root and aortic annulus.

Many researchers have tried to study the dimension of these parts [10, 13–18].

The aortic annulus is approximately elliptical in shape.

It has been reported (Table 2.1) by previous researchers that there is gender

dependency on the dimension of aortic sinus, aortic annulus, ascending aorta and

LVOT.

Table 2.1: Gender specific anatomic dimension of aortic annulus [16]

Parameter Male Female

Perimeter (mm) 79.1 ± 6.1 71 ± 5.5

Area (mm2) 483.1 ± 75.6 386.9 ± 58.5

Diameter max. (mm) 27.7 ± 2.4 25.0 ± 2.2

Diameter min. (mm) 21.8 ± 2.1 19.4 ± 1.9

Ellipticity index 1.28 ± 0.1 1.29 ± 0.1

It has been reported by various researchers that the geometrical dimensions,and

local mechanical response vary along the length of aorta. Both in-vivo and in-vitro

investigations show the reduction in aortic annulus area with distance from heart is due

to stiffening of aortic tissue [19–22]. It is agreed that changes in mechanical behaviour

along the different parts of aorta are caused by change in composition of the vascular

tissue.

2.2.1 Aortic tissue

The structure of aortic tissue has the concentric layers of elastic sheets surrounded

by bundles of collagenous fibers; Figure 2.3. Therefore, it is important to understand

the behaviors of individual components and their organization. Elastin in the micro-
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structure is responsible for the compliance of the aortic tissue [23]. Collagen fibers have

large elastic modulus approximately 1000 times that of elastin. It has been found that

with the increasing age aortic tissue becomes stiff [24–29], which is due to the increased

dominance of collagen. The effective responsibility of collagen is to reinforce the elastic

walls by providing sufficient rupture strength. The reported histology suggest that

aortic tissue comprises of 3 layers. It consists of intimate layer of endothelial cells, the

middle elastic layer of elastin and adventitia of stiff connective collagenous fibers.

Figure 2.3: Histology of human aorta [30]

Elastin provides elastic energy storage in aortic tissues [31]. The compliant behaviour

of elastin is derived from the random-coil conformation elastin molecules have a

relatively low Young’s modulus and large extensibility, 1.1 MPa and approximately 150

%, respectively [32]. In the aorta, elastin behaviour defines the compliance of the

tissue under low and moderate levels of strain [23]. Collagen fibers is the primary

load-bearing structure of the aortic wall. Collagen has a large elastic modulus of

approximately 1200 MPa and a low extensibility of approximately 13 % [31]. Collagen

has a preferred circumferential alignment, R [33] which results in increased maximum

tissue stiffness in that direction over the longitudinal axis. Collagen is found to be

mechanically engaged only at moderate and large strain and contributes to the large

non-linear increase in tissue stiffness. It bears high stresses and prevents rupture of

the elastin.

Literature suggests that in order to understand the mechanical behavior of cardiac
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organ it is important to examine the mechanics of aortic tissues. The published bio-

mechanics suggests that aortic vessel follows the Laplace’s law, which indicates that

stresses in the vessel wall are directly proportion to vessel dimension [32]. Many

people have characterize these properties using noninvasive and experimental tools.

It is believed that mechanical characterization of aortic tissue allows one to understand

the engineering parameters behind it similar to the mechanical behavior of materials.

There aremany factors associated with themechanical behavior of human tissue. Some

of them can be classified based on the gender, age, health habits and living conditions of

the person. In this study, such dependence are ignored and the mechanical properties

are assured to be constant.

2.2.2 Bio-mechanics from Laplace law

The wall of aorta can be modelled as a thin cylinder; (Figure 2.4, Laplace’s law) for a

defined thickness (t) and diameter (D) under internal pressure (P) one can calculate

circumferential stress (σθ) as follows:

σθ =
PD

2t
(1)

Figure 2.4: Schematic of Laplace’s law on the cylinder

The human aorta is non-uniform biological structure with a changing wall thickness,

radius and overall dimensions. The main limitation of this theory is the negligence of

forces created by themotion of the heart that is change is systolic and diastolic pressure.

In the patients where aortic stenosis is the major cause of worry it is not good to neglect

the variations in pressure [34]. Hence, the diameter of the aortic annulus alone unable

to give preferred mechanical stresses.
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2.2.3 Linear Elastic Model

The main fact of the Laplace law is that stress-strain relationship assumed to be linear.

It also means that stress and strain are related to each other based on the constant

stiffness (elastic modulus). Although many researchers believed that aortic tissue is

nonlinear and hyper-elastic the linear elastic model can describe tissue deformation

for small changes in strain [35]. The linear elastic model therefore follows:

σ = Eε (2)

where σ and ε are the principal stress and principal strain respectively. One can judge

that stiffness (E) may vary from person to person and increase with age [28, 29].

Considering vessel in Figure 2.4 to be stiff rather than a compliant vessel, it is intuitive

that wall stress will increase at a much faster rate as the vessel expands. Even with the

assumption of linear elasticity, the sole use of diameter neglects differences in tissue

stiffness [32].

2.2.4 Non-linear elastic Model

In some experimental work and constitutive continuum mechanics, it is found that

aortic tissue should follow non-linear stress-strain behaviour like most of the other

biological tissues [10, 21, 33, 36]. The instantaneous Young’s modulus is the stiffness

measurement of a non-Hookeanmaterial, which shows nonlinear stress-strain relation.

It can be thought of as a material’s resistance to deformation at a given strain or stress

value. Young’s modulus, therefore, corresponds to the slope of the stress-strain curve

under loading. The incremental elastic modulus needs to be defined at a specific strain

or stress value since it varies along the curve. It is important to note that stiffness values

cannot readily be compared unless they are observed with a similar level of stress and

strain.

2.2.5 Energy loss

Energy loss, an important bio-mechanical parameter which is useful in understanding

mechanical behaviour of aortic tissue (Figure 2.5). It can be calculated by analyzing

relative amount of energy loss of the loading cycles during tensile testing [37]. The
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Figure 2.5: Typical stress-strain response for linear elastic (green line) and viscoelastic
response of biological tissue (black line). (A) Elastic modulus of a linear elastic material; (B)
incremental stiffness modulus (Em) of a nonlinear material; and (C) energy loss [32]

parameter shows the aortic function of absorbing energy during systole (low blood

pressure) and returning a proportion during diastole (high blood pressure).

2.2.6 Anisotropy

Mechanical property like Young’s modulus can be same in all directions (isotropic) or

different (anisotropic). Directional dependence can be evaluated with the Anisotropic

Index [36, 38, 39] A.I. or (2) using the degree of Anisotropy parameter, ’A’ [40]. They

can be calculated using stiffness values from the 2 principal axes ( circumferential axis

[Ec] and the axial or longitudinal axis [EL] ).

