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ABSTRACT

A rigid trileaflet heart valve for aortic valve replacement was designed and
prototypes were developed for testing purposes. Due to the prevalence of
rheumatic heart disease in developing countries, a need for a mechanical heart
valve replacement that does not elicit a negative biological response exists. Tests
were conducted to evaluate the hydrodynamic performance of the valve and to
compare the results to that of a commercial bileaflet valve. The aim was to
determine whether the prototype valve displays an enhanced performance.

Design concepts were generated following a systematic approach. Concepts were
evaluated analytically, and feasible concepts were developed using additive
manufacturing techniques, well-knowing the limitations of this technology. Initial
prototypes were subjected to a preliminary numerical and experimental
assessment to determine whether the functional, material and manufacturing
requirements are satisfied. Based on the outcome of the requirements evaluation,
four trileaflet valve designs were selected for further investigation. Further
investigation was required to determine whether the valves satisfy the performance
requirements governed by regulatory bodies. Investigations included experimental
and numerical evaluations of the trileaflet valves, a benchmark bileaflet valve and
a commercial valve. The benchmark bileaflet valve, based on an existing
commercial valve design, was manufactured using the same technique as the
trileaflet valves, facilitating direct performance comparisons.

Flow tests, using a pulse duplicator, and motion analysis tests, using a high-speed
camera, were conducted. Flow test measurements were analysed to calculate
standard heart valve performance parameters. Three of the four trileaflet valves
exhibited a performance comparable to or exceeding that of the bileaflet valve. The
additive manufactured valves behaved similar to the commercial valve. The high-
speed images were analysed to calculate valve opening and closing times and
leaflet velocities. Cycle-to-cycle variation, leaflet flutter, incomplete opening and
asynchronous leaflet motion were observed. Considering asymmetries and
variations, the trileaflet valves showed comparable closing times to the bileaflet
valve, with one valve showing a distinct improvement. However, the trileaflet valve
profile height contributed to corresponding leaflet tip linear velocities between the
bileaflet and trileaflet valves.

Steady state conditions were initially assumed for the numerical evaluation. The
comparative study between trileaflet and bileaflet valves was extended and the
effect of design variables was investigated. The results were used to formulate
design recommendations and concurred that the valve identified in the
experimental evaluation presented the best solution.

The recorded leaflet motion was specified as input to an unsteady computational
evaluation. A high-fidelity transient model enables a more detailed analysis of the
three-dimensional flow field. There was good comparison to the experimental
results and to some published results. However, the results showed the
development of high shear stresses in some areas, inducing coagulation and
haemolysis.



A prosthetic heart valve design, evaluation and optimisation method was
developed. The study demonstrated the feasibility of the concept but highlighted
critical design and manufacturing aspects that require additional consideration. It
also showed that prescribed kinematics computational fluid dynamics analyses
offer an alternative solution for capturing asymmetrical valve and flow behaviour,
without the computational expense of direct numerical simulations.



UITTREKSEL

‘n Rigiede drie-seil hartklep vir aortaklepvervanging is ontwerp en prototipes is vir
toetsdoeleindes geproduseer. As gevolg van die hoé voorkoms van rheumatiese
hartsiekte in ontwikkelende lande, is daar ‘n behoefte vir ‘n kunshartklep met ‘n
gunstige biologiese werking. Verskeie toetse is uitgevoer om die hidrodinamiese
werking van hierdie klep met ‘n kommersiéle twee-seilklep te vergelyk.

Nadat ‘n sistematiese benadering gevolg is, is verskeie ontwerpskonsepte
geproduseer. Hierdie konsepte was analities geévalueer en uitvoerbare ontwerpe
is met laagvervaardiging, met al sy beperkings in ag geneem, ontwikkel. Die
inisiéle prototipes is aan voorlopige numeriese en eksperimentele toetse
onderwerp om te bevestig of die voorgestelde hartklep aan die funksionele,
materiaal en vervaardiging vereistes voldoen. Vier drie-seil hartkleppe is, gebaseer
op die uitkoms van die evaluering van vereistes, vir verdere toetse geselekteer om
te bepaal of hierdie kleppe aan regulatoriese prestasie-vereistes voldoen. Die
daaropvolgende toetse van die prototipe drie-seil hartkleppe, in vergelyking met ‘n
twee-seilklep as standaard, vervaardig in dieselfde wyse as die toetskleppe, en ‘n
kommersiéle klep, het eksperimentele en numeriese evaluasies ingesluit.

Vloeitoetse, deur gebruik te maak van ‘n polsdupliseerder en bewegingsanalise-
toetse, met die gebruik van ‘n hoé-spoed kamera, is uitgevoer. Die metings van
die vloeitoetse is geanaliseer om te bepaal of die kleppe aan die regulatoriese
vereistes voldoen. Drie van die vier drie-seilkhartkleppe het vergelykbare of selfs
‘n beter werking as die toets twee-seilhartklep, getoon. Die laagvervaardigde
kleppe het bewys om dieselfde eienskappe as die kommersiéle klep te hé. Die
beelde van die hoé-spoed klepbeweging is gebruik om die openings - en
sluitingstye en seil-snelhede te bereken. Siklus-tot-siklus variasie, seilfladder,
onvolledige oopmaak en ongesinchroniseerde beweging is opgemerk. Met die
asimmetrie van die klepseile en die groot siklusvariasie in ag genome, het die drie-
seilkleppe vergelykbare, en die een klep selfs beter, sluitingstye as die twee-
seilklep getoon. Alhoewel die drie-seilhartklep langer neem om te sluit, is die
lineére snelheid van die seilpunte, as gevolg van die klepprofiel-hoogte,
vergelykbaar met die van die twee-seilklep.

Gestadigde vloeidinamiese simulasies is inisi€el uitgevoer. Die resultate van dié
simulasies is gebruik om die vergelykbare studie tussen die drie-seilklep en twee-
seilklep uit te brei en om die effek van ontwerpsveranderinge te evalueer. Die
uitkoms van hierdie studie is gebruik om ontwerpsaanbevelings te maak. Die drie-
seilklep, wat tydens die ekperimentele toetse as die bes ontwerpte klep
geidentifiseer is, het ook positiewe numeriese gedrag getoon.

Die opnames van die seilbewegings is gebruik om insetvoorwaardes vir ‘n
transiénte simulasie te definieer. ‘n Betroubare berekeningsvloeidinamika model
laat ‘n meer gedetaileerde analise van die driedimensionele vloeiveld toe. Die
numeriese resultate is met die eksperimentele resultate en sekere gepubliseerde
resultate vergelykbaar. Areas van hoé skuifspanning, wat stolling en hemolise
veroorsaak, is waargeneem.



‘n Kunshartklep ontwerps-, evaluerings- en optimaliseringsmetode is ontwikkel.
Die studie het die haalbaarheid van die drie-seilklep konsep gedemonstreer, maar
het ook kritiese ontwerp- en vervaardigingsaspekte, wat bykomend in ag geneem
moet word, beklemtoon. Dit het ook aangedui dat voorgeskrewe-kinematika
berekeningsvloeidinamika ontledings 'n alternatiewe oplossing bied om
asimmetriese klep- en vloeigedrag vas te &, sonder die berekeningskoste van
direkte numeriese simulasies.
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1 INTRODUCTION
1.1 Background and Motivation

Prosthetic heart valves have been used since the 1960s to replace dysfunctional
valves to prevent heart failure [1]. Despite design and material advancements, the
performances of both categories of heart valve implants, namely mechanical and
biological, are not equivalent to their native counterparts. Mechanical heart valve
replacements (HVRs) are durable, but they carry a concomitant thromboembolic
risk due to non-physiological flow patterns and the introduction of foreign materials
to the human body. Mechanical HVR recipients must adhere to a carefully
monitored lifelong anticoagulation regimen. The long-term use of coumarin
anticoagulants is riddled with pitfalls, including lack of compliance, intensive
monitoring and various medicine and food interactions resulting in either under- or
overdosing. Complications related to under- and over-dosage are thrombo-
embolism and bleeding respectively. Conversely, biological valves do not pose a
thromboembolic risk due to a superior hydrodynamic performance, but they lack
durability. A study was conducted over 20 years on 2 533 patients with either
mechanical or biological HVRs [2]. The results showed similar outcomes for both
valves and no significant difference in recipient survival rate. The differences were
that mechanical valve recipients were exposed to a higher risk of anticoagulant-
related haemorrhage and biological valve recipients were exposed to a higher risk
of reoperation. Currently, an ideal HVR does not exist [3].

Rheumatic heart disease (RHD) is one of the major causes of heart valve damage
that warrants HVR in South Africa and the rest of the developing world [4 — 6]. In
developing countries, the management of anticoagulation is also challenging owing
to the lack of appropriate facilities. Generally, patients who require HVR due to
RHD are considerably younger than those who require HVR due to age-related
degenerative heart valve disease [7]. The age of the recipient governs the valve’s
durability requirement. Younger patients (less than 65 years of age) require longer-
lasting implants. Biological valves are not preferred in these cases. Bileaflet valves
are the most commonly implanted mechanical HVRs [8]. These valves are durable
and have an added cost benefit over biological valves; however, they pose a safety
risk in the form of coagulation. Therefore, there is a need to design, manufacture
and test a valve for younger patients that incorporates the durability associated
with mechanical valves and possesses haemodynamic characteristics so that the
need for anticoagulants is reduced or eliminated. The development of such a valve
has the potential to improve the quality of life of thousands of people.

1.2 Research Aims

The goals of this study were as follows:

i.  Toinvestigate the complex interaction between heart valves and blood and
to improve the understanding of the mechanisms of red blood cell injury
and platelet activation in commercial bileaflet valves.

i. To design a mechanical HVR that improves on the hydrodynamic
performance of commercial alternatives, using the knowledge gained in (i).
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vi.

To manufacture a prototype valve for pilot experimental testing.

To evaluate the hydrodynamic performance of the prototype valve through
experimental and computational methods.

To compare the performance of the prototype valve to a benchmark
bileaflet valve and to make recommendations for design improvements.

To support the Robert W. M. Frater Cardiovascular Research Centre’s
long-term vision of becoming a developer of prosthetic heart valves by
contributing to and integrating existing capabilities and knowledge at the
Department of Cardiothoracic Surgery at the University of the Free State
(UFS), the Department of Mechanical and Mechatronic Engineering at
Stellenbosch University (SU) and the Centre for Rapid Prototyping and
Manufacturing (CRPM) at the Central University of Technology (CUT).

1.3 Overview

The layout of this report is shown schematically in Figure 1. The scope of the
research project was limited to prototype development.

Chapter 2 g,crground

Literature

Fluid mechanics—» review

Design aspects

In vitro, in silico and
in vivo test methods

Existing valves — l

Chapter 3 Design and prototype

evelopment
|
System| |Failure modes, effects
analysis| |and criticality analysis
I T I
— Performance : +— Functional ¢——
e Regﬁglergignts [«——Manufacturing ¢—————
y [ —Material ———
Requirements Hinge geometry — l — Materials Ree(\:l/gllijearggrqts
evaluation Concept
Sweep angle —» le——Assembly methods
generation )
Leaflet geometry — —— Manufacturing methods
Analytical analysis l
. —* Concept
Finite element analysis—> gy gluation
Initial experimental —"!
analysis _ Prototype ; Benchmark
trileaflet valves PU|staetls|tesﬂ0W bileaflet valve
napter 4 Experimental fr)irlgg)f%’t)\e;alves
evaluation High-speed
video analysis Commercial valve
(literature reference)
Numerical evaluation Analyse the effect
(part 1) <«—— of design variables
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Chapter o trileatlet valve
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!

Chapter 6 "Conclusion and
recommendations

Figure 1: Schematic overview of thesis

Page 2 of 124



2 LITERATURE REVIEW

The following literature study offers a brief anatomical explanation of heart valves,
the associated fluid mechanics, characteristics of existing HVRs and the principles
of valve design and testing. The author’s views are discussed in greater detail in
[9].

2.1 Anatomy and Physiology

The heart has two atrioventricular valves and two semilunar valves that form an
integral part of the circulatory system [10]. The atrioventricular valves regulate
unidirectional blood flow from the atria to the ventricles during diastole, with the
bicuspid valve on the right side of the heart and the tricuspid valve, or mitral valve,
on the left. Similarly, the semilunar valves regulate unidirectional blood flow from
the ventricles to either the lungs on the right side or to the rest of the body on the
left during systole, with the pulmonary and aortic valves respectively. The valves
are shown in Figure 2 (reproduced from [11]).

Diastole

Systole

Figure 2: Cross-section indicating the valves of the heart [11]

The aortic and mitral valves are subjected to higher pressures than the tricuspid
and pulmonary valves and are therefore more susceptible to structural damage
and degeneration [4, 12]. Degenerative heart disease in the elderly, which is
increasing due to an overall increase in life expectancy worldwide, affects the aortic
valve more commonly than the mitral valve [4, 13]. RHD affects both the aortic and
mitral valves. Recognising the similarities between the functions and flow
characteristics of aortic and mitral valves, this study focuses on the development
of an aortic mechanical HVR.

The aortic valve comprises three semilunar cusps, known as leaflets. The leaflets
are attached to the aortic wall, forming an annular ring. The aortic sinuses, which
can be described as three bulges, two of which form the origins of the coronary
arteries, are located superior to the annulus [14]. Together, these structures form
the aortic root [15]. Figure 3a shows the anatomy of the aortic root (adapted from

[16]).
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Figure 3: Anatomy and physiology of the heart [16, 17]

The aortic valve opens during systole, permitting blood flow into the aorta, and
closes during diastole to prevent backflow. As the leaflets open and close, the
annulus expands and contracts respectively [14]. On average, the cardiac cycle,
shown in Figure 3b (adapted from [17]), is repeated 40 million times per year and
3.2 billion times in a lifetime [10].

Systole constitutes approximately a third of the cardiac cycle [14]. The start of
systole is marked by isochoric contraction of the ventricles. This causes a sudden
rise in pressure within the ventricles. Normal blood pressure during systole ranges
from 100 mmHg to 130 mmHg (13.3-17.3kPa) [3]. Isochoric ventricular
contraction is followed by blood rushing through the opening semilunar valves. This
is the start of the forward flow phase and is known as the systolic acceleration
phase. Once the valves are fully open, maximum fluid velocity is attained. Blood
flow through the aortic valve reaches a velocity of 1.35 + 0.35 m/s, with a Reynolds
number (Re) ranging from 4 000 to 6 000 [10]. After the peak velocity has been
reached, blood flow starts to decelerate due to an adverse pressure gradient, which
is known as the systolic deceleration phase. As blood flow slows down, vortices
develop in the sinuses. At the end of the deceleration phase, the aortic valve closes
with a backflow of less than 5% (or less than 5 mL) [13, 14]. Closing of the valve is
initiated by the vortices applying pressure to the upper surfaces of the cusps. Blood
flow eventually reverses direction, marking the end of the forward flow phase.
During diastole, the aortic valve remains closed while the ventricle relaxes and
refills. Normal blood pressure during diastole ranges from 65 mmHg to 85 mmHg
(8.7 — 11.3 kPa) [3]. The functioning of the valve is driven by pressure differences
across the valve. The rapid and efficient closure of the valve is aided by the vortices
that develop in the sinuses [4, 14].

2.2 Heart Valve Disease

The functioning of any of the valves can be compromised by various congenital or
acquired pathologies. Common pathological conditions of native heart valves are
stenosis, referring to the narrowing of the valve opening, such as by calcification,
and resultant restricted flow, and regurgitation, referring to incomplete valve
closure and resultant leakage [4, 14]. Heart valve disease is defined as the
presence of either stenosis or regurgitation, which impairs the cardiovascular
system and reduces the efficiency of the heart, forcing it to work much harder than
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typically required [4]. Although severe heart valve disease can be managed, it
remains a mechanical problem that inevitably requires surgical valve replacement.

The acquired conditions that cause heart valve disease are mainly age-related,
such as degenerative aortic valve disease, and RHD in the younger age group [5].
With a growing world population and an increase in life expectancy, particularly in
developed countries, the occurrence of heart valve disease is increasing.
Subsequently, the number of patients requiring HVR is on the rise [18]. Although
the incidence of RHD has declined in high-income countries, it is the most common
acquired heart disease among children and young adults in low- to middle-income
countries, affecting an estimated 33 million people globally [4 — 6]. RHD is linked
to socioeconomic factors such as poor living conditions, malnutrition, inadequate
sanitation and limited access to healthcare.

It is important to highlight the distinction between the requirements of HVRs in
developed and developing countries. In developed countries, HVR surgeries are
primarily performed on older patients, due to degenerative valve disease. In
developing countries, including South Africa, HVRs are performed on patients
ranging from very young, due to the prevalence of RHD, to old. This phenomenon
is illustrated in Figure 4 (adapted from [7]). HVRs in young patients must be durable
to last until the end of the patient’s life; therefore, mechanical valves are normally
used. All patients with mechanical HVRs require lifelong anticoagulation therapy,
which places them under an increased risk of haemorrhage related to
anticoagulation therapy [19] or thrombosis due to inadequate -effective
anticoagulation programmes. In developing countries, factors such as poor
healthcare services, lack of infrastructure and illiteracy exacerbate the problem by
posing major challenges to the administration and regulation of anticoagulants.
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Figure 4: HVR recipient ages in South Africa and developed countries [7]

A data set for HVR surgeries was obtained from Bestmed Medical Scheme, South
Africa’s fourth largest open medical scheme [20], for the period January 2015 to
April 2019 [21]. The results are presented in Figure 5 and Table 1. The results
reflect that 31% of the HVRs funded by Bestmed on behalf of its beneficiaries were
mechanical valves. Note the differences in patient ages (mean age of
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71.4 £ 8.5 years for biological and 51.3 + 14.8 years for mechanical valves) and
valve cost (mean cost of R34 879 + 6 071for biological and R19 111 £ 4 630 for
mechanical valves). This emphasises the need for a durable, more affordable
HVR, even in the private health sector, in South Africa.
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Figure 5: Bestmed HVR data analysis
Table 1: Bestmed incidence rates per year per 1 000 beneficiaries
Age band Age band
[years] Female Male [years] Female Male
0-10 0.00000 0.00000 40<-60 0.14122 0.26588
10<—-20 0.00000 0.02685 60< — 80 1.11608 1.30036
20<-40 0.02359 0.09463 >80 1.87931 3.52162
2.3 Fluid Mechanics

Parameters exist that are used to assess the fluid mechanics and hydrodynamic
performance of a valve and to gauge its level of stenosis or regurgitation. The
relevant performance indicators are discussed in the following section.