A. I. = 2(
EL − Ec

EL + Ec

) (3)

A =
EL

Ec

(4)

There are many more mechanical properties researchers can define but on a specific

note mechanics of aortic tissue can only be studied by observing stress-strain response.

Therefore, it is important that one must examine stress-strain behaviour of respective

biological tissue.
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2.2.7 Discrepancy in stress-strain definition of aortic tissue

A number of studies have been conducted in the literature to measure the mechanical

properties of aortic tissues at different location in-vitro using both uni-axial as well as

bi-axial stretching [10, 36, 41–44]. In reviewing the existing mechanical properties

measurements of aortic tissue, it is found that different stress-strain definitions were

used to define elasticity. There is no consensus as to which stress-strain should be

adopted while determining aortic tissue. However, true stress and true strain will be

used parameter for the directmeasure of thematerial’smechanical response [45].

2.3 Constitutive modelling & mechanics of aortic tissue

Severalmathematicalmodels which are reported in literaturemay be used to determine

stress-strain relation of biological arteries [21, 46, 47]. Such studies usually include

determination of strain energy function to describe tissue behaviour. Comprehensive

information on constitutive modelling of arteries can be found in literature [47]. An

anisotropic constitutive model was adopted to characterize the mechanical behaviour

of the aortic tissues corresponds to aortic leaflets, aortic sinus, ascending aorta and

surrounding heart tissue. It is found that it accurately replicates the behaviour of blood

vessel inflation under internal pressure. Aortic tissues are assumed to be made up of

soft matrix material embedded with two families of inextensible fibers. The orientation

of fiber angles are controlled by the parameter (θ) which can be simplified into two

unit vectors.I1 describes strain invariant in matrix material,and I4i is equal to squares

of stretches in the fiber direction. J is the increment in stress with respect to strain

invariant.

The strain energy function,W , can then be expressed as:

W = C10 [exp (C10 (I1 − 3))]

+
k1
2k2

∑
(exp(k2)(k1)I1 + (1− 3k)I4i − 1)2 − 1] +

1

D
(J − 1)2 (5)

For i = 1, 2; C10, C01, k1, k2 and D are material constants.

It is easy to implement this model in finite element modelling software to calculate

stress-strain response through the Cauchy-Green stress strain relation. Research
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Figure 2.6: Pressure vs. Strain data of human ascending aortas at low pressure of 80mmHg
derived using constitutive model [48]

carried out on patient specific modeling of bio-mechanical interaction in transcatheter

aortic valve replacement by Wang et al.; Figure 2.6 [48] In order to avoid statistical

error in calculation of stiffness through the stress-strain response it is important to

choose the uni-axial or bi-axial examination method wisely. Bi-axial tests data is more

accurate than uni-axial tests.

2.4 3D-Printing for surgical applications

In recent years, 3D printing technology has been the subject of extensive research due

to its versatility and cost effectiveness. It is also referred as Additive Manufacturing

(AM), Rapid Prototyping (RP), or free-from fabrication [49]. During the process, the

different materials used for printing are joined to develop three dimensional part with

layer-by-layer deposition of the materials. The design of project is implemented in

computer-aided design (CAD) software. 3D printing techniques are classified into four

main groups as follows: [50]

1. Photo-polymerization based processes such as stereo-lithography, direct light

processing, photon polymerization, continuous liquid interface production. It

can also include jetting droplets of the photo-polymer liquid followed by using

Ultraviolet light curing step.
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2. Extrusion thermoplastic filament techniques such as Fused DepositionModeling,

or Direct Ink Writing or robocasting of viscoelastic material

3. Process including layer-by-layer deposition of powder particles followed by

sintering, melting or binding step. This class typically includes 3D printing

method comprising Selective Laser Melting, Electron Beam Melting and binder

jetting.

4. Laminated object manufacturing and Selective deposition lamination in which

lamination and layering of materials in sheet form takes place.

In 2016, medical applications comprised approximately 15% of the 3D printingmarket,

making it the third largestmarket share after consumer products and automobile sector

[1]. The process of 3D printing patient specific organ models originates with obtaining

patient’s organ data. This can be done by various imaging techniques such as Computer

Tomography (CT) or throughMagnetic Resonance Imaging (MRI) scans. The obtained

images need to be post-processed to identify the region of interest of the organ via

proper segmentation of its volumetric data set using Image segmentation software and

then generate a special file for the 3D printing process. The final file is then sliced

into horizontal layers using 3D slicing software to generate the respective Geometric

codes, which then defines the printing pathways to create the 3D printed object, Figure

2.7.

Figure 2.7: 3D Printed cardiac model using Tango-Plus material, scale bar is not provided [1]

The reported 3D printed surgical models are fabricated using FDM, stereo-lithography,

or ink-jet 3D printing processes and by using commercially available materials [51].

The materials can be classified into rigid polymer materials, rubber like elastomeric

materials, and powder based materials such as starch and plaster. The advanced

applications of patient-specific tissue-mimicking phantoms go further than anatomic

and structural accuracy. Mechanical properties are especially important. This is

specifically true for the phantoms that aim to mimic organ tissues, a primary group
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of tissue found in body parts such as tendons, ligaments, blood vessels, and skins.

2.5 Material selection for 3D printing

Earlier, 3D printed organ models were mainly fabricated using a limited selection of

commercial available thermoplastic filaments such as acrylonitrile butadiene styrene

(ABS) and poly-lactic acid (PLA) using FDM printing. Some researchers use rigid

photo-polymers and resins for Poly-Jet technology [1]. These materials are popular

due to low costs and widespread availability. However, Young’s moduli for these rigid-

plastic materials are ∼ 1 GPa range, which is three orders of magnitude higher than

the in soft organ tissue; Figure 2.8. Hence, these models are not a realistic analog for

surgical rehearsal. As the advancement in 3D printing technologies takes place, the

palette of materials that can be used is broadening. It is now feasible to use elastomers

in 3D printing. The examples of thermoplastic elastomer filaments such as NinjaFlex

Semi-Flex, and PolyFlex using FDM printing are reported in literature [14]. The 3D

printable elastomeric (rubber-like) materials have low Young’s modulus and better

flexibility compared with other 3D printed thermoplastics [52]. The 3D printed organ

models fabricated from elastomers provide a soft tangible sensation similar to actual

organ which allows surgeons to perform rehearsal operations. PVA (Polyvinyl acetate)

material is also being used by some researchers to produce similar tensile properties

to those of human aorta. Unfortunately, the material lacks the tearing resistance

which is also important for the deployment of aortic stent. In addition, manufacturing

companies such as Lifelike Bio-tissue and Chamberlain group developed moldable

composites which behaves like rubber but present in textile like form.

Even though 3D printed organ phantoms have been useful for surgical rehearsals,

the efficacy of these models for applications as advanced surgical aids is still

questionable.