2.3.1 Pressure Differential

The pressure difference (defined in Equation 1), or pressure drop, refers to the
difference in pressure across a valve during the forward flow phase [3]. For an
aortic valve, this is the difference in pressure between the aortic root and the left
ventricle. A large pressure drop implies that the valve is resisting fluid flow and
requires a higher ventricular pressure to induce and sustain blood flow through the
valve [14]. This increases cardiac workload.

1 t2

ta =t Jy

AP =

(Pventricle (t) - Paorta (t)) dt

AP = Mean pressure drop during the foward flow phase [mmHg or kPa]
ty,t; = Time duration for AP > 0 [s]
Pyentricles Paorta = Ventricular and aortic pressure [mmHg or kPa]
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2.3.2 Effective Orifice Area

The effective orifice area (EOA) is an indication of the open cross-sectional area
of the valve during forward flow, calculated using Equation 2 [3].

qrms

B 51.6y/AP/p (2)

EOA = Effective orifice area [cm?]
qrms = Root mean square flow rate for AP > 0 Pa [cm3/s]
AP = Mean pressure drop during the foward flow phase [mmHg]
p = Density of the test fluid [g/cm?]

EOA

A small EOA indicates greater obstruction to flow and corresponds to a larger
pressure drop across the valve [14]. A large EOA is imperative; EOAs that are too
small have shown to increase the risk of heart failure by up to 80% [22]. EOA
requirements for aortic valves, listed in Table 2, are prescribed by 1ISO 5840:2015
— Cardiovascular Implants — Cardiac Valve Prosthesis [3]. The performance
requirements apply to test conditions of 70 cycles/min, cardiac output (CO) of
5.0 L/min, 100 mmHg mean arterial pressure (MAP) and systolic duration of 35%.

Table 2: Minimum ISO 5840 EOA requirements for aortic valves
Valve size [mm] 19 21 23 25 27 29 31
EOA [cm?] 0.70 0.85 1.00 1.20 1.40 1.60 1.80

2.3.3 Regurgitant Volume

Regurgitant volume refers to the total volume of retrograde flow, including the
closing and leakage volumes [3]. The closing volume is the volume of fluid that is
forced backwards by the closing action of the valve. The leakage volume is the
volume of fluid that flows through the valve into the ventricle while the valve is
closed; in other words, fluid that leaks through any gaps. Figure 6 (adapted from
[3]) shows the regurgitant volume and its constituents. Total regurgitation is defined
by Equation 3. A high regurgitant volume increases the load on the heart.

t2
RV=| q(t)dt 3)
t
RV = Regurgitant volume [cm?]
t, = Start of backward flow phase [s]
t, = End of cardiac cycle [s]
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flow

o
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Figure 6: Regurgitant volume [3]
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The regurgitant volume can be expressed as a fraction of the stroke volume (SV),
known as the regurgitant fraction. SV is defined as the volume of fluid that passes
through the valve in the forward direction during one cycle [3]. Maximum
regurgitant requirements, listed in Table 3, are prescribed by ISO 5840 [3]. These
requirements apply to test conditions of 70 cycles/min, a CO of 5 L/min, 100 mmHg
MAP and systolic duration of 35%.

Table 3: Maximum ISO 5840 regurgitant requirements for aortic valves
Valve size [mm] 19 21 23 25 27 29 31
Regurgitant fraction [%] 10 10 10 15 15 20 20

2.3.4 Flow Patterns and Turbulent Shear Stress

Flow through and around heart valves is important to consider when assessing the
performance of a valve. Shear stress acting on blood cells and platelets can cause
haemolysis and platelet activation if a minimum stress level is exceeded [8].
Haemolysis refers to the destruction of red blood cells (or erythrocytes) and platelet
activation refers to the process whereby platelets are triggered to undergo a
change in shape and chemical release that activates more platelets [23]. Activated
platelets bind together, known as platelet aggregation, and start to form a blood
clot. Aggregated platelets initiate the coagulation cascade, which is a complex
chemical chain reaction resulting in the stabilisation and reinforcement of the clot.
This process progresses at an exponential rate; more platelets are continuously
stimulated by previously activated platelets.

There are several mechanisms of platelet activation and aggregation:

i. Shear forces acting on platelets activate platelets, causing aggregation
and clumping. Forces are generated by friction, turbulence or direct
mechanical trauma (impact or rapid closing of valves).

i.  Foreign material in contact with blood [24].

ii. Increased contact time between activated platelets, promoting
aggregation. This occurs in recirculating and stagnant regions [25].

iv.  Increased exposure to shear stress, which also occurs in recirculating and
stagnant regions. Previous research has proven that platelets can be
activated by stresses lower than the threshold value if the platelets are
subjected to the stress for an extended period of time [26 — 30].

In summary, areas of high velocity and large velocity gradients cause haemolysis
and platelet activation. Areas of low velocity and recirculation prolong exposure
time and promote clot formation as well as tissue overgrowth [8, 14].

In the laminar flow regime, viscous forces dominate. Laminar flow is characterised
by orderly, layered flow [31]. Newton’s law of viscosity (Equation 4), states that
viscous stress is proportional to the instantaneous velocity gradients in the fluid.
The diagonal elements of the symmetric viscous stress tensor denote the normal
viscous stresses and the off-diagonal elements denote the viscous shear stresses.
The maximum shear stress is calculated from the principal stresses.
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T;; = Viscous stress tensor [Pa]
u = Dynamic viscosity [Pa - s]
u; = Instantaneous velocity [m/s]
x; = Displacement [m]
i,j=123

Flow around mechanical HVRs is not laminar at all times and locations. In turbulent
flow, inertial forces dominate. Flow transitions from orderly to disorderly. Turbulent
flow is characterised by rapid fluid velocity fluctuations [31]. Due to turbulent flow’s
unpredictability, statistical methods, such as Reynolds averaging, are generally
employed to model flow fluctuations [32]. The Reynolds-averaged Navier-Stokes
(RANS) equations are derived by applying Reynolds decomposition to the flow
variables. It is assumed that flow properties can be separated into a time-averaged
component and a fluctuating component. As a result, the total stress tensor for
turbulent flow (Equation 5) consists of two parts; the time-averaged viscous stress
tensor and the Reynolds stress tensor (Equation 6), which arises due to velocity
fluctuations. Typically, the viscous stresses are lower than the Reynolds stresses
in the bulk flow and are considered the laminar component of the total stress
tensor. Reynolds stresses are regarded as the turbulent component [31]. Maximum
Reynolds shear stress (RSS) is calculated from the principal stresses.

(o N ou, - 5
W= Moy Y ox, — puy, (5)
Ri; = —puju)/ (6)

with u; = u; — @

R;j = Reynolds stress tensor [Pa]

p = Density [kg/m?]
u; = Fluctuating velocity [m/s]

(+) = Reynolds averaging operation

Experimental and numerical studies have been conducted to investigate the
response of erythrocytes and platelets to shear stress to determine the maximum
tolerable stress. Different researchers have analysed different types of shear
stress and, as a result, a wide range of values is reported in literature [29, 30].
Turbulent shear stress levels from as low as 10 Pa to 100 Pa are considered the
threshold stress level for platelet activation [8, 30]. The distinction between viscous
shear stress, RSS and total shear stress is not always made in literature, which
has created some uncertainty regarding which type of stress the threshold values
refer to [30]. A threshold value for the Reynolds normal stress (RNS) does not
exist, although studies have shown that the normal stress components can be
larger than the shear stress components [32]. Hellums criterion is another common
method used to determine platelet activation. The criterion takes the magnitude of
the stress as well as the time duration into account and states that platelets are
activated if the product exceeds 3.5 Pa-s [8]. The RSS threshold for haemolysis is
greater than the platelet activation threshold, with reported values between 400 Pa
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and 600 Pa [33 — 35]. A comprehensive list of shear stresses at various exposure
times for the onset of haemolysis is tabulated in [29].

RSS has been regarded as one of the major HVR performance indicators [7, 8, 30,
33 —35]. It is argued in [30] that it should not be used as a performance metric
because it is a quantity that arises after applying Reynolds decomposition to the
Navier-Stokes equations and does not a represent real stress. Although RSS is
not the actual stress applied to blood constituents, it represents the real state of
the fluid and experiments have shown that platelet activation and haemolysis are
proportional to RSS [36].

Cavitation, which is mainly caused by high velocity jets [7], results in structural
damage to the valve in the form of erosion or pitting [14]. This can lead to crack
formation and failure and can alter the haemocompatibility of the material.

24 Types of Heart Valves

HVRs can be classified as either biological or mechanical. Biological valves, also
known as bioprosthetic or tissue valves, are manufactured from chemically treated
biological tissue. Although tissue HVRs are more biocompatible and have better
hydrodynamic characteristics in comparison to mechanical HVRs, they are less
durable, due to tissue degradation, and prone to calcification [8]. Bioprosthetic
valves require replacement after approximately ten to fifteen years [8]. In younger
patients, an accelerated failure rate has been observed and nearly all bioprosthetic
valves implanted in patients below the age of 35 fail within five years [37]. They
are generally not recommended for implantation in young patients and will not be
considered further in this study.

Mechanical HVRs are manufactured from non-biological materials (e.g. polymers,
carbon, ceramics or metal) [11]. Mechanical HVRs are durable, but the induced
irregular flow patterns cause serious problems [8]. Mechanical HVRs can further
be classified as rigid or flexible. Rigid valves are non-flexible under physiological
conditions.

Three main types of rigid mechanical HVRs exist, namely the ball-and-cage, tilting
disc and bileaflet valves. The ball-and-cage design is one of the earliest HVR
designs and the bileaflet design is the most recent [8]. Each valve aimed to improve
on the performance of its predecessor. All three types of rigid valves are still in use.

2.4.1 Ball-and-Cage Valve

The ball-and-cage valve consists of a rigid occluder confined in a cage-like
structure, as shown schematically in Figure 7a (adapted from [8, 38]). These valves
exhibit poor hydrodynamic performances due to turbulence and recirculation [8,
13]. During forward flow, the blood flows around the ball, reaching a velocity of
2.2 m/s at peak systole, for a 27 mm aortic valve tested at a heart rate of 70 beats
per minute (bpm) and 6 L/min CO [14]. At the aortic wall and at the occluder, it is
estimated that the turbulent shear stress is 350 Pa. During forward flow, flow
separation occurs (refer to Figure 7b).
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Some valve performance characteristics of HVRs are summarised in Table 4 [7, 8,
14]. The values listed are the average of experimentally tested 25 mm aortic valves
tested at 70 bpm and ~ 5 L/min CO.
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Figure 7: Ball-and-cage valve design and flow patterns [8, 38]
Table 4: Summary of the characteristics of existing valves
Performance indicator cggg-sgﬂ;e dil(i:"\i/r;gllve Billznféet bis;f;‘;ﬁgl
valve
EOA [cm?] 1.62 23-3.07 | 239-3.97 | 1.562-3.25
Regurgitant volume [mL/beat] 4.3 7.3-8.4 6.1-11.2 <2
Valve profile High Low Low Low

2.4.2 Tilting Disc Valve

The tilting disc (or monoleaflet) valve consists of a rigid disc-shaped occluder
pivoting about an off-centre axis creating two different sized orifices, shown in
Figure 8a (adapted from [8, 38]). Tilting disc valves exhibit poor hydrodynamic
performances [13]. Two jets of differing speeds originate from the orifices, which
result in recirculating flow (Figure 8b) [14]. A stagnation region downstream of the
minor orifice during systole is observed. For a 27 mm aortic valve tested at 70 bpm
and 6 L/min CO, a velocity of 2.1 m/s was measured at peak systole in the major
orifice, 7 mm downstream of the valve [14]. Turbulent shear stress ranged from
120 — 150 Pa (7 — 13 mm downstream) [14]. During diastole, leakage through the
gap between the disc and the housing forms high velocity jets, known as leakage
jets [14]. The large pressure difference across the valve is the cause of the high-
speed jets. Leakage jets are viewed as the main contributing factor to cavitation.
Turbulent shear stresses during diastole are much larger than during systole. Valve
performance characteristics are listed in Table 4.
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2.4.3 Bileaflet Valve

Bileaflet valves consist of two semi-circular occluders, called leaflets, pivoting
independently of each other by means of a hinge mechanism, shown in Figure 9a
(adapted from [8, 38]). The leaflets divide the cross-section into one central and
two lateral orifices, forming a triple jet pattern. Differences in velocity between the
three jets can cause flow circulation and high turbulent shear stresses develop as
a result of the velocity gradients. Other shortcomings of the bileaflet design include
significant leakage, high-speed leakage jets and cavitation [13]. A 27 mm St. Jude
Medical (SJM) aortic valve was tested at 70 bpm and 6 L/min CO [14, 39].
Velocities of 2.2 m/s were measured at peak systole in the lateral orifice,
8 — 13 mm downstream of the valve. Turbulent shear stress levels of 115 — 150 Pa
were measured 8 — 13 mm downstream of the valve, noting that higher shear
stresses probably developed closer to the valve, but were not measured. During
diastole, leakage jets with average velocities of 2 —3 m/s and turbulent shear
stress exceeding 300 Pa were recorded 1 mm upstream of the valve, with much
higher velocities and stresses occurring at the hinges. The hinge mechanism of
the bileaflet valve, discussed in detail in §2.5.1.2, is one of the valve’s most
important features. Valve performance characteristics are listed in Table 4.
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Figure 9: Bileaflet valve design and flow patterns [8, 38]

2.4.4 Trileaflet Valve

The trileaflet valve, shown in Figure 10 (reproduced from ([40, 41]), is similar to the
bileaflet valve; however, it consists of three leaflets instead of two, as the name
implies. Mechanical trileaflet valves have previously been investigated [40 — 45]
and there are existing patents [46 — 51], but they are not being used in practice.
French company, Novostia SA, has been developing a trileaflet heart valve, the
Lapeyre-Triflo valve (Figure 10a), since 1980 (patent [51]). They have evaluated
their design numerically and experimentally and it is stated that the results show
that the valve exhibits superior hydrodynamic and kinematic performances
compared to other mechanical HVRs [40]. However, the results are not published.
Animal trials, with published results [44, 52 —56], have been conducted. The
results are promising and showed that the valve resulted in a smaller pressure
drop, larger EOA, minimal downstream flow disruption, a higher cavitation
threshold and did not activate the coagulation system [44]. The Tricardiks valve
(Figure 10b) of the Russian company, Roscardioinvest, has been in development
since 2001 [41]. Roscardioinvest states that they have been conducting successful
clinical trials since 2007; however no in silico, in vitro or in vivo test results are
publicly available. It is believed that further optimisation of trileaflet valves will
provide younger patients with a durable HVR solution and a reduced dependency
on anticoagulation therapy [57].
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(a) Lapeyre-Triflo valve (b) Tricardiks valve

Figure 10: Examples of rigid trileaflet heart valves [40, 41]

The improved performance of trileaflet valves compared to bileaflet valves is
directly attributed to the leaflet configuration, which resembles the native tricuspid
valve. The opening action of the valve also mimics a native valve, resulting in a
more physiologically representative flow pattern. It is postulated that the
mechanism of closure of trileaflet valves is the same as that of native valves. The
closing action of bileaflet valves, as well as all other mechanical valves, is driven
by reverse flow. Bileaflet valves only start to close during reverse flow, and
because flow is accelerating in that direction, the leaflets close rapidly, and the
closing volume is large. It is believed that trileaflet valves start to close during the
deceleration phase due to the vortices that develop in the sinuses [45]. If this is
true, it is speculated that the closing action of trileaflet valves is slower and gentler,
with a smaller closing volume. The geometry of the leaflet can also contribute to a
superior performance. The moment of inertia about the leaflet’s rotational axis can
be altered such that the leaflet has a smaller angular acceleration than bileaflet
valves. Depending on the valve profile, the rotational arm can be shorter in
comparison to a bileaflet valve, resulting in lower linear velocities at the leaflet tip.
Each leaflet has a smooth, pointed shape at the trailing edge, which could reduce
flow separation. The force that is exerted onto each leaflet pivot at closure is
smaller compared to bileaflet valves, making the leaflets less susceptible to fatigue
fractures. As a result, the thickness of the leaflets can be reduced, causing less
obstruction to the flow.

Flexible types of mechanical trileaflet valves that represent the native semilunar
valves more accurately, in terms of geometry and motion, have also been
developed. They exhibit a similar haemodynamic performance to natural heart
valves [13]. Flexible mechanical trileaflet valves are manufactured from polymers,
such as polyurethane or silicon rubber [1, 13]. However, these materials have
shown to have low durability and reliability. Polymer valves are not presently being
used for implantation due to their poor performance [1, 7, 58]. Research into novel
flexible materials with good mechanical properties that are biocompatible,
affordable and manufacturable is ongoing [1, 58]. For now, the manufacturing of
flexible trileaflet valves is limited to biological materials.

Trileaflet bioprostheses create a physiological flow pattern during systole, which
consists of a single central jet. The regurgitant volume of bioprosthetic valves is
small, due to a small closing volume and almost no leakage. However, the pressure
drop tends to be greater than mechanical HVRs [14]. The larger pressure drop is
as a result of several contributing factors, which include restricted leaflet motion by
the stent and leaflet material stiffness as a result of the treatment procedures of
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the biological tissue. For a 27 mm aortic valve tested at a heart rate of 70 bpm and
6 L/min CO, maximum velocities ranging from 2 —3 m/s at peak systole were
measured with turbulent shear stresses ranging from 100 — 450 Pa. The maximum
stress occurs at the edge of the central flow jet. Valve performance characteristics
are listed in Table 4.

2.5 Design Considerations

Designing an artificial heart valve that is comparable to a native heart valve is a
challenging task. All aortic and mitral prosthetic valves (mechanical and biological)
that have previously been studied, generate mean turbulent shear stresses greater
than 20 Pa during systole and diastole, which can activate platelets [14]. Heart
valves have to endure cyclic loading, flexing, bending, shear force, wear at the
hinge mechanisms and wear due to cavitation in a harsh, corrosive environment
[24]. Ideally, an artificial heart valve should be wear-resistant, biocompatible and
have acceptable hydrodynamic characteristics such that it does not cause clotting
or haemolysis [3, 14]. This implies that it should have a small pressure gradient,
large EOA, small regurgitant volume and not induce high shear stress, turbulence,
flow separation, stagnation or cavitation. It must be implantable, manufacturable
and affordable. Once implanted, it should remain in place and not generate
excessive noise [3]. The performance requirements depend on elements of the
valve design such as geometry, shape, configuration and material. The key factors
that must be considered are geometry and materials [13].

2.5.1 Geometry

A mechanical HVR assembly typically consists of the housing, occluder, retaining
system and sewing ring [3, 13]. The housing, or orifice ring, holds the occluder; the
occluder is the component(s) that opens and closes the orifice, allowing or
restricting blood flow. The housing is encased in an outer ring or flange that serves
as a means of structural reinforcement. The retaining system refers to the
mechanism that holds the occluder within the housing, such as the cage of a ball-
and-cage valve or hinges of bileaflet valves. The sewing ring facilitates
implantation. The geometry of the valve assembly affects the flow and the motion
of the occluder. Smooth, streamlined geometries for structural parts are associated
with an improved haemodynamic performance [26]. The dynamics of rigid heart
valves and the bulk flow characteristics are governed by large-scale geometry and
pulsatile flow conditions [59]. Small-scale geometrical features, which include the
occluder / leaflet edge or tip, leaflet articulating points, hinge recess geometry or
subtle variations in leaflet curvature or gaps, have localised effects on microflow
structures [59, 60].

2.5.1.1 Housing

The On-X Life Technologies bileaflet aortic valve is the only mechanical aortic
valve with approval from the United States Food and Drug Administration (US FDA)
for reduced anticoagulation therapy [61, 62]. The manufacturer claims to have
optimised the length-to-diameter ratio of the housing, which is larger compared to
other HVRs but comparable to native heart valves [8]. The housing inlet is tapered,

Page 14 of 124



which has demonstrated to promote laminar flow, reducing the pressure gradient
and increasing the EOA [7, 63, 64]. The longer-length housing also prevents the
leaflets from being obstructed by overgrown tissue.

2.5.1.2 Hinge Mechanism

The hinge region is regarded as one of the most important features of bileaflet
HVRs. Hinges are susceptible to wear and have been identified as sources of high
velocities and shear stresses, particularly at the leakage jets, flow recirculation and
stagnation. Turbulent shear stresses of up to 720 Pa have been measured within
the hinge region of a 25 mm SJM bileaflet valve (standard model; unspecified test
conditions) [14]. There is some belief that the leakage jets can be beneficial by
dislodging clots within the hinges and preventing flow stasis [8]. However, the
damage caused by the shear stress as a result of the velocity gradients outweighs
the potential benefits of these jets [65]. Flow patterns around the hinges have been
studied previously [25, 26, 66 — 72]. Flow within the hinge region remains difficult
to visualise and compute (analytically, experimentally and computationally) due to
limited optical access, leaflet dynamics and small geometrical features.

There are two main types of hinge configurations in bileaflet valves; male and
female. Most hinge designs are based on the male configuration, where a small
protrusion of the leaflet, referred to as the leaflet ear, rotates within a recess in the
housing. The flow patterns within the hinge region for various male-configuration
valves are shown schematically in Figure 11 (reproduced from [8]).
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Figure 11:  Hinge geometries of some commercial bileaflet valves [8]
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The leakage jet velocities and maximum shear stress around the hinges of three
different SUM valves, a CarboMedics valve and the Medtronic Parallel valve are
compared in [14]. The SUM Regent model (shown in Figure 11) had the lowest
reported velocities and shear stresses, by a significant margin. The Medtronic
Parallel valve (also shown in Figure 11) was discontinued due to poor performance,
which is solely attributed to the hinge design [8]. In another study [70], the flow
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within the hinge regions of the On-X; SUM and Medtronic Parallel valves are
compared. Vortices and stagnant regions were observed in the Medtronic valve,
but not in the On-X or SUM valves. Abrupt changes in the geometry at the pivot
have shown to cause recirculating flow, stagnation and excessive flow disturbance
[25, 26]. This refers to steps or sharp corners, compared to smooth geometry
transitions. Considerable attention is given to the hinge mechanism to optimise the
design, aiming to create a streamlined geometry with an improved fluid interaction.

Regarding the operation of the female hinge configuration, protrusions in the
housing articulate with indentations in the leaflets. A two-dimensional (2D)
computational study was conducted to investigate the difference in flow fields
between the two hinge configurations [71]. It was found that the female
configuration had a better haemodynamic performance during valve closure
regarding maximum shear stress and exposure time. The limitation of this study is
that three-dimensional (3D) effects were not considered.

The hinge geometry also influences the speed at which leaflets open and close. If
the leaflets open and close rapidly, not only does this result in large velocity
gradients, but the leaflets tend to rebound at the hinge stops before coming to rest.
This causes physical damage to erythrocytes and platelets and additional flow
disturbances. Increased leaflet closing velocities can also contribute to cavitation
[7, 45, 73]. On-X Life Technologies alleges to have designed a hinge that facilitates
gradual, smooth motion of the leaflets with a “soft landing” [63].

2.5.1.3 Leaflets

Large-scale leaflet curvature of bileaflet valves has been investigated
experimentally using flow visualisation methods [74, 75]. In valves with flat leaflets
(i.e. non-curved), flow through the lateral orifices is faster than flow through the
central orifice. To promote flow through the central region, leaflets are designed
with a convex curvature (with respect to the valve’s axis). This has a positive effect
on the convex side of the leaflet; the central orifice is widened, and smooth flow is
promoted. However, on the concave side of the leaflet, the leaflet curvature has a
negative effect on the flow. The flow is unstable and turbulent [75].

The maximum open angle of the leaflets is also important. As the maximum
opening angle increases, there is less obstruction to the flow during peak systole.
Therefore, the flow becomes more uniform, the size of the wake of the leaflets
decreases, eddies around the leaflet trailing edges become less pronounced and
the pressure drop decreases [7, 67, 72]. Flow separation and vortex shedding at
the trailing edge of leaflets can further be reduced by reducing the thickness of the
leaflets and streamlining the shape of the leaflets.

Some design features of commercial bileaflet valves are listed in Table 5 [76].
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Table 5: Leaflet and hinge design features of major bileaflet valves

Carbo- Bi- Med- .
Feature SJM Medics Tekna carbon tronic On-X Mira
Leaflet Flat Flat Curved Curved Flat Flat Curved
shape
Opening 85 80 77173 80 85 90 80
angle [°]
Sweep
angle [°] 55-60 55 62 /58 60 60 50 60
Lgaflet Male Male Male Male Female Male Male
pivot
Core . Graphite Pyrolytic | Pyrolytic Titanium Pyrolytic Graphite | Titanium
material carbon carbon carbon
Coating | Pyrolytic None None Pyrolytic None Pyrolytic | Pyrolytic
material carbon carbon carbon carbon

2514 Gap Widths

Leakage flow is normally incorporated in the valve design to flush the hinge region
and to prevent flow stasis [26, 66]. This is achieved by means of a geometrical
clearance gap between the leaflets and the housing. This clears the hinge area of
any blood clots or coagulation factors [77]. The clearance gap between the leaflets
and the housing within the hinge region has been investigated to determine the
effect on peak stresses, platelet activation and regurgitant volume. In [66], the
clearance gap of a 27 mm SJM mitral valve (standard model) was evaluated
experimentally by varying the gap size between 50 pm, 100 um and 200 pm.
Leakage increased with an increase in clearance gap size. The same trend was
observed for the RSS and the converse was observed for the viscous shear
stresses. The RSS for all three valves exceeded the platelet activation and
haemolysis thresholds. It was concluded that the 100 um gap size valve had the
best overall performance. Similar results were obtained for the same valve in a
separate study and confirmed the assumption that an optimal gap length exists
between small and large gaps [25]. It was postulated that increasing the leakage
by enlarging the gap, increases the number of cells exposed to the stress
experienced during leakage and can also result in stagnation if the hinge recess is
too deep [66]. The study also showed that the hinge gap clearance had a greater
effect on platelet activation than the actual hinge geometry, which was
corroborated by the 2D computational findings [67].

The gap clearance of a Medtronic Open Pivot bileaflet valve was investigated
computationally [67]. The standard gap length of 38 um was increased to 130 pum
and 250 um. It was computed that the smallest gap length produces the strongest,
fastest jets and the longest platelet exposure time due to circulating flow.
Therefore, stress accumulation for the smallest gap size was the largest.
Regurgitant flow was the highest for the largest gap length. It was concluded that
the optimal gap length has an intermediate value, which resulted in the same
conclusion as the above-mentioned studies.
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2.5.2 Materials

The biological compatibility of all materials used in medical devices must be
evaluated according to the guidelines given in ISO 10993:2009 — Biological
Evaluation of Medical Devices [78]. If the material has the same chemical
composition of a material already used in commercial medical devices for the same
application and has undergone the same manufacturing and sterilisation
processes, then the material does not require re-evaluation. New materials must
undergo material characterisation tests, which include tests for toxicity, reactivity,
carcinogenicity, haemocompatibility and biodegradation [78].

The material must be biocompatible, thereby not causing haemolysis, thrombosis,
infection, inflammation, calcification or elicit any other type of chemical or biological
reaction [13]. The material should not degrade in its environment or emit any form
of particles [13]. Regarding the mechanical properties of the material, it should be
strong, hard and resistant (comparable to the properties listed in Table 6). The
accessibility, cost and manufacturability of the material and the potential for mass
production are also important considerations [19].

There are only a few engineering materials that meet these requirements. The
flange (or outer ring) is typically manufactured from a titanium alloy, cobalt-
chromium alloy or stainless steel [13, 24]. The housing material of various
commercial bileaflet valves is listed in Table 5 [76]. Leaflets or disc type occluders
are manufactured from pyrolytic carbon coated graphite or titanium or pure
pyrolytic carbon [13, 24, 76]. Ball-type occluders are manufactured from silicon
rubber or polyacetal (Delrin). The sewing cuff is made from a polypropylene,
polytetrafluoroethylene (Teflon) or polyester (Dacron) fabric [13].

Pyrolytic carbon is a low temperature isotropic (LTI) carbon that was developed in
the late 1960s and was first used for heart valves in clinical applications in 1968
[79]. Since then, it is estimated that approximately 95% of all mechanical HVRs
have at least one pyrolytic carbon component. Pyrolytic carbon is produced by the
thermal decomposition of a hydrocarbon without the presence of oxygen [79]. The
hydrocarbon is heated to its decomposition temperature within a fluidised-bed
reactor and, through a complex reaction, the hydrocarbon starts to crystallise on a
substrate material. The substrate can be machined away, but in the case of
prosthetic heart valves, the component is often manufactured from graphite and
coated with pyrolytic carbon.

Pyrolytic carbon owes its success as a biomaterial to its haemocompatibility,
durability and good mechanical properties (refer to Table 6) [24, 79, 80]. Pyrolytic
carbon valves have lifetimes exceeding the expected lifetime of recipients [79].
However, alternative materials and manufacturing methods that are cheaper,
faster and more accessible are sought.
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Table 6: Mechanical properties of pyrolytic carbon and alumina

Pure Silicon-alloy Single Poly-
Property pyrolytic pyrolytic crystal crystalline

carbon carbon alumina alumina
Tensile strength [MPa] 200 > 200 637 274
Flexural strength [MPa] | 493.7 +12 | 407.7 £ 14.1 1274 490
Young’s modulus [GPa] | 29.4+0.4 30.5+£0.65 392 372
Strain to failure [%] 1.58 £ 0.03 1.28 £ 0.03 0.1 0.1-0.7
Fracture toughness .
MPavm | 1.68 £ 0.05 1.17 £0.17 2.0-6.0 3
Hardness (500 g load) i i
[DPH] 235933 287 £ 10
Vickers hardness [GPa] 15-24 - 20.6 17.6
Density [kg/m?] 1930+100 | 2120 £100 3970 3920
Coefficient of thermal
expansion [10/ K] 6.5 6.1 7.2-9.0 5
Silicon content [%] 0 6.58 £ 0.32 - -

Due to differences in thermal properties between the underlying substrate material
and the coating, the production process creates residual stress in the components.
Pyrolytic carbon has a larger coefficient of thermal expansion compared to
graphite, so for pyrolytic carbon coated graphite parts a tensile residual stress is
created in the coating. Depending on the production temperature, these stresses
can reach up to 60 MPa, with the maximum stress occurring at the surface of the
coating. Together with the operational stress, this can lead to premature fracture
of the coating [24]. Other types of coatings are being investigated [81 — 83];
however, their use in long-term clinical applications is still under evaluation.

There is interest in ceramics as alternative materials for HVRs due to their
inertness, strength and hardness. Alumina, zirconia and zirconia-toughened
alumina are the most commonly used ceramics for other biomedical applications
[84]. Alumina’s mechanical properties are listed in Table 6 [24, 80, 85 — 88].

Alumina is stronger and harder than pyrolytic carbon. Therefore, without
compromising the structural integrity, it should be possible to reduce the thickness
of leaflets if a ceramic is used [80]. This will reduce flow obstruction. In [80], a tilting
disc heart valve was developed with single crystal alumina. The thrombogenicity
was investigated during in vivo testing. Post-explantation of the valves, it was
observed that the discs showed no signs of platelet aggregation or clot formation.
The valves were also subjected to fatigue tests. The ceramic valve survived
91 000 cycles at elevated pressures (1750 mmHg or 233.3 kPa). Three other
valves (SJM, Bjork-Shiley and Hall-Kaster) were also tested and all failed within
80880 cycles and at lower pressures. Ceramics with homogeneous
microstructures or very fine grain single-phase ceramics demonstrate a better
response to cyclic loading [85].
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The structural parts of the valve should have low porosity and smooth surfaces so
as not to damage erythrocytes or the endothelial tissue of nearby anatomical
structures and to facilitate smooth motion [13]. Platelets adhere to rough surfaces,
leading to clot formation [24]. Furthermore, rough surfaces can increase contact
time of activated platelets. Absorption by a porous material can cause structural
changes to platelets, triggering clotting [79]. A maximum surface roughness of
1 um is recommended [80]. Surface defects can cause premature material failure
and reduce the lifetime of mechanical HVRs by locally amplifying the applied
stress. In [13] it was predicted that the lifetime of a pyrolytic carbon specimen with
a surface defect in the form of a crack with an initial length of 40 pmis ~ 2.3 x 10°
cycles (~ 63 years). However, if the initial crack length is 170 um, the lifetime
reduces to 0.9 x 108 cycles (~ 2.5 years). The blood-material interaction and the
exact mechanisms of injury are not well understood. Thus, finding or developing
alternative materials for heart valve applications remains a challenge [79].

2.5.3 Manufacturing Methods

Mechanical HVR components are manufactured using computer numerical control
(CNC) machines, with accuracies of the order of a few microns [89]. The typical
fabrication process consists of machining and forming, post-machining
procedures, coating and polishing. Some parts are machined from stock (i.e. the
outer ring) or cut / stamped from plate (i.e. flat leaflets). Figure 12 and Figure 13
are photographs showing the hinge detail on the housings of two different
commercial valves. It was deduced that some sort of forming process most likely
created these precise geometries.

Note that the leaflets have
been removed

(a) Interior (b) Exterior

Figure 12:  Pivot mechanism of a typical female hinge configuration

Figure 13: Pivot mechanism of a typical male hinge configuration
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Additive manufacturing (AM) has previously been used for rapid prototyping and
design optimisation of rigid heart valves [90, 91]. In [90], prototype rigid heart
valves were manufactured using acrylonitrile butadiene styrene (ABS) on a
machine with 0.1 mm accuracy. Various prototypes were developed and tested to
obtain an optimised design. In [91], a rigid plastic trileaflet valve was developed for
prototyping purposes. The model was scaled up by a factor of three. Problems
were reported regarding the accuracy of the AM procedures and the surface finish
of the parts, which resulted in excessive friction at the hinges. AM has not been
considered for final product development for mechanical HVRs.

2.6 Experimental Validation Methods

Verification tests for prosthetic heart valves are described in ISO 5840. The tests
include hydrodynamic performance tests and structural performance tests. Some
standardised test methods exist, but other design-specific tests may be required
depending on the outcome of a risk analysis that must be conducted [3]. Design-
specific tests include leaflet escape force, leaflet impingement force, leaflet
kinematics, cavitation and tests pertaining to the sewing ring. Exact test methods
are not defined in 1SO 5840, merely guidelines. It is specified that, where
applicable, the test fluid used for in vitro tests must be saline, blood or a fluid with
properties representative of blood. The test environment of heart valves is
described in ISO 5840.

2.6.1 Pulsatile Flow Tests

Pulsatile flow tests are conducted to assess the hydrodynamic performance of
heart valves under simulated physiological flow conditions [3]. The tests are
conducted using an apparatus called a pulse duplicator [1, 4, 7]. A pulse duplicator
is a simplified representation of the circulatory system with sensors to record time-
dependent flow parameters, namely pressure and velocity [92]. The flow field in
the region around the valve can be visualised by incorporating imaging techniques
such as particle image velocimetry (PIV) or high-speed cameras.

The pulse duplication system, shown in Figure 14, comprises a computer-
controlled pump, a physical model of the left side of the heart, sensors and a data
acquisition system [92, 93]. The model of the heart consists of the atrium, mitral
valve, ventricle, aortic valve, aortic root and a simplified arterial system that closes
the flow circuit by connecting the aorta to the atrium. The pulse duplicator is
designed to allow the user to adjust the compliance and resistance of the system.
For the system shown in Figure 14, the compliance of the ventricle and aortic root
are adjustable, and the resistance as well as the compliance of the arterial system
are adjustable. Compliance is adjusted with the use of compliance chambers,
which are sealed chambers that contain a mixture of air and fluid. The volume of
air is controlled by using a syringe to inject or extract air.
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Aortic
valve

Ventricle

Figure 14: Labelled photograph of the ViVitro pulse duplicator

Resistance refers to the total resistance of the arterial system, influenced by blood
vessel length, diameter and fluid properties (i.e. viscosity). Compliance refers to
the relationship between the change in volume and change in pressure within a
heart chamber or blood vessel [94]. The higher the compliance, the greater the
degree of vessel expansion due to an increase in internal pressure. Compliance is
not linear; as the vessel expands, the stiffness increases and compliance
decreases. It also depends on patient-specific factors like muscle and vascular wall
thickness, orientation of muscle fibres and connective tissue [95]. Simulating
compliance accurately is not trivial. Compliance also acts as a form of damping to
reduce peaks and high frequency pressure and flow oscillations and creates more
physiologically representative waveforms [96, 97].