Some of the limitations are:

• Despite representing the correct anatomy, 3D printed organmodels are incapable

of precisely replicating the mechanical properties such as Young’s modulus, and

hardness of organ tissue [53].

• 3D printed surgical phantoms lack the functionality to provide quantitative

feedback resulting from organ and tissue handling.
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Figure 2.8: Relative comparison between young’s modulus of commercially available 3D
printable materials [1]

• The currently available tissue mimicking materials are expensive and each is

suitable for one specific printer for printing.

It has also been demonstrated that it is possible to design tuneable composites for 3D

printing of aortic structures [54]. Composite structures are common in nature where

fiber andmatrices are combined. For example: Wood, Animal skin, etc. The use of fiber

reinforced composites with tuneable stiffness is logical since the structure of natural

aorta ismade up of a complex layered composite of collagen in an elastinmatrix. Taking

into consideration structure of aortic tissue it is indirectly dependent on individual

constituent of collagen fibers and an elastin matrix. Analysis of composite materials

on the level of the individual constituents requires principles and facts of classical

lamination theory. In the next section, aspects of classical lamination theory and its

significance are highlighted.

2.6 Classical lamination theory & netting analysis with magic
angle approach

The classical lamination theory describes the stiffness properties of composite on

the based on the properties of matrix and fibers.The study on the interplay between

fiber and matrix reflects properties of composite in case of unidirectional reinforced

composites. This terminology is important in case of micro-mechanics. Consider
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an angle ply laminate loaded with bi-axial stress in the ratio σ2/σ1. The material

components are considered to be linear elastic. The elastic constants of a lamina

can be characterized by the matrix Q, referred to the principal axes of either one of

the two reinforcements, where ’L’ represents Longitudinal and ’T’ shows Transverse

direction.

Q =


Q11 Q12 0

Q12 Q22 0

0 0 Q33

 =

∣∣∣∣∣∣∣∣∣∣
E

′
L vLTE

′
T 0

vLTE
′
T E

′
T 0

0 0 GLT

∣∣∣∣∣∣∣∣∣∣
(6)

In above equation, E
′
L = EL/1 − (vLTvTL), E

′
T = ET/1 − (vLTvTL), GLT is the shear

modulus and vLT and vTL are in-plane Poisson ratios.

Explicit expressions, for the components of Q for a balanced angle ply laminate, the

matrix in equation (6) is transformed by rotating the principal reference axes (x1, x2) as

referred in Figure 2.9 through ±θ. Individual terms in new stiffness matrix Q
′
can be

given as:

Q
′
11 = Q11 cos4 θ + 2(Q12 + 2Q66) sin

2 θ cos 2θ +Q22 sin
4 θ

Q
′
12 = Q12(sin

4 θ + cos2 θ) + (Q11 +Q12 − 4Q66) sin
2 θ cos 2θ

Q
′
22 = Q11 sin

4 θ + 2(Q12 + 2Q66) sin
2 θ cos 2θ +Q22 cos4 θ

Q
′
66 = (Q11 +Q22 − 2Q12 − 2Q660) sin

2 θ cos 2θ +Q66(sin
4 θ + cos4 θ)

where; θ is the magnitude of the angle between the x1 axis and the fibre directions. If

the in-plane principal stress ratio σ2/σ1 is set to the value 2 and θ is assigned a value

close to tan−1(
√
2) calculations are found to be very sensitive to the relative values of the

input parameters EL, ET , GLT , vLT and θ, suggests instability in the equation (6).

Figure 2.9: Fiber orientation and applied stress [55]
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On the other hand, netting analysis of the deformation of a balanced angle ply laminate

composites gives a simple result by ignoring the presence of matrix and just by

consideration of loading from fibers. This approach neglects the the stiffness matrix by

takings its value as zero. In other words, there is just one critical angle of inclination of

the fibers at which the laminate can support the stress [55]. The most famous example,

where reinforced rubber hose consisting of steel wires or fibers wound at an angle,

θ = ± tan−1(
√
2) =54.7o with respect to the loading axis. This gives a Young’s modulus

twice as high as in axial direction. As internal pressure produces a hoop-to-axial stress

ratio of 2:1, reinforcement at this angle would ideally support the stress in wall of the

hose. A generalized concept of magic angle is given as the angle for which the fiber

stretch is zero [56]. This idea, angle is referred to as Magic angle. According to netting

analysis, two principal strains will get equal and can be given by

ε1 = ε2 =
3

2

σ2

EL

, σ2 = 2σ1 (7)

where, EL denotes Young’s modulus of the material in the direction of fibers and σ2 is

the stress parallel to e2.

Generally speaking, the magic angle concept arose in connection with animals that live

inwater such as the sea-worms, which are similar to thin-walled tubeswhere this special

angle was encountered for the first time [57]. In simplifying the theory, it was shown

for a circular tube reinforced by a double family of inextensible helically wound fibers,

the volume V enclosed by a single turn of helical system is

V =
D3 sin2 θ cos2 θ

4π
(8)

where; D denotes constant length of single fiber turn and θ is the pitch angle [58, 59].

The maximum volume enclosed by fiber only occurs when derivation of D with respect

to V will be zero and it will be possible at the angle θm.This classic result was calculated

solely on geometric considerations. Considering the case of collagen fiber extensibility

when now the volume of soft tissue enclosed is constant, equation (8) can be rewritten

as:

D = 4πV
1
3 sin

−2
3 θ cos

−1
3 θ (9)

It can be easily proven that D has minimum value at the magic angle θm

17



Thereby, magic angle is defined as:

θm = ± tan−1(
√
2) = 54.74o (10)

The potential occurrence of a magic angle in the collagen fiber orientation in the aortic

tissue has received some attention in previous studies [60]. A similar finding was

reported in [61] based on in vitro experiments on pig aortic valve and human coronary

arteries when applied to loads representative of real life. Magic angle concept can also

be observed in the design of rubber hose and similar engineering products; Figure

2.10

Figure 2.10: Magic angle found in the design of rubber hose [56]

18



3 Materials & Methods

The following procedure is adapted in manufacturing of 3D aortic model (Figure

3.1).

1. Procuring the CT images from patient, 3D models are designed using image

segmentation software

2. Material selection for selected geometry

3. Fabrication using 3D printing process

4. Post-processing operations

Figure 3.1: Methodology adapted for development of Aortic model

3.1 Creation of anatomically correct 3D models

Computer X-ray Tomography images of the patient’s heart are analyzed using Mimics

(Materialise version 21.0) medical image segmentation software to design 3D-models.

This data is generally termed as Digital Image and Communications in Medicine data.

The peak systolic phase interval (the part of heart beat in which maximal opening of

the aortic annulus is seen) was identified and used to build geometrically accurate 3D

models. Digital Image and Communications in Medicine data were reconstructed to

observe anatomically correct 3D geometry of aorta. Image segmentation of the whole

aorta including blood, aortic root, aortic sinus, annulus, left ventricle is examined.