Compliance is described mathematically in 1ISO 5840 [3]. However, the values
needed to compute compliance according to ISO 5840 cannot be measured
accurately, repeatedly or instantaneously in the physical test setup. Therefore, in
this study, compliance is quantified in terms of volume of air in the compliance
chambers. Lower compliance is deemed valid for simulating normal aortic
conditions in adults and higher compliance is valid for simulating normal aortic
conditions in children. Exact compliance conditions are not specified in ISO 5840.
Some pulse duplicators are completely rigid with zero compliance.

Other test conditions that must be specified for pulsatile flow tests are heart rate,
CO (i.e. net fluid forward flow volume per minute), SV and MAP. The measured
data can be used to calculate flow rate, forward flow phase duration, EOA and
regurgitant volume, calculated as the average of at least 10 cycles. Due to the
unsteady nature of the flow and the influence of experimental parameters,
specifically compliance and resistance, experimental variation is observed [92, 98].

In general, a pulse duplicator is used as a comparative evaluation tool rather than
as a means of direct evaluation. The hydrodynamic performance of the test valve
is compared to the hydrodynamic performance of a benchmark valve under
identical test conditions. By comparison, it can be determined whether the test
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valve outperforms the benchmark valve. For this reason, less consideration can be
given to the exact test conditions, as long as the conditions remain constant.

2.6.2 Imaging Techniques

Flow visualisation methods exist that can be employed to observe the flow field
and leaflet kinematics, including PIV, laser Doppler velocimetry (LDV) and high-
speed cameras.

PIV is a flow visualisation tool that is used to track fluid flow through a pulse
duplicator and characterise the flow field [7, 29]. The fluid is seeded with foreign
particles that should have similar fluid properties to the test fluid. The flow through
the pulse duplicator is recorded at a high frame rate, under laser light to illuminate
the particles. The instantaneous velocity of the particles is calculated based on
consecutive images, which is used to calculate the shear stress. PIV can be used
to extract the 3D flow field; however, most setups accommodate 2D visualisation.

Leaflet motion analysis is conducted during pulsatile flow testing with the use of
high-speed cameras [93, 99 — 102]. Frame rates for heart valve applications vary
from 500 fps [99] to 12 000 fps [102]. The motion of the leaflet is tracked over the
leaflet trajectory to determine the size of the open orifice, calculate
opening / closing velocities and observe and quantify leaflet flutter and asymmetry.
The recorded motion can be used to validate computational analyses or to specify
input conditions. Several sources of uncertainty related to HSV motion analysis are
identified in [103]. The total uncertainty error is the root sum square of each
contributing factor. The following factors contribute to the total uncertainty:

i.  Calibration uncertainty — refers to reference dimension measurement
errors and large distances between the calibration and motion planes.

i. Gamma angle (y) uncertainty — refers to the difference between the angle
of the camera and the experimental setup. If the axis of the camera is
perpendicular to the setup, y uncertainty is zero.

ii.  Motion blur uncertainty — refers to blurring of the image such that the target
cannot be located accurately. It was interpreted that this source of
uncertainty also refers to any other target tracking errors.

iv.  Perspective error —refers to the inherent image distortion, which increases
towards the outer edges of the image and is minimal at the centre.

v.  The accuracy of the camera’s chronometer.

2.6.3 Durability Tests

Durability tests must be performed to ensure that the heart valve remains
operational for at least 400 million cycles for rigid HVRs [3]. “Operational” means
that the regurgitant volume and pressure difference across the valve remain stable
throughout testing, although some structural damage is acceptable. Excessive
structural degradation, such as fragmentation, fracture or delamination, is
classified as valve failure. The differential pressure across an aortic valve
replacement must be maintained at the normotensive pressure stipulated in
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ISO 5840 for at least 95% of the duration of the test. For the other 5%, the pressure
should be equal to or greater than the specified pressure.

2.6.4 Fatigue Tests

Fatigue tests are conducted to determine the structural lifetime of the valve [3].
This refers to the duration for which the valve can withstand maximum loading. A
stress / life (S/N) analysis or a damage-tolerance analysis can be conducted.

For S/N analysis, smooth or notched material specimens are cycled to failure at a
range of stress levels. The lifetime is estimated based on the number of cycles to
crack initiation and propagation, after accounting for various adjustment factors.
The damage-tolerance approach is a more conservative test, which is favoured for
high-risk applications [24]. The approach is based on the assumption that the parts
have existing defects and the minimum safe structural life is determined by the
time it takes for the existing defects to result in failure [24]. The test should be
performed following a worst-case approach and focus on the most critical and
highly stressed locations.

2.7 Numerical Validation Methods

High-fidelity computational fluid dynamics (CFD) simulations can be used to
improve the understanding of the interaction of blood with rigid heart valves. CFD
also allows for the observation and analysis of a continuous 3D flow field in high
resolution, which is not possible with discrete 2D flow visualisation methods. CFD
has been used since the 1970s for heart valve applications. Initially investigations
were limited to 2D models, with 3D models being developed much later [93].

Developing accurate computational models of prosthetic heart valves in the
operating environment is a challenge. Factors contributing to the complexity are
fluid-structure interaction (FSI), pulsatile flow, turbulence and complex geometries
with small- and large-scale geometrical features (typical dimensional differences
of up to three orders of magnitude). For rigid HVRs, the rapid opening and closing
of the leaflets (~ 10 — 20 ms closing time) due to the small leaflet moment of inertia
and the solid-solid contact with friction at the hinges add to the complexity. For the
most accurate results, high spatial and temporal resolution models are required to
solve the Kolmogorov length and time scales or the Taylor microscale [30].

During the cardiac cycle, flow through a prosthetic heart valve transitions from
laminar to turbulent. Ideally, all the temporal and spatial scales of turbulence should
be solved exactly by direct numerical simulation (DNS). Due to the computational
cost, DNS is not feasible and turbulence models, such as large eddy simulation
(LES) or RANS models, are employed. RANS models with special near-wall
treatment are often used. However, RANS models were developed for fully
turbulent flow and can introduce errors in non-turbulent regions. LES or hybrid
models have limited applications also due to their computational expense [104].

Numerical investigations of bileaflet HVRs are conducted following three main
approaches. In the first approach, the interaction between the fluid and the
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structure is ignored. The leaflets are fixed in position and steady state conditions
are often assumed [67, 72, 105 — 110]. A model with stationary leaflets was used
to investigate the assumption of symmetry, which is frequently made based on the
geometrical symmetry of heart valves [111]. The problem was solved by DNS and
the results indicate that the flow has a complex 3D nature and questions the validity
of studies where symmetry is assumed.

In the second approach, the interaction between the fluid and the structure is
accounted for by employing a coupled physics solver. Studies following the FSI
approach often assume laminar flow [65, 112 —115]. However, in heart valve
applications Re =0 - 10* [116]. Simulations with pulsatile inlet flow conditions
where laminar flow was not assumed have been solved by DNS [93, 100, 117].
However, other trade-offs were made to simplify the problem. In [93], the smallest
scales were not resolved (i.e. LES and not DNS) and in [117] the hinge geometry
was ignored. In [100] the hinge geometry was neglected, gaps were increased and
leaflet rotation was restricted such that the leaflets did not close completely. It is
reported that numerical instabilities often arise in FSI analyses due to the small
moment of inertia of the leaflets [100]. In [45], the FSI problem was solved with a
RANS solver. The results were compared to experimental results. The CFD model
overestimated the maximum leaflet closing velocity and maximum fluid velocity.
This is discussed further in §4.2.4.

The third approach can be classified as a hybrid approach. Leaflet motion is not
ignored; however, instead of computing the interaction between the fluid and the
solid, the motion is defined by the user as input. The motion of the leaflets affects
the fluid, but the converse is not true [104]. The first validated 3D DNS analysis of
a bileaflet valve with pulsatile flow conditions was developed in 2007 following this
approach [59]. The model was simplified by neglecting hinges and leakage jets.
Leaflet motion was specified based on in vitro HSV analysis. The tests revealed
that the motion of the leaflets is complex; large accelerations, leaflet flutter and
asynchronous motion were observed. The authors speculate that the asymmetrical
leaflet behaviour is attributed to small differences in manufacturing tolerances at
the hinge regions, which affect the leakage jets and consequently the motion of the
leaflets. Significant variation in leaflet motion between cycles was also observed,
especially during the closing phase. Therefore, the average motion recorded over
multiple cycles was defined as input. The prescribed kinematics approach has
been employed in other studies [33, 60, 116, 118 — 120].

Whether the FSI or hybrid approach is followed, simplifications are generally
required to solve the unsteady CFD problem. This includes scaling or modifying
leaflet geometry to increase gap widths [45, 65, 93, 114, 120, 121] or
ignoring / simplifying the hinges [59, 113, 114, 116, 117]. In doing so, complex
micro-scale flow structures generated by small geometrical features are ignored.

Many HVR numerical studies based on boundary fitted methods, which are
commonly used for rigid heart valves, are summarised in [122]. The assumption of
laminar flow was made in 66% of the studies and, for the remainder of the studies,
turbulence was treated using either RANS models (20%), unsteady RANS (5%),
LES (2%) or DNS (7%). In 23% of the studies, the analyses were simplified to 2D.
For the 3D studies, no distinction is made between full or symmetrical 3D models.
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RANS models are suitable for analysing large-scale fluid mechanics [8, 116, 123].
They offer the advantage of being the least computationally expensive while still
being able to compute the bulk flow field. However, to analyse small-scale flow
features, such as in the hinge regions or leaflet gaps, more accurate methods, such
as DNS or LES, are required. A multi-scale approach is recommended in [8], where
a large-scale solver is coupled to a highly resolved small-scale solver. The small-
scale solver should ideally model blood down to the cellular level (i.e. not as a
single-phase Newtonian fluid) that can track individual particles to compute shear
stress accumulation and exposure times. Although advancements in this field have
been made [67, 68, 119, 124], a fully coupled multi-scale simulation that includes
transient flow conditions, FSI and accurate modelling of blood, has not yet been
solved. To study the hinge flow, experimental investigations using transparent
housings are rather conducted [26, 66, 69, 77, 125, 126].

There is some literature available on the numerical investigation of rigid trileaflet
HVRs. The opening and closing motion of a trileaflet valve (TR/ valve, patent [46])
was analysed with the use of ANSYS Fluent [45]. The FSI approach was followed,
with a RANS turbulence model and 1/3 symmetry assumption. The Triflo valve
was studied numerically in [120], also using ANSYS Fluent. Leaflet kinematics
were prescribed and 1/6" symmetry was assumed. Due to numerical instabilities,
the study consisted of 32 individual simulations; each simulation modelling three
degrees of rotation. The authors report wall y* values ranging between 2 and 11.
At low wall y* values (y* < 1), the boundary layer is explicitly solved, which requires
fine meshes at the boundaries. At high wall y* values (y* > 30), the boundary layer
is modelled. The reported wall y* values do not fit into either category. The
numerical code does not know whether the boundary layer should be solved or
modelled. This is especially relevant when looking at results affected by the
boundary layer, such as shear forces. It questions the accuracy of the results if a
wall y* sensitivity analysis was not performed. Finally, a CFD analysis was
conducted on a prototype trileaflet heart valve in [127, 128] (patent [49]). Steady
flow, low Re and symmetry were assumed. Leaflets were stationary and fully open.
The investigation showed that leaflets that are aligned to the direction of flow when
open result in more uniform flow, smaller pressure drop and lower shear stress.

2.8 Animal Studies

Before proceeding with the clinical investigation of a novel heart valve, animal
testing is required [3]. The in vivo reaction to the HVR and the replacement’s
performance must be assessed using an appropriate large animal model.
However, it is necessary to consider the limitations of large animal models.
Different animal orders and species respond uniquely to prostheses and
pharmaceuticals based on their genetic makeup [129 —131]. For heart valve
applications, this refers to the animal’s response in terms of platelet behaviour,
coagulation and calcification. Caution should be exercised when extrapolating
preclinical in vivo test results to humans. Although successful animal studies can
provide immensely useful data concerning the safety of prosthetic heart valves,
they are not a substitute for a thorough review of relevant literature, a sensible
design approach and in vitro and in silico HVR design evaluations.
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3 DESIGN AND PROTOTYPE DEVELOPMENT

Figure 15 is a schematic of the generic product development process. The portion
highlighted in red relates to prototype development, which was the focus of this
research project. Aspects of the design that are associated with the final product
development, which include preclinical and clinical trials, sterilisation, packaging,
labelling, storage etc., are not within the scope of the project.

Identify need Analyse \ Bramstprm & Prototype
‘ | | problem | design | | development
Product ¢ ) . Analyse Prototype
development Final design < results testing

Figure 15:  Product development process

3.1 Requirements Analysis

Despite the perceived simplicity of mechanical heart valve design, combining
design and function with biological interaction becomes quite complex. This is set
out schematically in Figure 16 and Figure 17. A systems approach was followed to
analyse the problem, identify the relationships between the variables and extract
system requirements. The approach was tailored to suit the problem.

3.1.1 Systems Analysis

Figure 16 shows the system block diagram, with the physical interfaces of the
system, as well as the context diagram in blue. The context diagram shows the
entities related to the system. The entities / actors are external stakeholders,
processes or systems that directly interact with the system. “Other” refers to the
final product related entities that have not been considered. A modified functional
diagram, Figure 17, was created to identify the relationships between the elements
of the system and the actors. A description of Figure 17 follows.
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Figure 16:  System block and context diagram
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In Figure 17, each element of the system, in terms of its physical parameters, and
the demands of the actors on the system were expanded. The intricacy of the
interconnected features of mechanical HVRs are emphasised. Every feature of the
valve has an impact on the overall functioning and performance.

3.1.2 Failure Modes, Effects and Criticality Analysis

A tailored Failure Modes, Effects and Criticality Analysis (FMECA) was performed
to identify the potential mechanisms of failure of each component of the system
and to determine the impact of failure on the system. In doing so, actions can be
implemented to prevent the potential failure and techniques to verify the design
can be developed. The analysis is presented in Appendix A.1 (Table 18). Only
failure modes pertaining to prototype development have been considered. Failure
modes of the sewing cuff and outer stiffening ring, which are relatively standard
parts, have not been considered. Although other failure modes are not applicable
to prototype development, they should be kept in mind.

3.1.3 Requirements

The prototype valve’'s requirements were considered. Although material and
manufacturing requirements have been included, they are not essential for
prototype development and proof of concept purposes. From the onset of this
project, it was accepted that, for cost and scheduling purposes, the required
manufacturing tolerances will most likely not be achieved.

3.1.3.1 Functional Requirements

i.  The HVR must open and close during systole and diastole respectively.

ii. The housing must allow for physical interfacing with relevant anatomical
structures and remain fixed once implanted.

ii. Motion of the occluder(s) must be constrained such that it does not
physically interact with any anatomical structures.

3.1.3.2 Performance Requirements

i. The valve must be tested in vitro according to the guidelines given in
ISO 5840 and demonstrate functional capability.

ii. The EOA must equal or exceed 1.2cm?; tested at 70 bpm, CO of
5.0 L/min, 100 mmHg MAP and systolic duration of 35%.

ii. The pressure drop of the prototype valve should be less than that of a
similar-sized reference valve, which must be measured experimentally
under identical test conditions.

iv. The maximum regurgitant fraction must be 0.15; tested at 70 bpm, CO of
5.0 L/min, 100 mmHg MAP and 35% systolic duration.

v. The regurgitant volume of the prototype valve should be less than the
regurgitant volume of the reference valve. The regurgitant volume of each
valve must be determined experimentally under identical test conditions.

vi. The closing speed of the prototype valve must be less than the closing
speed of a reference valve. The closing speed of each valve must be
determined experimentally under identical test conditions.
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Vii.
viii.

3.1.3.3

3.1.34

3.2

The valve must be functional for 400 million cycles tested as per ISO 5840.
The performance characteristics obtained experimentally and numerically
should ideally improve on the performance characteristics of bileaflet
valves cited in literature. The in vitro hydrodynamic performance
characteristics of the prototype valve should match or exceed those
summarised in Table 4. The numerical results should match or exceed
those summarised in §2.4.3.

Material Requirements

The material must be biocompatible, demonstrated by meeting the
requirements of ISO 10993-1.

The mechanical properties of the material should be comparable to the
mechanical properties of pyrolytic carbon (listed in Table 6). Deviations
must be substantiated.

The material must behave rigidly under operating conditions.

Manufacturing Requirements

The parts must have smooth, non-porous surfaces with a surface
tolerance of 1 um (or better).

Dimensional tolerances vary from 5 pum for critical dimensions to a
maximum tolerance of 0.1 mm. A suitable precision manufacturing method
must be specified. Dimensional and geometric tolerances are indicated in
Appendix B.

Prototype Design

Solid models were created using Autodesk Inventor 2018.0.2. The FMECA
highlighted the hinge and leaflets as priority design features. Tolerances, accuracy
of manufacturing processes and surface finish are also critical design aspects.

3.2.1

Bileaflet Valve Design

The On-X aortic valve is shown in Figure 18 (adapted from [132, 133]). The main
features of the On-X valve were incorporated in the trileaflet valve design,
considering the valve has demonstrated good performance characteristics [61, 62].

(4) Hinge recess

O _—(3) Housing
S
(1) Sewing cuff t: - .

(2) Ring & wire

(5.1) Leaflet
Figure 18: On-X bileaflet aortic valve [132, 133]
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A custom bileaflet valve, replicating the On-X valve, was designed. Figure 19
shows the custom bileaflet valve. The hinge geometry of the On-X valve was
modified such that the leaflets only have one degree of freedom, namely rotation.
The purpose of designing a custom bileaflet valve was to manufacture a reference
bileaflet valve using the same methods and materials as the trileaflet valve so that
only valve performance is compared during testing.

Figure 19:  Simplified replica of the On-X bileaflet aortic valve
3.2.2 Trileaflet Valve Design

3.2.2.1 Housing

The housing design was based on the On-X valve’s housing, with a larger length-
to-diameter (L:D) ratio and a flared inlet. In bileaflet valves, tissue overgrowth can
obstruct valve closure [7, 8]. A longer length housing can resolve this problem by
restricting tissue overgrowth in the vicinity of the leaflets. Trileaflet valves close
with the leaflet tip moving towards the centreline; therefore, the closing is unlikely
to be affected by tissue overgrowth. However, opening can be affected. It is
acknowledged that the optimised L:D ratio for bileaflet valves might not be
applicable for trileaflet valves. The outer ring and sewing cuff were considered
standard components.