The blood pool of the aortic annulus was semi-automatically segmented at a distance

of 1 cm under the plane of aortic annulus to the sinotubular junction of aorta. The
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same methodology is adapted from the left ventricular outflow tract to achieve desired

calcification which at the entrance of left ventricle. Most importantly, segmentation of

calcification is donewith proper care. 3Dmodels of aortic sinus, aorta and left ventricle,

left ventricle containing aortic valve and leaflet geometry are designed for same; Figure

3.2.

Figure 3.2: Creation of 3D models of Aortic model

The extracted geometries are then smoothed using 3D–visualization software (3-matic

Materialise version 19.0). The Segmented data were then converted to a 3D printable

data file in the same software suite. A 1.5 mm thick wall was added to the outside of

the blood pool in all 3D-models, since the aortic wall is too thin for the software to

segment. Most direct ink writing printers required minimumwall thickness of 1 mm to

support the overhangs Aortic valve leaflets were not included in the 3D printed model

since were not accurate enough measurements enough and the leaflets were too thin

structure for printing. An open source software (Meshmixer 3.4, Autodesk was used

to refine the 3D models for more accurate 3D printing. Once the confidence regarding

geometrical design was gained, 3D printing with commercially available thermoplastic

PLA and Ninja-flex (manufactured from Ninjatec, USA) is carried out to visualise the

geometrical dimensions so as to observe the nature of designed anatomy; Figure 3.3.

Modifications were made to the 3D CAD files to ensure the printability. Finally, with

neat and clean geometrical data, withG-code is generated and sent to themultimaterial

3Dprinter. Specific types of printable inks are produced in accordancewith the stiffness

requirements. Post processing operations are carried for removing any experimental
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or printing errors. Dimensional accuracy was checked by printing PLA before real

components are printed.

Figure 3.3: (a) Ascending Aorta scale to 50% of original dimension printed using PLA 3D-
printed material (b) Aortic valve and Left ventricle model printed with PLA 3D-printed
material (c) Ascending Aorta printed with PLA (d) Use of Ninja-flex material to print model

3.2 Material selection based on aortic geometry

Material design can be done in many different ways. However, for this study Young’s

modulus is considered as the most important factor and, therefore, local Young’s

modulus is measured from the various locations in the human aorta.

Figure 3.4: Variation of Young’s modulus in local parts of aortic root [13, 48]

As seen in Figure 3.4, one can easily recognise the need ofmaterial which haswide range

of Young’s modulus. Commercially available polyurethane and silicone can possess
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such properties. Strain stiffening behaviour should also be taken into consideration

while selecting the material for the purpose of building aortic model. The tissue

structure of the aorta confirms that it is complex composite structure which stiffens

with an increase in strain. Further, constitutive modeling by researchers demonstrates

that hyper-elastic fiber reinforced model can mimic this strain stiffening behaviour

[48]. The arterial mechanics also indicates the presence of fibers at the magic angle

and a relative response from collagen fibers which is responsible for such response.

Classical lamination theory and netting analysis assist in calculation of the stiffness

matrix of a proposed composite which helps in composite design refer equation (6).

Table 3.1 shows the necessary properties which are mandatory to be consider in

Classical lamination theory.

Table 3.1: Material Properties of fibers and matrix

Property value

Elastic modulus of matrix Em

Elastic modulus of fiber Ef

Shear modulus of matrix Gm

Shear modulus of fiber Gf

Poisson’s ration of matrix vm

Poisson’s ration of fiber vf

In this way by selecting soft matrix and stiff fibers, a range of stiffness can be achieved.

In literature, few studies are found where similar has been research carried out [54,

62]. Although design concept is that way simple, it is also important to choose right

matrix and fiber material. As 3D printing process is the main fabrication technique,

printability characteristics must also be considered. Commercially available Dragon-

skin 30 and Eco-flex 0030 (manufactured by Smooth On US) satisfy all the desired

material properties of soft tissue [63]. Silicone as a matrix material satisfies both

printability properties to print organs and it is readily available [64, 65]. Aortic

tissue consists of collagen, elastin and fibrinogen as in main constituents [66]. The

fact that with the growing age aortic tissue becomes stiffer is due to a change in the

structure of collagen [24]. The main role of collagen is to give vessel strength, which

can also be achieved using gelatin fibers. Gelatin is form of collagen that has been

irreversibly hydrolyzed [67]. It can replicate the properties of collagen and thereby

researchers are looking towards gelatin as a bio-material as fibers or single filaments

years [68–73]. Production methods include electro-spinning, dry-spinning, and wet-
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spinning and gelatin fiber development for tissue regeneration was even highlighted

recently [74]. However, mechanical properties of gelatin fibers like elastic modulus

are not widely published. Gelatin fibers have advantages like biodegradability, easy

availability, tissue-mimicking ability, bio-compatibility etc., but because of their poor

mechanical properties raw fibers are not good the direct uses. The post processing

treatments are essential to improve the natural strength of gelatin.

3.3 Gelatin fibers

Production of Gelatin fibers can be classified into three main steps:

1. Raw fibers are extracted from the gelatin solution

2. Raw fibers are treated inside Methanol and Glucose solution (Cross-linking

reaction)

3. Dehydrothermal Treatment is carried out to swell the fibers and to obtain high

strength.

3.3.1 Materials

100% Pork Gelatin sheets were bought from a local supermarket. 2-Propanol was

supplied by Fluka Analytical (Münich Germany). Deionized water prepared on lab

scale, the cross-linking agent Glucose purchased from a local medical store. Methanol

as received by Sigma-Aldrich is used for post processing treatment.

3.3.2 Processing

As described by previous researchers, the current work uses the concept of non-

equilibrium mixing for preparation of gelatin solution. Mixture of gelatin and 2-

propanol is formed in the deionized water [68]. The calculated weight proportion of

gelatin / deionized water / 2-propanol in the ratio 1:4:5 is used. The mixture was

stirred constantly in a water bath at 60 °C for 30 min. The product obtained after this

step consists of 2 phases: one with yellowish semi-solid texture (considered for fiber

making) and other transparent liquid solution called the supernatant; Figure 3.5. The

yellowish phase is transferred into a 30 cm3 plastic cartridge. It is then extruded as a
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fiber using a nozzle heated using a hot air gun. High temperature methodology is used

to increase the driving force causing the extrusion of gelatin. Filament winder with

adjustable speed is used to wind the freshly produced gelatin fibers.

Figure 3.5: Gelatin fiber winding and Gelatin dispensing for continuous fiber production

3.3.3 Post-processing treatments

The post-processing treatment is necessary since without that fibers do not strengthen

enough. Cross-linking of fibers is necessary to increase the strength. Cross-linking

of the gelatin fibers is achieved by dipping into methanol solution in a desiccator.

Approximately 10 wt.% of glucose is added inside the methanol along with the gelatin

fibers [73]. The treatment is carried out for 20-24 hours. Subsequently, the treated

fibers are placed into vacuum oven at 120 °C at 50 mbar pressure for 6 hours. The

finished fibers show enhanced strength, compared to the as-spin fibers. Crosslinkers

can be observed in microscope as seen in Figure 3.6.

Figure 3.6: Microscopic image clearly shows cross-linking product on gelatin fiber
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3.3.4 Characterization of fibers

Gelatin fibersweremechanically characterized using ZwickRoell Z005universal tensile

testing machine according to ASTM D3822-07. The 5 kN load-cell and pneumatic

clamps are equipped with this machine. The fibers were mounted in customized

clamps. The specimen with 40 mm fiber length were used for tensile testing at a

test speed of 24 mm min−1. The cross-section area of fibers is measured beforehand

using digital microscope (Keyence VHX-6000 series). Figure 3.7 shows themicroscopy

results.

Figure 3.7: (a) Raw Gelatin fiber diameter before post-processing treatment (b) Fiber
diameter increases after post-processing treatment (c) Microscopic image clearly shows
cross-linking particle on gelatin fiber (d) Cross section of fiber observed to be circular from
its origin.
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3.4 Composite design

The magic angle approach, classical lamination theory and netting analysis concept

can be applied to assist the material design of a Gelatin Fiber Reinforced Silicone

(GFRS) composite. By calculating the stiffness matrix, based on fiber volume fraction

mechanical properties of each component and the angle of the fibers to the loading axis,

the mechanical response of the composite under applied loads may be calculated.

E1 = EmVm + EfVf (11)

E2 = (EmEf)/(EmVf + EfVm) (12)

G12 = (GmGf)/(GmVf +GfVm) (13)

Equations 11, 12 and 13 are used to calculate the longitudinal elasticmodulus, transverse

elastic modulus and shear modulus of composite, respectively, where; E1 is the

longitudinal elastic modulus of the composite, E2 is the transverse elastic modulus of

the composite, G12 is the Shear modulus of composite. Material properties of matrix

and fiber materials are obtained from the data provided by manufacturer (Table 3.2)

and a Poisson’s ratio of 0.499 for the matrix material was found in the literature

[63].

Table 3.2: Material Properties of fibers and matrix required to derive stiffness of composite

Property value

Elastic modulus of matrix 0.59 MPa

Elastic modulus of fiber 2100 MPa

Shear modulus of matrix 0.754 MPa

Shear modulus of fiber 704.69 MPa

Poisson’s ratio of matrix 0.499

Poisson’s ratio of fiber 0.49

Calculations using netting analysis [55] show that GFRS is expected to show strain

stiffening behaviour (Figure 3.8), consistent with the type of behaviour seen in aortic

tissue. The Young’s modulus increases as the material is put under increasing strain.

By considering how Young’s modulus changes with angle relative to the magic angle, it

is possible to derive the angle of fibres that will achieve a particular Young’s modulus

for the fibre fraction used in the calculation. This is analogous to using a constitutive
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Figure 3.8: Netting analysis approach on GFRS composite containing ultra-low fiber volume
fraction

model [47].

3.5 Direct ink writing

3.5.1 Ink preparation

Eco-Flex 00–30 (Part A consist of resin & Part B consist of hardener) and Dragon-Skin

30 (Part A consist of resin & Part B consist of hardener) were purchased from Kaupo

(Germany), The base component of the silicone rubbers was mixed with hydrophobic

fumed silica to obtain printable inks. Two inks were developed one used as a main ink

and the other for support. The main ink was based on Eco-Flex 00–30 A to which 8

wt. % hydrophobic fumed silica were added. In order to cure the ink after printing the

same amount of Eco-Flex 00–30 B is added to Part A. Special care is taken by mixing
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1 % of the retardant ”SLOJO” (Smooth On,USA) in the final composition to get enough

printing time. The silicone inks were mixed with a planetary mixer (ARE-250, Thinky,

USA) for 5 min at 2000 rpm, followed by the addition of the hydrophobic fumed silica.

The ink was then mixed and degassed thoroughly for 5 min at 2000 rpm and 5 min

at 2200 rpm, respectively. A support ink containing Dragon-Skin 30 (Part A), were

mixed at 25 °C under stirring at 2000 rpm. After the gel reached room temperature,

hydrophilic fumed silica was added and the gel was again stirred at 2000 rpm until it

became a homogeneous mixture.

3.5.2 Rheological analysis

To check the dynamic modulus of the inks prior to printing. AMCR501 rheometer with

cone-plate geometry (CP 25, Anton Paar, Austria) was used [64]. The experiments were

conducted at 20 °C. Oscillatory amplitude sweeps at 1 Hz were performed within strain

values ranging from 0.01 % to 100 %, whereas steady-state flow curves were obtained

at shear rates varying between 0.01 and 100 s−1.

3.5.3 Printing process

Direct Ink Writer technology is adapted for direct printing of geometrically accurate

and mechanically representative aortic models, with post processing to patch any

manufacturing error. The multi-material technique allows multiple inks to be printed

at the same time, depending on the nozzles attached to a direct ink writing printer

(TR83400-06, H. Silgrist & Partner AG; Figure 3.9) with a maximum height of 100

mm. Unfortunately, there are some machine constraints which prevent the printing of

complex object,including uncontrolled dispensing of inks, inability of robot to interpret

the datafiles, and absence of multiple nozzles. In order to overcome this problem of

interpreting datafiles,a Python program has been developed which could directly parse

the X, Y, Z coordinates from the datafile (see appendix).

Direct fabrication of the aortic model is carried out using a 3DDiscovery (regenHULtd,

Switzerland; Figure 3.10 (a)), printer with cylindrical needles with an inner diameter

of 0.41, 0.66, 1.60 mm. The printer is capable of reading datafiles automatically.

After every two layers, a curing step of 60 seconds was performed using infrared light
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Figure 3.9: (a) Robocasting setup at CMAS (b) Printing of coloured ink (c) 3 layers printed

bulb. Proper synchronization & calibration with respective the printing heads is carried

manually. After printing, the support was washed with water, leaving cavities behind.

The aortic root, and sinus comprising aortic annulus were printed with the help ofmore

controlled dispensing unit using an eco-PEN300 (Preeflow, Germany; Figure 3.10 (b))

attached to the printer.

Figure 3.10: (a) 3D-discovery Printer (b) eco-PEN 300, fluid dispensing unit

3.6 Indirect printing

Indirect fabrication technique involves design of 3D-Printed patient specific molds

which can be used for casting silicone. The mould geometries were constructed from

the geometric data for the final component using the software Fusion 360 (Autodesk).

3D mold patterns are manufactured using an Ultimaker 2.0 desktop printer with PLA

as a print material; Figure 3.11.