3.2.2.2 Hinge Mechanism

Two hinge concepts were considered. The first concept is a male-type hinge
(protruding leaflet; recessed hinge), based on the On-X valve design. Concept 1
(C1) is shown in Figure 20. The second concept is a female-type hinge (recessed
leaflet; protruding hinge), based on the Medtronic Open Pivot valve design.
Concept 2 (C2) is shown in Figure 21. C1 is a simpler design; improving the
manufacturability and reducing the associated time and cost of manufacturing. The
gap width within the hinge region of the C1 type valve is 100 um.

Concept 1 (C1)

Figure 20:  C1 type valve hinge and leaflet geometries
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Concept 2 (C2)

Figure 21:  C2 type valve hinge and leaflet geometries

3.2.2.3 Sweep Angle

The On-X valve is designed to close at 40° to the horizontal axis and open to 90°.
The 50° sweep angle results in a smaller closing volume compared to other
bileaflet valves (~ 60° sweep angles; refer to Table 5). An open angle of 90°
ensures maximum flow through the valve and reduces turbulence. However,
studies have shown that the leaflets do not open to 90° in operation [99, 134]. Open
angles of 78.6° in the aortic position have been reported. The 40° to 90° design
formed the basis of the trileaflet hinge design. Two additional closed angles, 20°
and 30°, and open angles, 80° and 85°, were investigated. The maximum open
angle was reduced from 90° if the valve does not close as expected, relying on
reverse flow instead. The valve assemblies in the closed and open positions are
shown in Figure 22 and Figure 23.

20° 30°

Figure 22:  Isometric view of the valve assembly in the closed position
80° 85°

Figure 23:  Top view of the valve assembly in the fully open position

3.2.24 Leaflets

The forces acting on the leaflets during systole are indicated schematically in
Figure 24. It was assumed that the pressure force is the dominant force (neglecting
shear force, gravity and friction) and that the pressure does not vary over the
surface of the leaflet. A constant pressure was assumed, which was simplified to
equivalent point loads acting through the centroids above and below the leaflet’s
rotational axis. The torque acting on the leaflet is equal to the sum of moments
about the axis of rotation as a result of the net pressure forces.
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Figure 24:

Fluid
pressure

Friction at
the hinge

Weight\ Fluid
\ pressure

Free body diagram of a leaflet (during systole)

Flat and curved leaflets were considered. Flat leaflets are easy to manufacture
whereas complex geometries reduce the ease of manufacture, particularly if AM
methods are not used. Leaflets with varying radii and direction of curvature were
considered. The closed angle of the curved leaflet design ranged from 30° to 50°
(low to high profile). The trileaflet valves with the various leaflet designs are shown
in Figure 25 and Figure 26 (only C1 is shown).

Concave 1

Concave 2

Convex

30° - 90° flat

30° - 90°curved

30° - 90° curved

30° - 90° curved

Figure 25:

“»

Concave 1

B

Concave 2

Concave 2

Leaflet designs and configurations (1)

Concave 1

Concave 3

40° - 90° curved

40° - 90° curved

50° - 90° curved

50° - 90° curved

50° - 90° curved

Figure 26:

Leaflet designs and configurations (2)
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To address the leakage problem identified as a critical aspect in the FMECA, the
use of a flexible synthetic material is suggested. If the leaflet edges are lined with
a biocompatible elastomer or if the entire leaflet is covered, which could also
improve the surface finish, a better seal will form upon closure. However, a durable
and biocompatible flexible synthetic material does not currently exist. The silicone
rubber of the occluder of a poppet valve, which is based on a similar concept as
the ball-in-cage valve (§2.4.1), showed significant wear at the rigid-flexible material
interface [7]. The combination of rigid and flexible materials in one valve was not
investigated further in this study. Quality control and correct tolerance
specifications are also necessary to reduce leakage.

3.2.25 Assembly

In industry, bileaflet valves are assembled by elastically deforming the housing,
just enough to locate the leaflets in place. Assembly by deformation as well as two
additional assembly methods were investigated. Figure 27 shows the alternative
assembly methods, which are adequate for proof of concept purposes.

Assembly method 1 Assembly method 2
Figure 27:  Exploded view of alternative housing assembly methods

3.2.2.6 Materials

For prototype development, various materials and manufacturing methods were
investigated. This is detailed in Appendix A.2. The limitations of AM in terms of
dimensional accuracy and surface roughness were considered and deemed
acceptable for prototyping. For the sake of reproducibility, cost- and time-
efficiency, prototypes were developed using laser-based stereolithography (SLA)
and titanium-based direct metal laser-sintering (DMLS). The test pieces are shown
in Figure 28. The SLA parts were manufactured at Build Volume using a Formlabs
Form 2 resin printer. The printer is capable of printing 20 um layers. The density of
the resin printed parts is approximately 1 270 kg/m3, roughly half that of pyrolytic
carbon. The DMLS parts were manufactured at CRPM. The density of the titanium
parts is approximately 4 590 kg/m?3, roughly double that of pyrolytic carbon. Metal
additive manufactured parts have very rough surfaces, therefore more extensive
post-processing is required. For final product development, pyrolytic carbon,
titanium and ceramic, were considered. The results are presented in §3.3.2.
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Figure 28:  SLA and DMLS test pieces

3.3.1 Analytical Evaluation

First order calculations were performed to investigate the shear of the leaflet at the
pivot ear under the diastolic backpressure as well as the impact force during
closure (average closing times were taken from literature [45]). Large safety factors
up to two orders of magnitude were calculated, even with conservative stress
concentration factors. This indicates that the main mode of failure will more likely
be as a result of leaflet fracture due to the presence of surface defects or material
impurities that reduce the fatigue life. Calculations were corroborated with finite
element methods (FEM).

Varying leaflet curvature, closed angle and hinge mechanism, resulted in 23 design
configurations. Leaflet mass, geometry and dynamic properties were analysed and
compared, relative to the bileaflet valve. The results are presented in Figure 29.

The mass of the leaflets of the trileaflet configuration is less than that of the bileaflet
configuration. The lengths of the leaflet rotational arm (from the axis of rotation to
the leaflet tip) are compared in Figure 29a, the moment of inertia (I) about the axis
of rotation is shown in Figure 29b, torque (T) applied to the leaflets is shown in
Figure 29c and the angular acceleration is shown in Figure 29d (calculations are
based on Figure 24). Curvature modifies leaflet size and therefore affects the
mass, length of the rotational arm and dynamic properties. Flat leaflets (indicated
in cyan) are smaller and lighter and have a smaller moment of inertia. A smaller
moment of inertia results in a faster moving leaflet if the magnitude of the applied
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force remains constant. If the material of the trileaflet valve is changed to ceramic
or titanium (from pyrolytic carbon), the moment of inertia will approximately double.
Concavity (indicated in red) increases the valve profile height. The larger the radius
of rotation, the higher the linear velocity of the leaflet tip. The torque applied to the
concave curved leaflets with smaller radii of curvature is the greatest. The torque
acting on the convex leaflets (indicated in green) will result in rotation in the wrong
direction. Reducing the closed angle reduces the leaflet profile and overall size.
Applied torque decreases as the leaflet’s closed angle decreases. The trileaflet
configurations result in a reduction in angular acceleration, with flat leaflets
resulting in the greatest reduction. However, the centroid of the flat leaflets is close
to the axis of rotation and the torque is small.
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1 | Bileaflet 9 |[40°-90° concave 2; C1 | 17 [30° - 90° convex; C2
2 [20° - 90° flat; C1 10 | 50° - 90° concave 1; C1 | 18 |40° - 90° flat; C2
3 |[30° - 90° flat; C1 11 | 50° - 90° concave 2; C1| 19 |40° - 90° concave 1; C2
4 [30°-90°concave 1; C1 | 12 | 50° - 90° concave 3; C1| 20 |40° - 90° concave 2; C2
5 |30°-90° concave 2; C1| 13 [20° - 90° flat; C2 21 | 50° - 90° concave 1; C2
6 |30°-90° convex; C1 14 | 30° - 90° flat; C2 22 | 50° - 90° concave 2; C2
7 |40° - 90° flat; C1 15 | 30° - 90° concave 1; C2 | 23 |50° - 90° concave 3; C2
8 [40°-90° concave 1; C1| 16 | 30° - 90° concave 2; C2

Figure 29:  Comparison of the physical and dynamic properties of leaflets
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3.3.2 Numerical Evaluation

A first order linear static finite element analysis (FEA) was conducted on a single
leaflet to verify the structural integrity of the leaflet under the backpressure load
during diastole. The analysis was conducted with the use of MSC Patran 2018.0.3
and Nastran 2018.1. The assumption of linearity is valid for closed leaflets where
the structure is rigid enough such that only small deformations are expected under
the working load. The leaflet configurations that were modelled are the 40° - 90°
flat, 40° - 90° concave 1 and 50° - 90° concave 1 with the C1 type hinge. The C1
type hinge is at greater risk of fracture than the C2 type hinge.

Leaflet geometries were simplified by omitting rounds and fillets, except at the
leaflet ears. Eight-noded hexagonal elements (average size of 0.1 mm) were used
to model the geometry. The total number of elements ranged from
150 000 — 200 000. The leaflets were constrained in all degrees of freedom at the
leaflet ears, on the surface in contact with the hinge stop. A uniform pressure of
120 mmHg (16 kPa) was applied to the downstream surface. Figure 30 shows the
FEA model, loads and boundary conditions.

Uniform pressure
(120 mmHg) g

¥~ Fixed
constraint

(a) Discretised FEA model (b) Boundary conditions
Figure 30: 3D FEA model of the leaflets

The material was modelled as an isotropic linear elastic material. Material
properties of pyrolytic carbon, alumina and titanium (specifications from CRPM)
are listed in Table 7.

Table 7: FEA material properties

Property Pyrolytic carbon | Alumina (Al2Os) Titanium (Ti)
Young’s modulus [GPa] 30 392 110
Poisson’s ratio 0.2 0.22 0.33
Tensile strength [MPa] 200 637 929
Flexural strength [MPa] 494 1274 -

Yield strength [MPa] - - 763

The results are summarised in Table 8. The maximum leaflet tip deflection (), von
Mises stress (o), major (o;) and minor (o,) principal stresses and the maximum
shear stress theory (MSST) results are listed. In Figure 31, only the von Mises
stress results are presented (note the units are Pascal). These results are the most
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conservative, but the other stresses showed similar stress contour patterns.
Maximum stress occurs at the top corner of the leaflet ear on the upstream surface.

Table 8: Summary of FEA results

No. of 8 oy o, o, MSST
elements | [mm] | [MPa] | [MPa] | [MPa] | [MPa]

Leaflet design

40° - 90° Flat 147 560 0.02 94 24 4 49
40°-90° Curved | 164 336 0.02 131 86 10 70
50° - 90° Curved | 198 752 0.04 212 156 21 114

2.12+0

1.31+0
1.22+08 1.98+0;
1.13+0: 1.84+0¢

1.05+01 17040
959407 15540
872407 14140
7.85+07 12740
6.98+07 11340
6.10+07] 9.89+07
523407 848407

4.36+07| 7.07+07}

3.49+07| 5.65+07]

262407 4.24+07

2.83+07|

1.74+07]
1.41+07|
3.01+0

(a) 40° - 90° Curved leaflet (b) 50° - 90° Curved leaflet
Figure 31:  FEA von Mises stress results

8.73+06f
7.91+03

The results show that the maximum principal stresses are below the tensile
strength of the brittle materials. The safety factors for pyrolytic carbon leaflets
range from 8.3 for the flat leaflet to 1.3 for the 50° curved leaflet. The safety factors
for alumina leaflets range from 26.5 for the flat leaflet to 4.1 for the 50° curved
leaflet. This implies that the material will not fracture. If the von Mises stress failure
criterion is used, the peak stress results indicate that pyrolytic carbon is not strong
enough. The safety factor for the flat leaflet is 2.1 and the von Mises stress of the
50° curved leaflet exceeds the tensile strength of the material. However, the
findings indicate that alumina or titanium will result in much higher safety factors.
The stress results are conservative considering the peak stress occurs at a single
node, which skews the results. Calculating the average high stress over the cross-
sectional area might be more realistic / less conservative. However, even without
averaging, alumina or titanium meet the safety requirements. The maximum leaflet
deflection is acceptable. Based on the literature review and FEA results, either
biocompatible alumina or titanium is recommended for product development. The
strength of these materials could ultimately lead to a decrease in leaflet thickness
resulting in less obstruction to the flow.
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3.3.3 Initial Experimental Evaluation

Preliminary pulsatile flow tests were conducted to evaluate whether the design
concepts meet the functional requirements listed in §3.1.3.1. The test results were
used to determine which valve configuration(s) should be selected for final
prototype testing to evaluate whether the valves meet the performance
requirements listed in §3.1.3.2. Final prototype testing is explained in §4, which
includes a detailed description of the test setup. The secondary aim was to assess
the manufacturing methods and whether the material and manufacturing
requirements (listed in §3.1.3.3 and §3.1.3.4 respectively) for prototype
development purposes are satisfied. The SLA and DMLS manufactured valves and
a combination of the AM methods (e.g. SLA housing with DMLS leaflets) were
tested. All the leaflet configurations and various housings were tested. This refers
to SLA housings fabricated with different resins, DMLS housings, housings with
through and blind holes at the C1 type hinges, shorter housings (with reduced
downstream length) and the 80°, 85° and 90° maximum open angle configurations.
The observations of the preliminary experimental evaluation are summarised
Table 9.

Table 9: Prototype evaluation results

Description| Image Comments Description| Image Comments
19 mm Considerable flutter. |50° - 90° SLAvalve. Larger
Commercial concave 1; opening than flat
bileaflet C1 leaflets and
valve 40° - 90° curved.
25 mm Less flutter than the |50° - 90° SLAvalve. Less
Commercial 19 mm valve. concave 2; opening than
bileaflet C1 50° - 90° concave
valve 1; C1.
Bileaflet . |SLA valve. Some 50° -90° Smaller opening
flutter. concave 3; than 50° - 90°
C1 concave 2; C1.
Bileaflet SLA valve. Through |20° - 90° SLA valve. Partial
holes at hinges. flat; C2 opening.
Partial opening. Similar results for
DMLS valve.
Bileaflet DMLS valve. 30° - 90° SLA valve. Partial
Considerable flutter. |flat; C2 opening.
Leaflets " |Similar results for
opening > 90°. " \DMLS valve.
Closing failure.
20° - 90° SLAvalve. Partial  |30° - 90° SLA valve. Partial
flat; C1 opening. concave 2; opening; more
' c2 than flat leaflets.
Various housings
tested.
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Table 9: Prototype evaluation results (continued)

Description| Image Comments Description| Image Comments
30° - 90° SLA valve. Partial  |40° - 90° SLA valve. Partial
flat; C1 opening; more than |flat; C2 opening more
20° - 90° flat; C1. than 30° - 90° flat;
C2.
30° - 90° SLAvalve. Partial  |40° - 90° DMLS valve.
concave 1; opening; more than |flat; C2 Partial opening.
C1 flat leaflets.
30° - 90° m. |SLAvalve. Similar |40° - 90° SLA valve. Larger
concave 2; results to 30° - 90° |concave 1; opening than flat
C1 concave 1; C1. Cc2 leaflets.
Various housings ,
tested. /
40° - 90° SLA valve. Partial  |[40° - 90° SLAvalve. Less
flat; C1 opening; more than |concave 2; opening than
30°-90° flat; C1. |C2 40° - 90° concave
: 1; C2.
40° - 90° DMLS valve. Partial {50° - 90° SLA valve. Larger
flat; C1 opening. Various concave 1; opening.
housings and SLA |C2
leaflets tested.
40° - 90° SLAvalve. Larger |50° - 90° SLAvalve. Less
concave 1; opening. Various concave 2; opening than
C1 \ housings and DMLS|C2 50° - 90° concave
leaflets tested. 1; C2.
40° - 90° SLA valve. Less 50° - 90° SLAvalve. Less
concave 2; opening 40° - 90°  |concave 3; opening 50° - 90°
C1 concave 1; C1. c2 concave 2; C2.
Various housings
and DMLS leaflets
tested.
The main conclusions were:
* Larger closed angles and leaflet curvature promoted opening,

corresponding with Figure 29.

 SLA valves performed better than DMLS valves, largely due to the
imprecision of the DMLS manufacturing method. The limitations of the
method resulted in rough surfaces and out of bound tolerances. This either
resulted in loose fits, with excessive leaflet flutter, over-opening / closing,
leaflet misalignment and leaflet escape, or very tight fits. Quality control and
repeatability of manual post-processing methods were poor.

» Differences in results between C1 and C2 type hinges were not observed.

» Leaflet flutter and asymmetrical leaflet motion were observed. The motion
of each individual leaflet was influenced by the other leaflets.

» Valve orientation in the physical test setup did not influence the results.
* The leaflets were able to close with the 90° open angle design.
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34 Prototype Development

The results of the simplified systems approach were used to analyse the initial test
results to select the final trileaflet prototype design(s). Table 10 shows whether the
test valves satisfy the functional, material and manufacturing requirements.

Table 10: Requirements analysis and evaluation (1)

Description Requirement ¥ | Full compliance

Functional requirements (§3.1.3.1) i
20° - 90° flat; C1 X
30° - 90° flat; C1 X
30° - 90° concave 1; C1
30° - 90° concave 2; C1
40° - 90° flat; C1 X
40° - 90° concave 1; C1 X
40° - 90° concave 2; C1
50° - 90° concave 1; C1 v
50° - 90° concave 2; C1
50° - 90° concave 3; C1
20° - 90° flat; C2 X
30° - 90° flat; C2 X
30° - 90° concave 1; C2
30° - 90° concave 2; C2
40° - 90° flat; C2 X
40° - 90° concave 1; C2 4
40° - 90° concave 2; C2
50° - 90° concave 1; C2 v
50° - 90° concave 2; C2

50° - 90° concave 3; C2

80° maximum opening hinge

x| No compliance

NI NN I N B NY BN AN

AN NN BN B NY IR NS AN

85° maximum opening hinge
C1 through hole

C1 blind hole

Material requirements (§3.1.3.3) i ii iii

AN NI N N N N N N Y Y N BN BN NS O N NS B N B N B N NI NI BN
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Table 10 indicates that the curved leaflets meet the functional requirements,
specifically leaflets with a smaller radius of curvature. Valves with flat leaflets do
not meet all the functional requirements. The SLA fabricated valves are suitable
for prototyping purposes, both in terms of material and manufacturing
requirements. Although the manufacturing requirements are only partially satisfied,
SLA offered a better solution than DMLS.