The core model of the desired geometry can be fabricated. Core alignment is decided
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Figure 3.11: Process to manufacture 3D printed mold Step 1: Making of CAD designs for
mold and core model, Step 2: Printing of mold and core body, Step 3:Preparation of core by
wrapping gelatin fibers and placing it inside mold cavity, Step 4: Pouring of Silicone inside
the 3D printed mold

based on the thickness value of around 2-3mmbased on thickness of aorta. The desired

amount of Dragon-skin silicone 30 Part A and Part B in the ratio 1:1 is then poured in

the mold cavity. Bottom pouring technique was implemented to cast the silicone under

vacuum. The mold filled with silicone is left to cure overnight; Figure 3.11. Once cured,

the silicone model is carefully taken out of the mold. Post processing treatment are

sometimes necessary to patch the model with raw silicone. Gelatin fibers are wrapped

along specific direction on the surface of the core.

3.7 Mechanical characterization of inks

Mechanical characterization is carried out using Zwick-Roell Z005 tensile testing

machine. The tests were performed at a cross-head displacement speed rate of

500mm/min. All the tests are carried out considering standard ASTM D422 [75]. A

dog bone shaped Tensile specimen are prepared according to the standard; Figure

3.12.

Total of 14 tensile specimen samples, containing Silicone matrix and Gelatin fiber

reinforced composite with 0.025% volume fraction of fibers at 45o to the tensile axis are

prepared; Figure 3.13. Load and displacement were recorded by themachine. The force

and elongation data were then transformed into true stress and true strain by taking the
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Figure 3.12: Tensile testing specimen containing pure silicone matrix

assumption such that Poisson ratio of 0.5 conserved the volume of the specimen. The

true stress state is measured as calculated force (F) to the current cross section area of

the specimen (A).

σ =
F

A
(14)

Figure 3.13: Tensile testing specimen containing gelatin fibers oriented at 450 in silicone
matrix

Conservation of volume gives the relation between engineering stress and true stress,

see equation (15).

A× L = A0 × L0 = σ =
FL

A0L0

= σ = σE(1 + εE) (15)

where; L0 is original length, εE= L−L0

L0
and σE = F

A0
True strain is defined as:

εT = ln(1 + εE) (16)
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However; it is not possible tomeasure the strain directly on the Zwickmachine so using

DIC measurement technique, strain measurements are carried out. In order to assess

the strain response, a Digital image correlation and tracking (DIC) characterization

(Correlated solutions-VIC-3D, USA) was performed on the tensile testing specimen;

Figure 3.14. DIC is an non-contact optical method which allows for tracking and

Figure 3.14: Tensile testing specimen for DIC assisted measurement

image registration for 2D and 3D calculations during which the image changes. The

technique is useful for monitoring strain and displacement response in a reliable way.

When compared with local strain gauges and extensometers, DIC allows greater area

for providing local and average information of the tested specimen. By tracking block

subsets of pixels, it is possible to reconstruct the full surface displacement and build

full field 2D and 3D deformation vector field and strain maps [76]. The DIC method

will work effectively once the pixel blocks are randomly distributed and unique with a

range of contrast and intensity. There are two ways of obtaining pixel distribution on

the testing specimen. One can either paint the specimen with black/white background

to have uniform background on which different speckle points are painted or applied

to cover the entire tested area. To solve the purpose for this study, speckle paper of

specific dimension is cut and glued on the silicone. Silicone glue (manufactured from

UHU, Switzerland) was used to attach to the specimen the paper.

Two cameras are positioned at a specific distance respect to specimen from the
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Figure 3.15: DIC setup for measurements of strain

tensile testing machine; Figure 3.15. Parameters such as angle between camera,

resolution, magnification of the two cameras are adjusted to obtain 3D coordinates of a

speckles, Figure 3.16. The images are captured from initial position to final position of

specimen prior to failure. Images are visualized accordingly with inbuilt option of 3D

extensometer. DIC extensometer and relative mathematical calculation provide true

stress vs. true strain curves for each of the tested specimen. The slope of the curve at

any specific point gives the value of incremental modulus, ’E’. Relative curve fittings

were done using Origin 9.1.

Figure 3.16: From left to right step by step process of characterization. Sample Preparation,
Alignment of sample in clamps, Cutting small portion of speckle paper in middle, Testing,
visualization prior to failure
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3.8 Deployment test

A simple test for examining the effectiveness of the aortic model is carried out by

deploying aortic stent inside the developed aortic model; Figure 3.17. It is simple and

easy tests for checking the corresponding size of aortic stent with respect to size and

shape of aortic annulus. White light is projected through the left ventricular outflow

tract onto a surface. After deploying the stent shadow of annulus and LVOT (Left

Ventricular Outflow tract) indicates of leakage is likely. Any light transmission through

the stent indicates leakage is likely.

Figure 3.17: Light transmission experiment to predict para-valvular leaks when stent is
deployed inside aortic annulus [5]
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4 Results & Discussion

4.1 Feasibility of 3D printing process

Considering the risk factors associated with the heart surgery, it is important for

surgeon to check the accuracy and process sustainability with respect to time and

availability of resources. It is therefore significant to measure the time needed

to process the CT segmentation up to the time of the actual deployment of aortic

stent inside the patients specific 3D printed model. Image segmentation of CT data

was approximately 30-40 minutes including specific segmentation. It comprises

calcification and finding of aortic valve geometry. Post-processing time using CAD

software was roughly 10-20 minutes. After generation of proper STL 3D model, time

needed to fabricate the aortic model is roughly 5-6 hours. It includes ink preparation,

mixing and other preparatory procedures. However, depending upon curing time of

silicone timemay vary. If one opts indirect fabrication route then 3D-printing of molds

will take more than 16-18 hours. Post-processing in both cases will take 20-30 more

minutes.

Anatomy of aorta was preserved in the models as determined by visual assessment.

It includes overall size and shape of the aortic annulus. In addition, measurements

of minimum and maximum diameter of annulus carried out on 3D printed models

were coincide with annulus measurements carried from corresponding 2D image sets

in DIACOM format noted in Table 4.1.

Table 4.1: Statistical measurement in calculation of aortic annulus diameter

Method Minimum diameter
(mm)

Maximum diameter
(mm)

Visual Assessment of 3D
printed model

26.75 28.50

DIACOMmeasurement 26.48 28.32

Indirect printing is alternative method suited for mass customization of aortic model.