Because a difference between the C1 and C2 type hinges was not observed, final
prototypes of both hinge mechanisms were developed. The valve’s ability to open
is a critical functional requirement. The greater the extent of opening, the less the
flow obstruction and the larger the EOA. The 50° concave 1 valves showed the
best performance in this regard. The sweep angle of these valves is small, resulting
in a smaller closing volume. However, these are high profile valves. The leaflets
could interfere with nearby anatomical structures and, due to the larger surface
area, the total wall shear stress and platelet exposure time to stress will be greater.
The 30° concave 1 leaflets are small, but they do not open fully and have a larger
sweep angle.

Based on Table 10, the following prototype valves were manufactured (shown in
Figure 32):

* 40°-90° concave 1; C1 valve (referred to as 40° trileaflet 1).

e 40°-90° concave 1; C2 valve (referred to as 40° trileaflet 2).

» 50°-90° concave 1; C1 valve (referred to as 50° trileaflet 1).

* 50°-90° concave 1; C2 valve (referred to as 50° trileaflet 2).

» Reference / benchmark bileaflet valve for more accurate comparisons.

(a) 40° Trileaflet 1 | (b) 40° Trileaflet 2 | (c) 50° Trileaflet 1 | (d) 50° Trileaflet 2 (e) Bileaflet
Figure 32:  Final prototype valves
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4 EXPERIMENTAL EVALUATION

The hydrodynamic characteristics of the prototype heart valves were studied
experimentally to analyse and compare the various designs. In addition to the five
valves shown in Figure 32, a 24 mm supra-annular Medtronic Open Pivot AP360
aortic bileaflet valve (S/N 648430) [135] was tested. The valve has an internal
diameter of 22.8 mm?2, similar to that of the prototype valves, and a sweep angle of
60° (25° - 85°). The valve has pyrolytic carbon coated graphite leaflets. The
commercial valve is the only valve that can accurately be compared to published
results. The commercial valve results were used to confirm the test methodology
and valve behaviour.

4.1 Pulsatile Flow Tests

The tests were conducted using a commercial Vivitro Labs Inc. Cardiac Pulse
Duplicator (CPD). Mathworks Matlab R2018a was used for post-processing.

4.1.1 Experimental Setup

The experimental setup is displayed in Figure 33. The setup consisted of the CPD
left heart model (S/N 4060), a viscoelastic impedance adapter (VIA) (S/N 7028),
an electronically controlled pump and a data acquisition system. A flexible silicone
membrane simulates the ventricle and silicone rubber tubes represent the arterial
system. All the other components of the system are rigid (acrylic plastic).

Peripheral Key
resistance == Mitral valve

mmm Aortic valve

—= Atrial pressure sensor
Ventricular pressure sensor

—= Aortic pressure sensor

Aortic ==== Flow meter

A Test fluid
A Working fluid
ortic .
compliance 1 Air
chamber
Aortic root
compliance

chamber

Controller

Ventricle
chamber and
membrane

Figure 33:  Schematic of the CPD experimental test setup

The VIA regulates the preload. The aortic- and aortic root compliance chambers
and peripheral resistance setting regulate the afterload [136]. Preload affects the
ventricle’s ability to expand as the internal pressure increases [92], which is
simulated in the experimental setup with the use of the VIA’s compliance
chambers. Afterload refers to the resistance that must be overcome to eject blood
from the ventricle.
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Preload and afterload conditions are not explicitly defined in ISO 5840. A study
was conducted to investigate the effect of preload on CPD test results. The results
of the study were presented in a poster format at the Heart Valve Society’s (HVS)
annual scientific meeting in Spain in April 2019 [137]. It was observed that preload
mainly affects the regurgitant volume. A second poster was also exhibited at the
conference [138]. Further CPD studies have been embarked on to improve the
understanding of the physical test setup and whether a numerical model can be
used to replicate the results. The work conducted has contributed to an abstract
that has been accepted for a plenary presentation [139].

4.1.2 Experimental Procedure

The test protocol was based on the ISO 5840 guidelines [3].

I The pressure sensors were calibrated prior to testing and the pulse
duplicator’'s pump was used to validate the flow meter. The pump was
calibrated by Vivitro Labs upon acquisition.

ii. The test valves were mounted in the aortic position with a non-tilting disc
valve in the mitral position.

ii.  The tests were conducted at room temperature.

iv.  The test fluid was a 0.9% saline-glycerine solution (3:2 mass ratio), with a
density of 1 090 kg/m? and viscosity of 3.58 cP [110, 140 — 142].

v. A waveform (supplied by Vivitro Labs), mimicking a physiological cardiac
waveform with a systolic duration of 35% was specified as input to the
pump.

vi. The valves were tested at five operating conditions, listed in Table 11,
based on conditions described in [7]. The net CO cannot directly be
controlled in the physical setup; therefore, some variation exists (standard
deviation is indicated).

Table 11: CPD test conditions

Tost | Hemrrte | Pon SV | Reveny | Guanty | PrYgolegis
1 60 80 3.28 £ 0.47 20 Resting
2 70 90 4.40 + 0.51 20 Minimal effort
3 80 100 5.70 £ 0.44 20 Moderate effort
4 100 105 7.41+£0.22 20 Exercise
5 120 110 |93tx027| 20 | Honintensity

vii. The valves were tested under normotensive conditions. Systolic and
diastolic pressures were set to 120/80 +5 mmHg by adjusting the
afterload. MAP was 100 £ 5 mmHg.

vii. A VIA was installed at the pump-ventricle chamber interface. The VIA
source compliance chamber contained 60 mL air and the output
compliance chamber contained 45 mL air. The working fluid section of the
test setup was otherwise de-aerated.
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ix. For each test condition, measurements were recorded over 20 cardiac
cycles, at a frequency of 256 samples per cycle. The average results were

used to calculate the performance indicators.

4.1.3 Results

Figure 34 shows the typical ventricular and aortic pressure and aortic flow rate
waveforms. Waveforms for all the tests are displayed in Appendix C.1 (Figure 87
to Figure 93). The measured average output parameters are shown in
Appendix C.1 (Figure 94). The output parameters confirm that the tests were
conducted under approximately equivalent cardiac conditions and within the
ISO 5840 specifications.
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(a) Bileaflet valve (b) 40° Trileaflet 1 valve
Figure 34: Pressure and flow waveforms for Test 2 (CO = 5 L/min)

Key performance parameters are plotted in Figure 35 and Figure 36. As the flow
rate (Qms) and CO increased, the transvalvular pressure drop increased. The
relationship is linear up to the highest flow rate, where a significant increase is
observed. EOA is expected to remain relatively constant. A small increase in EOA
is seen as CO increased. At the highest flow rate there was a sudden decrease in
EOA, which is as a result of the inverse relationship between the pressure gradient
and EOA. The regurgitant fraction decreased as CO increased.
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Figure 35:

Average test performance indicators as a function of CO (1)
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Figure 36:  Average test performance indicators as a function of CO (2)

4.1.4 Discussion

Figure 35 and Figure 36 confirm that the test valves had comparable outcomes to
the commercial valve. The only difference observed was a greater closing volume
for the commercial valve, due to a larger sweep angle.

The pressure drop across the valves increased with CO (Figure 35a). The trileaflet
valves, except the 40° trileaflet 2 valve, performed better than the benchmark
bileaflet valve. The 50° trileaflet valves had the lowest pressure drop. The 40°
trileaflet 2 valve had the highest pressure drop, especially at low flow rates. At
higher flow rates, the pressure drop is comparable to that of the benchmark valve
(3% difference at the highest flow rate). The larger pressure drop at lower flow
rates is attributed to the large regurgitant fraction at low flow rates (Figure 36c).
Figure 36b shows that the closing volume of the 40° trileaflet 2 valve was similar
for all flow rates, but Figure 36d shows a large difference between the total and net
flow rates. This implies that at low flow rates, the valve had more leakage. This is
also evident in the flow waveform results in Appendix C.1. Due to leakage, the 40°
trileaflet 2 valve had a lower net CO compared to the other valves despite operating
at the same conditions.
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Rigid mechanical HVRs result in larger pressure gradients than native valves [143].
Native heart valves allow for aortic expansion during systole, which reduces the
pressure drop [14]. Rigid HVRs change the anatomy of the aortic root and constrain
vessel motion, affecting the normal physiology. The experimentally measured
pressure drop increased with CO because the valve was mounted in a rigid system
that did not allow for any expansion or pressure relief at higher flow rates. The
clinically measured pressure drop of the commercial valve is 11.1 £ 0.8 mmHg,
with values ranging from 3.2 — 26.0 mmHg [144]. The cardiac condition at which
the pressure drop was measured is not specified; however, the range is large.
Except for the highest CO, the measured values fall within this range. The in vitro
pressure gradients of various 25 mm aortic bileaflet valves are listed in [145]. The
average pressure drop at ~ 5 L/min CO is 7 mmHg. In [98], the in vitro pressure
drop of a 25 mm SJM bileaflet valve is specified as 5.0 £ 2.8 mmHg at 5 L/min CO
and 5.2 £ 3.8 mmHg at 7 L/min CO. In [118], average experimental pressure drops
of 18 —20 mmHg at 7 L/min CO were measured for 21 mm bileaflet valves.
Although smaller valves result in larger pressure gradients, a wide range of
experimentally measured values is reported in literature. The experimental results
from this study are comparable to some of the literature sources or fall within the
reported range. The values from literature highlight the variation in CPD test results
and reaffirm the necessity of a reference valve.

The large increase in the pressure gradient at the highest CO can be explained by
the pressure waveforms and the pressure gradient calculation. The pressure drop
is the average pressure difference across the valve during forward flow, for the
duration that the pressure difference is positive. The 40° trileaflet 1 valve is shown
as an example in Figure 37; the other valves exhibited similar behaviours. At low
flow rates, the duration for which the pressure difference was positive was
~ 200 ms (indicated in red in Figure 37a). At high flow rates, the duration was much
shorter, ~ 100 ms (indicated in red in Figure 37b). The pressure difference is larger
because it is averaged over a shorter period. The ventricular pressure waveform
in Figure 37b shows that the valve closed later (indicated in green in Figure 37b).
Despite the initial drop, the ventricle maintained a lower pressure, which signifies
that the total open angle of the valve decreased, but the valve remained open for
~ 150 ms. It may be more accurate to calculate the average pressure drop over
the longer period, but this is not how pressure drop is defined in ISO 5840.
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The EOAs of all the valves at all flow rates exceed the minimum ISO 5840
requirement of 1.2 cm? (Figure 36a). The EOA of the 50° trileaflet valves is larger
than the benchmark bileaflet valve. The EOA of the 40° trileaflet 1 valve closely
matches that of the bileaflet valve. The 40° trileaflet 2 valve has the lowest EOA.
The EOA results correspond with the pressure drop results. EOAs of
1.98 — 2.5 cm? for 25 mm mechanical HVRs are considered normal [22]. The
clinically measured EOA of the commercial valve is 2.1 £ 0.1 cm?, with values
ranging from 1.0 — 4.9 cm?2[144]. The in vitro results agree with the clinical results.
The EOA results also correlate with the results of a series of in vitro tests conducted
on a 25 mm bileaflet valve [98]. EOAs ranging from 2.2 — 3 cm? are reported in the
study. Other values from literature based on in vitro studies are listed in Table 4.
The measured EOA values fall within the bileaflet range, with the lower profile
valves on the lower end and the higher profile valves on the higher end.

The valves generally did not have large closing volumes (Figure 36b). However,
the bileaflet valve had a larger closing volume than the trileaflet valves. The valves
demonstrate similar trends as CO increased.

All the valves, except the 40° trileaflet 2 valve, meet the ISO 5840 specification of
15% maximum regurgitation at all flow rates (Figure 36c¢). The 40° trileaflet 2 valve
had more leakage at lower flow rates. The likely causes are leaflet misalignment
or incomplete closure at low flow rates due to manufacturing inaccuracies.
However, at higher flow rates, the 1SO 5840 requirement is satisfied. The
regurgitant fraction results of the other trileaflet valves were lower than that of the
bileaflet valves. Figure 36d shows the total regurgitation. At CO = 5 L/min, the 40°
trileaflet 2 valve has the largest regurgitation of 18.4 mL/beat. The commercial
bileaflet valve and the benchmark bileaflet valve have regurgitant volumes of
13.0 mL/beat and 10.9 mL/beat respectively. The other three trileaflet valves have
3.1 - 7.1 ml/beat regurgitation. The regurgitant volume of the bileaflet valves
compares well with the in vitro values reported in literature (refer to Table 4). The
prototype trileaflet valves compare favourably with the bileaflet results reported in
literature and correspond with the regurgitation of native heart valves.

There was not a distinct effect of the hinge mechanism on the overall valve
performance. In some cases, it was observed that the C1 type valves slightly
outperformed the C2 type valves. The 50° trileaflet valves generally outperformed
the 40° trileaflet valves, at least in terms of the parameters measurable with the
CPD. The poor performance of the 40° trileaflet 2 valve is more likely as a result of
manufacturing inaccuracies than poor design. This is deduced from the fact that
the leaflet design is the same as the 40° trileaflet 1 valve and the hinge design is
the same as the 50° trileaflet 2 valve. Both the 40° trileaflet 1 and the 50° trileaflet
2 valves performed well. Besides the 40° trileaflet 2 valve, the prototype trileaflet
valves performed better than the benchmark bileaflet valve. The performance of
the valves is even comparable to the commercial valve, despite the manufacturing
and quality control shortfalls.

During testing, another observation was made that is not reflected in the
performance indicators. Leaflets of the bileaflet valve fractured at the pivot point
(refer to Figure 38), mainly at higher flow rates. It is acknowledged that the test
valves were fabricated using a less rigid material, resulting in more deformation
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than what commercial valves would experience. None of the leaflets of the trileaflet
valves fractured, suggesting that trileaflet valves are less susceptible to fatigue
failure regardless of the material. A longer leaflet fatigue life implies that the
thickness can be reduced without comprising safety. This will present less
obstruction to flow, increasing the EOA.

&

Figure 38:  Photographs of the fractured bileaflet valve leaflets
4.2 Imaging Techniques — High-Speed Video

The flow tests were combined with high-speed video (HSV) analysis for two of the
test conditions (conditions two and five listed in Table 11). The videos were
analysed to determine the leaflet motion and to calculate the opening and closing
speeds. The aim was to determine whether the prototype trileaflet valves have
slower closing velocities than the bileaflet valve and to specify the recorded leaflet
motion as input to the prescribed kinematics CFD analysis. The test results were
analysed using an open source video analysis tool, Tracker 5.1.0 [146].

4.2.1 Experimental Setup

A high-speed camera system was added to the existing experimental setup.
Essentially, the setup and procedure remained identical to that described in §4.1.
The complete setup, shown in Figure 39, consisted of the Vivitro CPD, an Olympus
i-SPEED TR high-speed camera (S/N 13000291) and additional lighting.
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Figure 39:  Experimental HSV test setup
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4.2.2 Experimental Procedure

The same test protocol as described in §4.1.2 was followed. Additional test
parameters are defined below.

I The camera captured 1 000 frames per second (fps) at a resolution of
1280 x 1024 pixels. The camera was positioned with its axis
perpendicular to the horizontal plane of the valve.

ii.  The tests are summarised in Table 12. Videos were recorded for 10 cycles
at each test condition. The average results were used for post-processing.

Table 12: HSV test conditions

Test | Heart rate | Piston SV Net CO - Physiological
no. | [bpm] [mL] [L/min] | Quantity State
1 70 90 4.40 £+ 0.51 10 Minimal effort
High intensity
2 120 110 9.31£0.27 10 sustained effort

ii. Leaflet tips were selected as the target for motion tracking. The tips and
edges were marked to enhance contrast and assist in locating the target.

iv.  Velocity was calculated during post-processing. The target was manually
located in each consecutive frame. The distance (in pixels) between the
initial location of the target and the instantaneous location was determined.

v. A calibration factor was calculated to convert pixels to physical units using
reference lengths with known dimensions. Several reference dimensions
were used to reduce the error of the calibration factor. Reference
dimensions included valve diameter, leaflet edge length, leaflet hinge-to-
hinge width and diameter of the pulse duplicator interface. Calibration was
done in the plane of the valve, with the maximum vertical difference
between the calibration plane and plane of motion occurring when the
leaflets were in the fully open position.

vi.  Using the calibration factor, the target’s position, displacement and velocity
were calculated (only for the systolic portion of the cardiac cycle).

4.2.3 Resulis

The procedure described in §2.6.2 was followed to quantify the maximum
experimental uncertainty error. Dimensional calibration errors were estimated to
be 2 pixels and 0.5 mm. The vertical out-of-plane error was specified as the height
of the leaflet tips of the 50° trileaflet valves in the open position. A conservative y
error of 10° was assumed. During post-processing, motion blur was not identified
as a problem. Motion blur was observed in some cases, but it did not obscure the
target. A motion blur error of 1 pixel was assumed. The valve was located at the
centre of the image and the valve’s axis was aligned with the camera’s axis;
distortion was not observed. The precision of the camera’s chronometer could not
be determined. The same uncertainty error specified in [103] was used as the
chronometer uncertainty so as not to neglect its contribution to the total error. For
this experiment, the main sources of uncertainty error were the calibration and y
uncertainties. With conservative uncertainty estimates, the total error is 6.4%.
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The HSV results are presented in Figure 40 to Figure 44. The motion of the trileaflet
valves is compared to that of the bileaflet valve, in terms of maximum open orifice
and leaflet velocity. The average displacement over 10 cycles is indicated with a
solid line; standard deviation is indicated with dashed lines. Images of the trileaflet
valves, corresponding to the times indicated with vertical lines, are also shown
(representative cycles were selected for rendering).
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Figure 44: Commercial bileaflet valve motion analysis

The total and maximum opening and closing leaflet tip linear velocities were
calculated. Figure 95 and Figure 96 in Appendix C.2 distinguish between the
different velocities that were calculated. Results are shown in Figure 45 to Figure
48. Differences in opening and closing speeds between leaflets of the same valve
were observed, confirming that the assumption of symmetry is incorrect.
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Figure 47:  Closing characteristics at 70 bpm and CO =5 L/min
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Figure 48:  Closing characteristics at 120 bpm and CO = 9.5 L/min

4.2.4 Discussion

Motion analysis was conducted on six valves, including four unique trileaflet
designs, over the full cardiac cycle for 10 cycles at two cardiac conditions.

The leaflets tended to open simultaneously and opened with an increasing velocity
that decreased later. There was very little cycle-to-cycle variation during opening.
The leaflets did not open to the fully open position but opened to a greater degree
as the flow rate increased. Once open, the leaflets moved asynchronously and
continuous leaflet motion was observed, more so for the bileaflet valves than the
trileaflet valves. There was significantly more variation during closing and the
standard deviation was large. The leaflets did not close simultaneously and closed
with an increasing velocity. The results show that the trileaflet valves generally
started closing before the bileaflet valve during the decelerating forward flow
phase. This suggests that the vortices contributed to the valve closure.
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The opening times of the C1 and bileaflet valves are comparable, more so at the
lower flow rate. The C2 type valves did not show improvement over the bileaflet
valve. Due to the trileaflet valves’ profile height, the leaflet tip linear velocities were
greater than that of the bileaflet valve. The lower profile valves compare more
favourably to the bileaflet valve. The leaflet that moved the fastest at one cardiac
condition, did not necessarily behave the same way at the other cardiac condition.
Previous studies show that the opening velocity has a minor effect on coagulation
and haemolysis compared to the closing velocity [7].

Cyclic fluctuations during closing have previously been observed [30, 43, 93, 147].
Due to the continuous motion of the leaflets during systole, it was challenging to
determine the starting point of closure accurately. The C1 type valves took longer
to close than the bileaflet valve. The 40° trileaflet 1 valve had the longest closing
time. The C2 type valves did not show much improvement over the bileaflet valve.
The total and maximum linear closing velocities of the lower profile valves are
comparable to the bileaflet valve, with the 40° trileaflet 1 valve showing the best
performance.

Although the prototype valves did not open completely, the ISO 5840 requirements
were satisfied. The commercial valve also failed to open completely, which has
been mentioned in literature [43, 65, 93, 99, 134, 147, 148]. If the trileaflet valve
design is optimised, and precision manufacturing methods are used to develop a
prototype, the valves might open to a greater extent and the CPD performance
parameters will further improve. More investigation is required to confirm this.
Other than a small EOA and greater flow disruption, blood clots can form if the
leaflet does not sweep the entire hinge area by opening completely [99].

The commercial valve opened and closed faster than the other valves and
generally also opened to a larger degree. The movement of the leaflets was
asymmetrical, varied considerably for each cycle and the fully open position was
not maintained by both leaflets. The leaflets also displayed continuous motion
while open. The valve’s leaflet position over time plots resemble that of other
studies conducted on the same valve [65, 113]. The faster motion of the leaflets is
probably related to the material and manufacturing specifications and strict quality
control processes that commercial valves must adhere to.

For the bileaflet valve, a rebounding action during leaflet closure was detected, as
shown in Figure 49 (the key refers to each cycle). The maximum rebound was 5°.

“[Leaflet 1 : Leaflet 2~

—1 3 5——7-—— 9
—2——1 68 10

o 0.05 01 015 02 025 03 035 o 0.05 0.1 015 02 025 03 0.35
Time [s] Time [s]

Figure 49:  Bileaflet valve motion at CO = 5 L/min (showing rebounding)
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The rebounding behaviour was observed for both leaflets at both cardiac
conditions but was not observed for the other valves. Rebounding can cause
mechanical damage to erythrocytes and platelets. The rebounding did not seem to
affect the performance indicators, as it occurred over a very short time.

The trileaflet valve results were compared to two published trileaflet valve studies
with HSV analysis. The first study is based on the TR/ valve [45, 149] (patent [48]).
The TRI valve is similar in design to the C2 type valve and manufactured from
titanium, with a density of 4 507 kg/m?® [45]. The test conditions were 5 L/min CO
at 70 bpm and the motion analysis was conducted over 30 cycles at 1 000 fps. The
performance of the valve was compared to a same-sized SUM valve. SUM leaflets
are manufactured from graphite and coated in pyrolytic carbon. Graphite has a
density of 2 250 kg/m®[150], comparable to pyrolytic carbon. Leaflet flutter and
asynchronous closure were observed. The TR/ valve failed to maintain its fully
open position of 90°. The experimental results were used to validate a 1/3
symmetry CFD analysis. Figure 50 displays the average computed (CFD) and
measured (Exp) leaflet velocities. The red stars indicate the maximum CFD results.
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Figure 50: TRI valve velocity characteristics

The results revealed that the SUM and TR/ valves took approximately the same
time to open, but the TR/ valve started closing first and took longer to close. This
is attributed to the valve’s mechanism of closure (by the action of the vortices).
However, if material differences are considered, similar results might not be
observed. The difference between the moment of inertia of the SUM and TR/ valve
leaflets is much smaller if mass is adjusted for. This will result in a greater angular
acceleration of the leaflets of the TR/ valve.

The second study is based on the valve shown in Figure 51 [43] (patent [47]). The
design of the valve is fundamentally different from the design presented in this
study. The leaflets open in the same way as bileaflet valves, which is opposite to
that of native valves. The downstream flow profile will show one minor central jet
and three major lateral jets. Vortices will not affect valve closure. The leaflets of
the valve were manufactured from polyether ether ketone (PEEK). PEEK typically
has a density of 1 300 kg/m?® [151]. The valve was tested in a saline solution at
64 bpm and various flow rates. For the motion analysis, the focus was mainly on
the opening and closing phases. The analysis was conducted over 5 cycles at
500 fps. The results were compared to two commercial bileaflet valves, the SUM
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Regent valve and the On-X valve. The researchers highlighted that the continuous
leaflet motion of the On-X valve posed a challenge in determining the start of
closing. The On-X and SJM valves are manufactured from graphite. Material
differences were not considered in the study.

(b) Closed
Figure 51: PEEK trileaflet valve [43]

In comparison to the On-X valve, the PEEK trileaflet valve showed lower pressure
gradients at all mean flow rates, resulting in larger EOAs. The difference between
the trileaflet valve and the SUM valve was only evident at high flow rates. The
authors observed that the SUM valve did not open fully, the On-X valve opened
fully, but the leaflets moved asymmetrically and started to close much earlier. The
trileaflet valve opened fully to 84°. The total closing times and the leaflet tip
velocities of the three valves are compared in Figure 52. The large standard
deviations are an indication of the cyclic fluctuations. The results of the trileaflet
valve are comparable to both commercial valves.
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Figure 52:  Closing characteristics of the PEEK trileaflet valve

The good haemodynamic performance of the PEEK trileaflet valve is attributed to
the leaflet geometry, particularly the curvature of the leaflets. It can probably also
be attributed to an optimised, smooth hinge mechanism and the short rotational
arm of the leaflets. A substantial performance improvement over the bileaflet
valves is not evident. However, if material differences are considered, the trileaflet
valve will most likely outperform the bileaflet valves. If all the leaflets are
manufactured from the same material, the trileaflet valve leaflets will have a
moment of inertia of about double that of the bileaflet valves, resulting in a smaller
angular acceleration. The downstream effect of the protruding hinge mechanisms
on the flow field was not discussed in the study.
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Open-heart surgeries for aortic HVR involve dissection of the aortic root. Case-
dependent, the surgeon can partially or completely preserve the sinuses or entirely
replace the root and ascending aorta [65, 100, 147, 148, 152]. An axisymmetric
conduit, shown in Figure 53 (adapted from [153]), is used to replace the aorta.
Newer types of conduits include an expansion region to simulate the sinuses. The
valve cannot be implanted much higher than indicated in Figure 53 as this will
affect, or even obstruct, flow into the coronary arteries. If the sinuses are sacrificed
and a straight conduit is used, the closing dynamics of a trileaflet valve will change
and the premise on which the trileaflet valve design is based will no longer be valid.

9

Straight condujl\ Conduit with sinus expansion
! & ’\ Qﬁ @ { ‘ @\
ny 3 ;-“J‘

Figure 53:  Ascending aorta prostheses [153]

4.3 Discussion

The performance requirements evaluation is shown in Table 13. Requirement viii
pertains to the experimental and numerical performance of the valve. Table 13 only
addresses the experimental performance characteristics.

Table 13: Requirements analysis and evaluation (2)
Description Requirement
Performance requirements (§3.1.3.2) i ii iii iv v vi | vii | viii
40° Trileaflet 1 v v v v v N/A | v
40° Trileaflet 2 v | v X X X x | N/A
50° Trileaflet 1 vi| v i|v | v | v | x |NA| VY
50° Trileaflet 2 Vi v v | v | Y| x |NA|V

The flow tests showed that the prototype trileaflet valves’ performances, except the
40° trileaflet 2 valve, matched or exceeded the performance of the reference valve.
The inferior performance of the 40° trileaflet 2 is more likely due to manufacturing
imprecision than design. The HSV results showed that the valves took
approximately the same time to open. The C1 type valves took longer to open than
the C2 type valves. However, the valve profile of the trileaflet valves resulted in
large maximum linear opening velocities. The trileaflet valves generally took longer
to close than the bileaflet valve. Due to the valve profile differences, the closing
velocities are comparable. Considering the large standard deviation and the
asymmetries, the 40° trileaflet 1 valve showed the best performance. Comparisons
to literature suggest that material choice has a large influence on the results.

Requirement vii applies to the valve’s fatigue strength, which was not tested due
to the differences between the prototype and final product material and
manufacturing specifications. However, the test results suggest that bileaflet
valves have a shorter fatigue life irrespective of the material choice.
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5 NUMERICAL EVALUATION

The numerical analyses were conducted using Siemens Simcenter Star-CCM+
13.04.011. The aims were to 1) extend the comparative study between the valves
and to investigate the effect of design variables on the flow field and 2) create a
validated computational model of the final prototype HVR in the testing
environment to investigate the effect of leaflet kinematics on the flow field.

5.1 Steady State Simulations

The first part of the CFD analysis was assumed steady; the leaflets were fixed and
the inlet conditions were constant.

5.1.1 Computational Model

A computational model, shown in Figure 54, was created to simulate the trileaflet
and bileaflet heart valves in a simplified native environment. The diameter of the
upstream and downstream regions was 28 mm. The sinus region was
axisymmetric with a diameter of 36.4 mm. The sinuses are often simplified as an
expanded surface of revolution [45, 59, 65, 104, 115]. The dimensions of the
numerical setup are representative of that of the experimental setup. The sinus
expansion ratio of 1.3 is based on a method described in [65], corresponding with
reported dimensions [45, 99, 154].

(a) Full 3D model (b) Valve detail
Figure 54: 3D CFD model of the open prototype valve

The length of the pipe was extended upstream and downstream of the valve to
exclude inlet and outlet effects on the results. An analysis was conducted to
determine the length required to obtain fully developed flow at the valve. The study
was performed on a pipe with the same diameter as the valve. The same boundary
conditions, physics models and mesh settings as the valve CFD models were
specified. The axial velocity profile at various distances upstream from the valve
inlet, measured in terms of pipe diameters (D), was computed and are displayed
in Figure 55. At approximately 4D the profile started to converge to the fully
developed profile. The difference in the maximum velocity between 6D and 8D is
2.3%. A total upstream length of approximately six diameters was created, which
is longer than values reported in literature [45, 65, 100, 113, 115]. The outlet
surface was extruded by 50 mm, resulting in a downstream length of 70 mm
(excluding the sinuses). This is similar to values reported in literature [45, 65, 155].
The cell size in the extrusion regions varied based on their proximity to the region
of interest.
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A constant upstream velocity inlet condition was defined and a downstream outlet
pressure boundary condition was specified. The dimensions of the CFD model are
indicated in Figure 56. The physics models and material properties are listed in
Table 14. The physics models are discussed in Appendix D.

Upstream mesh extrusion ' Downstleam mesh

14
0 mm Valve mesh  Downstream mesh

refinement region refinement region

Figure 56:  Geometry and dimensions of the CFD model (1)

Table 14: Physics and material properties
Space 3D
Time Steady state
Material Liquid (p = 1 100 kg/m3; u = 0.0035 Pa-s)
Flow Segregated
Equation of state | Incompressible
Flow regime Turbulent
Turbulence model | RANS — SST K-Omega (k-w) [45, 104, 155]
Wall treatment All y* (with a sufficiently fine mesh for low y* treatment)

5.1.2 Assumptions

The following assumptions were made in order to simplify the analyses:

* The fluid was assumed to be an incompressible Newtonian fluid with a
density of 1 100 kg/m3 and dynamic viscosity of 0.0035 Pa-s [45, 65, 93,
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109, 156]. The approximation of blood as a homogeneous Newtonian fluid
is widely accepted [33, 104, 113, 147].

» The segregated flow solver is valid for incompressible flow and turbulent
flow regimes [157].

» Leaflets were stationary for all configurations.

» Flow rate remained constant at either peak forward flow or peak backflow
conditions, depending on the type of simulation that was performed. The
inlet flow rate for maximum forward flow was 25 L/min, which is
representative of the flow rate at peak systole for pulsatile flow at 70 bpm
5 L/min CO [93, 100, 147]. The flow rate at maximum backflow was
3.6 L/min, measured experimentally. The peak backflow rate is a
conservative assumption; peak backflow occurs while the leaflets are still
in the process of closing and not when fully closed. When the leaflets are
closed, the experimentally measured leakage flow rate was ~ 1 L/min.

» Surfaces of solids were ideally smooth and no-slip boundary conditions
were defined.

» Gravity was not accounted for [45].
* The sewing cuff was not included in the model [104].

* Continuity, momentum, turbulence parameters, maximum velocity,
transvalvular pressure drop, leaflet force and shear stress were used to
assess convergence.

* In some cases, the unsteady solver was implemented to obtain a steady
state solution.

5.1.3 Mesh Properties

The fluid domain was discretised with prismatic cells at the wall boundaries and an
unstructured polygon mesh for the remainder of the domain. The mesh was refined
in the vicinity of the valve, as shown in Figure 56. A mesh convergence study was
conducted to ensure that the results are independent of the mesh size. The study
is presented in Appendix E.1 and the resultant mesh properties are listed in
Table 21. The base cell size was 1.2 mm and the smallest leaflet surface cell size
was 0.024 mm. A similar mesh independence approach was applied in [33].

The pressure drop for fully developed internal pipe flow with simple geometries and
constant hydraulic diameters can be calculated analytically [31], which was done
to verify the CFD. In this case, the analytical equations only apply to a very small
section of the upstream region. In smooth tubes and if gravity is neglected, the
pressure loss is purely due to viscous effects. In [31], fully developed turbulent flow
is accepted for Re > 10* and laminar flow is accepted for Re < 2 300. However, in
many applications, flow can become fully turbulent earlier. Following a
conservative approach, flow with Re > 4 000 can be treated as turbulent. For the
simulated conditions, Re = 6 000; therefore, some variation between the CFD and
the analytical calculations can be expected. The explicit first Petukhov equation
was used to calculate the friction factor for turbulent flow (valid for
3 000 < Re < 5 x 10°) [31]. The analytically calculated pressure drop over a short
section in the upstream region was 6.62 Pa, compared to the numerically
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computed pressure drop of 6.19 Pa over the same length. This was assumed
acceptable.

5.1.4 Summary of Analyses

A series of simulations were conducted by varying design parameters. A brief
overview of each analysis is provided.

5.1.4.1 Open Leaflets

The motion analysis revealed variation in leaflet motion and maximum open angle.
Steady state models of the 40° and 50° trileaflet valves and the bileaflet valve were
created at five different maximum open angles, ranging from 70° to 90°. The aim
was to determine the effect of the leaflet open angle on the flow field. Simulations
of stationary leaflets at various maximum open angles were conducted (Figure
57a). The hinge geometry was not included in the model. The longitudinal planes
of the valves are defined in Figure 57b —c.

(a) Open angles (b) Trileaflet valve (c) Bileaflet valve
Figure 57:  Open valve geometry

5.1.4.2 Housing Length

Two different housing lengths were modelled to analyse the effect on the bulk flow
parameters. The normal housing length (Figure 58a) is based on the On-X valve
design. The shorter housing length (Figure 58b) has a reduced length downstream
of the hinges. Hinge geometry was neglected. The aim was to investigate the claim
that the optimised housing length promotes laminar flow.

(a) Normal downstream housing length (6 mm) | (b) Shorter downstream housing length (2 mm)

Figure 58: = CFD models indicating housing geometry comparisons
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5.1.43 Leaflets Edges

The rounded edges of the leaflets were slightly modified to reduce flow separation
at peak systole (refer to Figure 59a and Figure 59b). Two leaflet designs were
evaluated. The leaflets were modelled in the fully open position. Hinge geometry
was neglected.

R0.2 RO.4
\ \

R0.22

(a) Original leaflet edge geometry (b) Modified leaflet edge geometry
Figure 59: = CFD models indicating leaflet geometry comparisons

5.1.4.4 Closed Leaflets

The valves were modelled in the closed position to determine maximum velocity at
peak backflow conditions. One of the closed models is shown in Figure 60.
Analyses were conducted for all five valves (i.e. the 40° and 50° trileaflet valves
with both hinge configurations as well as the bileaflet valve). Leaflet and housing
geometries were not modified or scaled; gaps ranged between 50 — 100 um. The
hinge geometries were included. The dimensions of the total prism layer and the
near-wall prism layer were modified.

(a) Full 3D closed model (b) Valve detil
Figure 60: 3D CFD model of the closed valve

5.1.5 Results and Observations

For each simulation, the effect on the bulk flow was analysed. Planar results are
mainly presented (refer to Figure 57). For the sake of brevity, the results are also
compared to literature and observations are highlighted in this section. Results are
summarised in §5.1.6.

5.1.5.1 Open Leaflets
The maximum wall y* values varied between 0.6 and 0.9. Velocity magnitude
streamlines as well as contours on two axial planes downstream of the valve are

shown in Figure 61. The first plane is located within the sinus region, 8 mm
downstream of the top of the valve housing. The second plane is 30 mm
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downstream of the housing. The 75° and 85° results are shown in Appendix E.2
(Figure 103). As the orifice decreased in size, the maximum downstream velocity
increased and the flow was more chaotic. The streamlines show the effect of the
increased obstruction to the flow; the flow is disorderly, swirling flow structures are
present and large velocity gradients are observed. This contributes to an increase
in turbulence and higher shear stress in the fluid. This increases the likelihood of
coagulation and haemolysis. Thrombus formation is promoted in the recirculating
regions. The results show that the fastest flowing fluid develops around the 50°
trileaflet valve. The streamlines and velocity magnitude, as the maximum open
angle decreased, correspond with the results of a computational study of a
dysfunctional bileaflet valve that fails to open completely [109].