Molding of pattern has advantage of selecting wide range of material, which being

cheaper and considerably accurate, especially when one needs to produce product in

larger quantity. However, feasibility of direct printing over indirect printing lies in the

thought that one can produce patient specific complex shapes in one step.
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4.2 Composite design

To get specific stiffness in the local geometry of the aorta, it is important to check the

overall response of the fiber reinforced composite. It can be achieved by arrangement of

fibers at preferred fiber angles. It is believed that at low strain levelmechanical response

is purely due to properties of matrix. However, reverse is true in high strain region

considering the fact that fibers will take all the load. Algorithm was developed to study

the exact value of stiffness in the various parts of aorta. Previous studies show that

stiffness in aortic annulus is in range of 15-22 MPa. Considering this value as Young’s

modulus, calculations for fiber volume fraction and constant fiber angles were studied.

One can change the fiber angle keeping the fiber volume fraction as constant but then

user needs to understand the strain-stiffening behaviour at this specific angle. In this

study, fiber angle of 450 was selected based on the fact that strain stiffening behaviour

could be observed in the low strain region from 0-10 %. Accordingly, composite design

and mechanical characterization is carried out. The results were obtained after placing

the fibers in the low volume fraction of 0.025 %. The mechanical properties of fibers

play important role in stiffening of composite matrix. The characterization tests were

carried out on 15 freshly processed gelatin fibers. Young’s modulus of Gelatin fibers

was found to be in the range of 1900-2200 MPa. The average value of 2100 MPa

is selected for the design consideration of Gelatin Fiber Reinforced Silicone. The

statistical calculation on the modulus calculations for gelatin fibers were carried out

and results are shown in following Table 4.2.

Table 4.2: Regression Statistics of elastic modulus calculations for gelatin fibers

Specifications value

Multiple R 0.999

R2 0.998

Adjusted R2 0.998

Standard Error 0.297

Observations 15

4.3 Mechanical characterization of composite

The uniaxial tensile tests were performed on total 14 samples (7 samples of composite

and 7 sample of raw silicones were examined). The stress-strain curves for silicone
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shows quite good repeatability in all the 7 samples; Figure 4.1. However, in case of

composite, the 4 out of 7 curves were very close to each other whereas calculated

discrepancy became larger at higher strain levels. This could be the result of various

levels of processing defects existing in those samples. No specific difference was

observed in strain stiffening behaviour when compared with raw silicone matrix since

testing was carried out on composite containing very low volume fraction of gelatin

fibers. The adhesion between gelatin and silicone was not good which could be one of

the justification behind this observation.

Figure 4.1: Tensile test results comparing GFRS and Silicone matrix

4.4 Mechanical response of GFRS and mechanics of aortic
tissue

The incremental elastic modulus obtained in the strain range of 0.05 to 0.10 for GFRS

composite is around 8 MPa, which is slightly lower than the expected stiffness value

calculated from lamination theory. Although the mechanical properties of the GFRS

composite with volume fraction of 0.025 % is different than real tissue, the stress–

strain curve of the GFRS containing volume fraction more than 1 % should follow

improve strain-stiffening behaviour than the pure silicone sample did because the
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Figure 4.2: Results compared with other reported values of True Stress vs.True Strain Curves

gelatin fibers straightened in the GFRS, which compensated for the slithering of the

silicone matrix. It may be due to complexity in adhesion between gelatin and silicone,

composite selected for mechanical testing has mostly in affect the result. Nevertheless,

great efforts are required to expand the design space so that the mechanical behavior

of aortic tissues in local parts, specially in case of aortic annulus can be mimicked by

either adding more amount of gelatin fibers or by changing the fiber angle. Observing

Figure 4.2 in small strain region, GFRS composite shows linear behaviour which is

somewhat similar to most of the aortic tissue. Previously developed Meta-material

show similar linear behaviour although in high strain region it stiffens more than that

of GFRS composite [54]. It can also be possible that for very low volume fraction of stiff

fibers, principles of classical lamination theory are not suitable. The stress-strain curves

extracted from constitutive model involves almost similar assumptions of anisotropy

and when compared with the data, it matches the stiffness values to that of composite

[48]. So for example, strain-stiffening behaviour of aortic sinus, ascending aorta and

leaflets were similar in low strain region (0 to 0.05). Despite of this result the variability
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in stiffness values due to uncertainty of fiber-matrix interaction remains a limitation of

the composite design.

4.5 Rheological characterization

Figure 4.3: Dynamic modulus observation in main and support ink

The silicone inks were characterized with respect to their viscoelastic properties,

to examine if they fulfill the rheological requirements for direct ink writing (direct

printing). Oscillatory rheologicalmeasurements were carried out onmain ink as well as

on support ink. Strain amplitude sweeps obtained from rheology confirms the presence

of a predominantly elastic network at rest and a storage modulus plateau of 10 and 20

kPa for themain and support inks respectively. Crossovers of loss modulus and storage

modulus at high strains also indicate there is presence of a dynamic modulus. The

linear visco-eleastic regime is seen in the initial stages and the crossover point between

the two moduli. Moreover, it can be observed a small bump in the value of moduli

more or less at the crossover called “weak strain overshoot” and it is considered to be

related to the energy required to break up a percolating network within the printing

material. This characteristics is observed predominantly in support inks. Dynamic

modulus observation can be figured out from Figure 4.3. The steady state rheology

result show decrease in shear stress value with the increase of shear strain. It was also

used to characterize the flow properties of the printable inks. Both the inks show a

39



Figure 4.4: Steady state rheological behaviour

strong shear thinning behavior, which leads to a decrease in apparent viscosity; Figure

4.4. This is helpful for the extrusion process and for reducing the pressures required for

printing. Fumed Silica (FS) was added in small amount by weight percent of main inks

to see the effect in improvement of printability. The previous research shows that with

addition of fumed silica pritability improves [64]. The steady state rheology analysis

shows thinning behaviour of inks get lost due to addition of fumed silica and thus higher

pressure was required to extrude the material. In this study maximum pressure used

to extrude the main ink was around 4 bar.

4.6 Fabricated aortic models

As indicated in materials and method section, two methods for the fabrication of

aortic model are implemented. When compared with the published report the model

fabricated using indirect printing or casting technique resembles the patient’s specific

anatomy in good limit [77]. Small skeleton model was designed to check the stiffness

of gelatin fibers; Figure 4.5.

Overhanging structures cannot be printed precisely using Silicone inks. IR light source

was used (one can use heat gun) for curing up the silicones. The printing in Z direction
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Figure 4.5: Aortic model containing aortic root fabricated using indirect printing (b) Gelatin
fibers wrapped skeleton model is also developed

(vertical direction) was restricted (maximum 60 mm was allowable) by the machine

constraint. Hence, 3D printing of aortic model was carried out in two steps. The final

aortic model after silicone printing can be observed from Figure 4.6.

Figure 4.6: 3D printed aortic model made from silicone

Figure 4.7: Difference between main and support inks

From Figure 4.7, the main body and support structure can be easily recognized. By

controlled extrusion of inks with the use of multiple nozzles, it is possible to print main

and support inks simultaneously. Gelatin fibers was dispensed at an angle of 450 with

respect to central axis of aortic model. Efforts were taken to dispense exactly same

41



amount of fibers as required from the calculation of stiffness matrix; In Figure 4.8

shows direct deposition of gelatin on silicone printed aortic root.

Figure 4.8: Dispensing gelatin fiber along the aortic axis

The leaflets produced from 3D printing technique were attached to 3D printed (model

produced fromDIW technique) aortic root. The final aortic model therefore consists of

aortic sinus, aortic annulus, leaflets and left ventricle outflow tract. Figure 4.9 shows

difference between 3D printed aortic model and model developed from casting.

Figure 4.9: Final 3D printed models after post-processing treatment. Difference between 3D
printed aortic model (left) with model developed from casting (right) is shown here.
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4.7 Deployment test

3D models were examined using light transmission test by deploying the aortic stent

inside the model; Figure 4.10. The visual inspection of the shadow was taken into

consideration before and after the stent deployment to examine the patient-specific

nature. Small blockage in the shadow was captured, when stent was placed inside the

indirectly fabricated aortic model. On the other hand no blockage was observed when

stent is deployed in the directly 3D printed aortic model indicating it’s patient-specific

character.

Figure 4.10: Deployment test of aortic stent carried out on 3D printed aortic model
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5 Conclusions

In an era of personalized and regenerative medication, surgeons are asked to consider

patient specific anatomy of diseased organ for the better results. As discussed earlier

there are numerous ways by which one does surgical planning. The most advanced

technique is to use 4-Dimensional computed tomography. 3D printed anatomically

corrected analogues (phantoms) are used by surgeons to do mock surgeries [13]. The

use of 3Dprinting before performing a TAVRprocedure provides a uniquemethodology

to assess the physical interplay between the aortic root and implanted valves. In the

current work, a material that better reflects the mechanical properties of the aortic

tissue and could be 3D printed was developed. However, this 3D-printed model must

be optimized and deployed clinically, to allow further development.

The main findings of this work are:

1. Multi-material 3D printing of silicone material along with gelatin fibers makes it

possible to build a patient-specific aortic model with representative mechanical

properties.

2. Strain-stiffening behaviour can be replicated by designing unidirectional fiber-

reinforced composite with fibers oriented at a specific angle to loading direction.

3. Material and geometrical aspects are correlated to each other irrespective of

fabrication techniques used.
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6 Future work

• Include mechanical properties of the aortic leaflets in the printed model.

The aortic model that was developed in this project lacks information about the

mechanical properties of the aortic leaflets and any corresponding increase in stiffness

due to calcium deposition. The main reason behind aortic stenosis is saturation of

calcium around the leaflets. The consideration of calcium (for example, using the size

and shape of deposits seen in examinations such as the DIACOM data) would make the

3D printed model more representative of a diseased aortic organ.

• Usemultiple colours during printing to identify different structures of the aorta more

easily.

The application of multiple silicone ink sources, each with a different pigment would

help to distinguish different parts of the local aortic structure. This would make the

printed aorta more useful as a surgical training tool, as different structures in the aorta

would be seen easily.

• Measure force exerted by aortic valve stent on the printed model.

• Measure mechanical response of printed aortic model.

The aortic valve stent used to test the printed aortic model was made of carbon fiber

reinforced composite. Neither the forces exerted by this stent on the printed aortic

model, nor the local deformation of the model were measured during this project. It

is, therefore, not known if the 3D printed model responds in the same way as natural

aortic tissue to this stent. Until these is known, the printed model cannot be used to

test the suitability of new implants for use in the body.

• Measure mechanical properties of an aorta in a patient andmatch these properties in

the printed component.

A significant challenge faced in creating realistic, anatomically-correct 3D model is to

represent local mechanical behaviour accurately. The 3D printed model manufactured

by the direct ink writing technique possess patient-specific geometry but lacks patient-

specific mechanical behaviour. The mechanical behaviour of a patient’s aorta can

be measured using four dimensional computational tomography, together with a

45



measurement of blood pressure. It is then possible to tailor the mechanical properties

of the composite by selecting the appropriate volume fraction of gelatin fibers that will

be wound in silicone matrix.

• Improve control of angle of gelatin fibers, or incorporate fibers into the printing

process.

It is desirable to have exact control of the angle at which the gelatin fibers are printed,

relative to the longitudinal axis of the aorta, in order to control the mechanical

properties of the composite. Such control was not achieved in this project, but could

be incorporated in future manufacturing techniques.

• Use biomedical grade silicone and gelatin.

For cost and availability, the current work used a standard grade of silicone

and commercial food-grade gelatin. Therefore, the printed aorta not suitable for

implantation in the body. Using materials that are approved for implantation in the

body would allow the printed aorta to be implanted in the body. Such biomedical grade

materials are commercially available. However, the printed aorta would require testing

for biocompatibility before being approved for implantation in human patients. This

approach could also be extended to other blood vessels or tissues, as long as the correct

mechanical properties and geometry were known and a suitable composite could be

designed and printed.
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Appendix A G-code to XYZ parsing code in Python
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Appendix B TR83400-06 Printer Specifications

H. Sigrist & Partner AG TR83400-06 Printer technical data

Specifications Data

Working area X/Y/Z 400/400/100 (± 3600) mm

Load work table 11.0±3 kg
Load tools 6.0±3 kg

Speed PTP X/Y/Z 800/320 mm/sec and 720 (0/sec)

Repeat accuracy ± 0.02 mm/axis

Resolution 0.01 mm/axis /(R± 0.1◦)

Storage Capacity 100 programs

Command capacity 4000 commands/program

Processor 32 bit

Interpolation,Linear/Circular 3 axes

Operating temperature 0− 400

Dimension (W x D x H) (635 x 644 x 850) mm

Weight 46 kg

Appendix C Pressure Dispenser specifications

H. Sigrist & Partner AG D3PDSA-02 pressure dispenser technical data

Specifications D3PDSA-02 Data

Dimensions 4219.2/215.9/66.8 (± 3600) mm

Weight 2 kg

Time Setting 0.01-31 sec

Operating modes automatic or manual

Compressed air inlet 5-7 bar

Compressed air outlet 0.1-7 bar
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Appendix D Material datasheet

The materials used for making 3D printable inks and for making Gelatin fibers

Material Purpose

Eco-flex0030 Silicone from Smooth on 3D printing

Dragon-skin 30 Silicone from Smooth on 3D printing

Ure-Fil Fumed Silica from Smooth on Plasticizer

Polyethylene Glycol-4000 from Sigma-Aldrich Plasticizer

Gelatin from Dr. Oetkar Fiber material

Methanol from Sigma-Aldrich Fiber post processing

2-Propanol from Fluka Analytical Fiber processing

Glucose powder from MYPROTEIN Cross-linking agent

PLA filaments from 3D-Tech Desktop printing material

UHU Silikone from UHU Sticking Spackle paper on testing specimen
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