Velocity magnitude [m/s] 0.0

(a) 40° Trileaflet (b) 50° Trileaflet (c) Bileaflet
Figure 61:  Velocity results at various open angles (1)

Figure 62 shows the WSS results (the 75° and 85° results are shown in
Appendix E.2 (Figure 104)). WSS increased as the open angle decreased. The
maximum WSS was observed on the leading edges of the leaflets. A larger region
of high stress was observed on the leaflets’ leading edges as the size of the orifice
decreased. WSS on the trailing edges of the leaflets and on the edges around the
hinges increased as the open angle decreased. WSS on the housing surface also
increased as the open angle decreased. At 70°, the housing WSS was the greatest,
particularly at the hinge regions and where the leaflet edges are near the housing.
High shear stresses on the inlet side of hinge build-outs were observed. The results
agree with the results reported in [109]. To reduce the WSS in these regions, the
build-outs should be tapered towards the valve inlet and outlet, with the maximum
width at the hinge recesses. The change in geometry should be smoother. A similar
approach should be followed for the C2 type valves, with gradually expanding
protruding geometries.
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WSS [Pa] 0.0
90°

104.0 156.0 208.0 260.0

(b) 50° Trileaflet
WSS results at various open angles (2)

(a) 40° Trileaflet
Figure 62:

(c) Bileaflet

Velocity profiles at the intersection of the YZ plane and the axial planes are shown
in Figure 63 to Figure 65 (also refer to Appendix E.2). At 90°, the maximum
downstream velocities were comparable for all the valves. As the maximum open
angle decreased, there were some differences in the maximum velocity. At 70°,
the bileaflet valve had the lowest downstream velocity; the 50° trileaflet valve had
the highest downstream velocity. The maximum velocity results differ by less than
0.5 m/s at 8 mm downstream. Just as the velocity streamlines in Figure 61 show,
flow uniformity deteriorated further downstream and as the open angle decreased.
The characteristic triple jet pattern of the bileaflet valve is observed. This type of
profile results in larger velocity gradients, leading to the development of higher
shear stresses. The trileaflet valves generated a single central jet, which is
physiologically representative.
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Figure 65: Downstream velocity profile at 70° open

The results were compared to published results in terms of patterns and, where
possible, magnitudes. The triple jet pattern of the bileaflet valve is widely
documented [109, 115, 147, 148 and 155]. The 85° bileaflet valve results (Figure
105 in Appendix E.2) compare well, in terms of profile and magnitude, to a study
of a bileaflet valve conducted at peak systole in the fully open position of 86° [108].
Maximum velocities of 1.22 —1.4 m/s are reported. The bileaflet results also
correspond with other CFD results; maximum velocities of 1.8 m/s at peak flow for
a 27 mm valve are reported and the same triple jet pattern is observed [100]. The
triple jet pattern is seen in other computational studies with velocity magnitudes at
peak systole of 1.72 m/s and 1.38 m/s reported in [45] and [93] respectively. The
trileaflet results could only be compared to the TR/ valve, which reports a maximum
velocity of 1.55 m/s at peak systole [45]. The velocity profile at different stages of
the cardiac cycle in [45] are similar to the results presented in this report, taking
cognisance of the differences between the two studies.

Vorticity and pressure results are presented in Figure 66 and Figure 67 (also refer
to Appendix E.2). Vorticity increased as the open angle decreased. Regions of high
vorticity were larger and extended further downstream at 70°. If the valve fails to
open completely, there is more flow obstruction and the leaflet wake is large. For
the bileaflet valve, vortices developed in the centre of the aorta; for the trileaflet
valves, vortices developed near the aortic walls. Higher levels of vorticity were
noticed for the 50° trileaflet valve. The vorticity contours and magnitudes of the
trileaflet and bileaflet valves correspond with the results of the TR/ valve [45].
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(a) 40° Trileaflet (b) 50° Trileaflet (c) Bileaflet
Figure 66:  Vorticity results at various open angles (1)

The pressure results can offer an explanation for the incomplete valve opening that
was observed experimentally, for both the bileaflet and trileaflet valves. At smaller
open angles, the pressure on the upstream side of the leaflet surfaces was greater
than the pressure on the downstream side of the leaflet surfaces. The net pressure
force created a moment about the leaflet’s rotational axis that resulted in opening.
However, as the open angle increased, the pressure difference between the
upstream and downstream leaflet surfaces decreased. This results in either a
smaller moment about the leaflet’s rotational axis or even a moment that causes
partial closure of the leaflets.

Total pressure [Pa] -2200.0 -1320.0 -440.0 440.0 1320.0 2200.0

90°

=

(a) 40° Trileaflet (b) 50° Trileaflet (c) Bileaflet
Figure 67: Pressure results at various open angles (1)

The pressure drop at peak systole is shown in Figure 68a. The 40° trileaflet valves
had the smallest pressure drop, but the difference between the valves decreased
as the total open angle increased. The results vary from the experimental results
(Figure 36a). The CPD tests were conducted over a full cardiac cycle and the
results refer to the average pressure drop during forward flow. Comparisons to the
CPD test results are meaningless for the steady state simulations. The bileaflet
pressure drop compares well with the steady state in vitro results presented in [99].
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The tests were conducted at 25 L/min on bileaflet valves with an internal diameter
of 24.2 mm and maximum open angle of 85°. The measured pressure drop to
97 mm downstream was 1.4 mmHg. The computed pressure drop at peak systole
for 21 mm bileaflet valves varied between 2.49 — 3.95 mmHg in [155]. A larger
pressure drop is expected for a smaller valve.

The maximum velocity magnitude in the fluid domain is plotted in Figure 68b. At
70°, the difference between the velocity magnitudes was the greatest. The fluid
around the 50° trileaflet valves had the highest velocity. The fluid velocities of the
bileaflet and 40° trileaflet valves were similar. The velocity results from literature

(previously discussed with reference to Figure 63 to Figure 65) are consistent with
the results presented in Figure 68b.
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Figure 68:  Pressure drop and maximum velocity magnitude results

The average WSS is plotted in Figure 69a. The results between the different valves
are comparable, with a smaller difference as the open angle increased. The highest
WSS was observed at the leading edge of the leaflets. The average WSS results
are dominated by the low WSS (< 10 Pa) over the majority of the leaflet surface.
Presenting the results in this form can be misleading. However, peak WSS results
can also be misleading. As an artefact of the numerical model, some isolated cells
can have very high WSS values. To overcome this problem and not to

misrepresent the results, the average WSS over the leading edge was computed
and is shown in Figure 69b.
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Figure 69:  Average WSS CFD results
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In [65], the average WSS over the leaflet surface of different bileaflet valves for a
simulated cardiac condition of 4 L/min, range between 19 — 24 Pa. The fully open
position of the bileaflet valves is 85°, but it is reported that the valves did not open
completely. The maximum stress locations correlate with those reported in [109].

5.1.5.2 Housing Length

The pressure and velocity results at peak systole were not affected by the housing
geometry. The velocity profiles on the downstream axial planes were analysed in
the same manner as before and a difference was not observed, neither in terms of
magnitude nor profile shape. The maximum turbulent energy (Figure 70a) gives an
indication of the turbulence intensity [147] and the energy dissipation rate (Figure
70b) can be used to quantify damage to erythrocytes and platelets [32, 158]. Figure
70 shows that the longer length housing seemed to promote downstream laminar
flow.
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Figure 70:  CFD results of different housing geometries

The effect of the housing length is displayed more clearly on the scalar vorticity
and velocity plots, shown in Figure 71. At 90°, a large difference in the results was
not observed. At 75°, there was a distinct difference. Higher levels and larger
regions of vorticity are seen. The longer housing maintained a more uniform central
jet.
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Figure 71:  Effect of housing geometry on the flow field

5.1.5.3 Leaflets Edges

The maximum wall y* values varied between 0.62 and 0.94 for the different
configurations. An effect on the maximum WSS, which is considered one of the
major determining factors of valve performance, was not observed. The WSS
results for both geometries were almost identical to the results shown in Figure 69.
In both cases, the threshold for platelet activation was exceeded at the leading
edge. The streamlined leaflet did not have any effect at peak systole but can give
rise to high-speed leakage jets during diastole. The limitations of the model are
noted; small geometrical changes have a localised effect [59]. Bulk flow
parameters are not affected. The RANS models are not suitable for analysing the
effect of subtle changes on the flow field. A multi-scale approach is recommended.

5.1.5.4 Closed Leaflets

The maximum wall y* values ranged between 0.77 and 1.06. The maximum
velocity and WSS results at backflow conditions were much larger in comparison
to forward flow conditions, which is attributed to the leakage jets. Fluid velocity
magnitudes on an axial plane 1 mm from the ventricular side of the housing of
2 — 3 m/s were computed, which is comparable to results summarised in §2.4.3.
The maximum fluid velocity magnitude around the C1 type valves is comparable
to that of the bileaflet valve (Figure 72).The C2 type valves showed the highest
velocities (indicated in red). For all the valves, the highest velocity was observed
in the gap between the leaflets. To reduce the velocity, the gap between the leaflets
can be increased. However, this will increase leakage. CFD has previously been
used to analyse the velocity of the leakage jets of bileaflet valves and velocities of
14 m/s were computed [14]. This is comparable to the bileaflet results.
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The WSS results are also shown in Figure 72. For all the valves, the thresholds for
platelet activation and haemolysis are exceeded. The highest WSS results are
reported for the C2 type valves. For the bileaflet valve and the C1 type valves, the
maximum WSS developed at the rounded corners where the pivot ears protrude
from the leaflet and at the corresponding location on the valve housing. For the C2
type valves, the maximum WSS developed at the protruding parts of the housing
and the corresponding locations on the leaflets, as well as along the trailing edges
of the leaflets.
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Figure 72:  Velocity and WSS results of closed valves

5.1.6 Discussion

The results of the simulations conducted at peak forward and backward flow
conditions were compared to similar CFD studies in literature, where possible, in
the previous section to support the findings of this study. The outcomes indicate
an increase in fluid velocity, WSS, pressure gradient and vorticity if the valve fails
to open completely. In many cases, the difference between the 85° and 90° open
positions is small. This suggests that, although the valve should ideally open to
90°, some flutter or a smaller open orifice at lower CO conditions should be
acceptable. At the all open positions, the valves exhibited similar performance
characteristics. In most cases, the trileaflet valves performed at least as well as the
bileaflet valve. The trileaflet valves produced a more favourable downstream flow
pattern in the form of a single, central jet with more uniform flow. The 50° trileaflet
valves showed larger pressure gradients and higher maximum velocity and
vorticity magnitudes at peak systole in comparison to the 40° trileaflet valves.

The longer length housing outperformed the shorter housing by promoting more
structured flow downstream of the valve, even if the valve does not open
completely. The streamlined leaflet geometry at peak systolic conditions had a
negligible effect on the overall flow field. Based on these results, the housing and
leaflet geometries were not modified. The effect of small geometrical changes
should be analysed with a more detailed model, capable of capturing micro effects.

In the closed position, higher velocities were computed for the C2 type valves. The
velocities of the C1 and bileaflet valves were comparable. A more detailed
numerical model is required to analyse the hinge geometry accurately. A study that
focusses only on the hinge region is recommended to improve the current design.
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The CFD results were integrated into the performance requirements evaluation, as
shown in Table 15. The requirements analysis revealed that the 40° trileaflet 1
valve presents the most viable solution. The valve was further evaluated
computationally by including leaflet kinematics.

Table 15: Requirements analysis and evaluation (3)
Description Requirement
Performance requirements (§3.1.3.2) i ii iii iv v vi | vii | viii
40° Trileaflet 1 v v v v v N/A | v
40° Trileaflet 2 v v x x x x | N/A| %
50° Trileaflet 1 v v | v | v | Y| % |NA
50° Trileaflet 2 v v v v v x | N/A| %

5.2 Prescribed Motion Simulations

A prescribed motion analysis of the 40° trileaflet 1 valve was conducted. The
computing requirements to conduct a DNS or LES analysis of the full HVR with
physiological input conditions and 5 L/min CO proved to be unachievable;
explanation shown in Appendix E.3. Using RANS models for FSI heart applications
has previously shown to result in inaccuracies. A prescribed motion analysis can
overcome this problem. Asymmetrical motion, flutter, friction at the hinges, cyclic
variation and compliance are also accounted for. Additionally, numerical
instabilities linked to the small moment of inertia of the leaflets are avoided.

5.2.1 Computational Model

A computational model, similar to Figure 54, was created to simulate the trileaflet
heart valve in the simplified in vitro test environment. Figure 73 shows the model
in greater detail. The same planar definitions as Figure 57 apply.

. N 4

b A4

(a) CFD model showing a top |(b) CFD model showing| (c) Photograph of the valve in the
view of the valve the valve detalil physical test setup

Figure 73: 3D prescribed motion CFD model of the prototype valve

The inlet velocity was calculated based on the experimentally measured flow rate
(refer to Figure 34b). The upstream and downstream lengths were the same as the
steady state simulations. The boundary conditions and updated geometry are
indicated in Figure 74.
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Figure 74:  Geometry and dimensions of the CFD model (2)

Using the aforementioned physics (Table 14), the simulation was solved with an
implicit unsteady solver. The material properties of the fluid were adjusted
according to the experimental fluid properties.

5.2.2 Assumptions

The following additional assumptions were made:

 The motion of the leaflets was based on the HSV measurements. The
average motion of each leaflet, shown in Figure 40, was specified.

* The leaflet geometry was scaled by 97% and the hinge regions were
widened to increase gap sizes [45, 65, 93, 114, 120, 121]. The smallest
gap was 0.162 mm.

» To ensure that the results were periodically stable, the total simulation time
was sufficient to allow for four cardiac cycles [33, 45, 93]. A prescribed
motion simulation conducted on the 40° flat trileaflet valve design showed
that the results were independent of the inlet conditions before five cycles.
The cyclic results were monitored (refer to Figure 111 in Appendix E.4).

* The time step size was 0.5 ms during diastole and reduced to 0.091 ms
during systole (~40% of the analysis). Time step sizes for prescribed
motion analyses vary from 0.5 ms in [147] to 33 ms in [120]. With a time
step size of 0.091 ms, rotation per time step was 0.25° (at peak leaflet
velocity). The Courant number was monitored.

5.2.3 Mesh Properties

The mesh was created based on the previous simulations. Using steady state
results to determine the mesh size for transient problems has been done before
[33]. The mesh properties are defined in Appendix E.4 (Table 22).

Overset, or overlapping, meshes were used to discretise the fluid surrounding each
leaflet. Overset meshes, explained in Appendix D.5, are useful for problems that
include motion as the need for remeshing the entire domain after each time step is
negated. The volume mesh is shown in Figure 75. The overset regions are shown
in greater detail in Appendix D.5 (Figure 98 to Figure 101). The volume mesh
consisted of 10 549 708 cells, which is larger than the CFD models reported in
literature [33, 45, 93, 108, 113, 120]. A large, refined mesh was required to ensure
coupling between the background and overset regions during the whole cardiac
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cycle. Due to narrow gaps and small prism cells at the boundaries, the size of the
cells in the leaflet-housing interface region were severely restricted.

Background
region

Overset
regions

(a) Background and overset regions

Boundary interface
mesh refinement

Valve mesh (0-08 mm)

refinement
(0.8 mm)

ownstream
mesh refinement

Mesh refinement (1 mm)

around leaflets and
hinges (0.5 mm)

(b) Refinement regions

Figure 75: 3D prescribed motion CFD volume mesh

5.2.4 Resulis

The Centre for High Performance Computing’s (CHPC) hardware [159] was used
to solve the analysis. Fifteen nodes, each consisting of 24 cores with 128 GB
random-access memory (RAM), were used. The central processing units (CPUs)
at the CHPC are Intel Xeon processors based on the Haswell microarchitecture,
with an InfiniBand (IB) interconnect between the nodes. One cycle of the
prescribed motion simulation with manual time step control took ~ 21 hours to solve
on 15 of the CHPC's nodes. The wall y* values remained below one.

Computed flow parameters are stored at the cell centroid [157]. Results can be
displayed based on the cell centroid values. By displaying the results in this way,
the entire cell reflects the computed cell centroid value. This is the most accurate
manner to report results. However, it can result in a staggered, discontinuous
appearance. Results can be smoothed using a distance-weighted interpolation
method to compute the flow parameters at the cell vertices. With smoothing, an
error at the mesh interface boundary was observed (refer to Figure 76).

Velocity magnitude [m/s] 0.0 0.46 0.92 1.4

(a) Non-smoothed velocity field

(b) Smoothed velocity field

Figure 76: Effect of smoothing on velocity results
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It was interpreted as an error that arises due to the interpolation between active
cells in overlapping regions on different sides on the overset boundary. The error
was only observed at the intersection of the overset regions and not at the
boundary between the overset and background regions. To overcome this
problem, different coupling interpolation methods were investigated, the hierarchy
of overlapping regions as defined when creating an overset interface was analysed
and additional mass conservation treatment was applied. The problem persisted.
Solving the problem by means of mesh refinement was not investigated. It was
decided to display non-smoothed results for consistency and accuracy. Some of
the results presented appear discontinuous. This highlights flaws and identifies
regions where further mesh refinement is required.

The pressure, velocity and stress results were analysed at various time points
during the cardiac cycle, as shown in Figure 77. Point 1 corresponds to the start of
opening; 2 is at approximately mid-opening; 3 is when the leaflets are fully open; 4
is at peak systole; 5 is just after the leaflets start to close; 6 is at peak backflow; 7
is when the leaflets are completely closed and 8 is after valve closure. The results
of the fourth cardiac cycle are presented.
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Figure 77:  Aortic flow rate and leaflet positions over one cardiac cycle

Figure 78 compares the HSV leaflet position results to the CFD results and shows
the velocity field and RSS on two axial planes (RSSyx;) at positions 2, 4, 6 and 7.
The maximum RSS, also referred to as the major RSS, results were calculated and
are shown. The RSSy; results are shown on two different scales. The first scale is
based on the threshold for haemolysis (600 Pa) and the second scale is based on
the peak RSS value. The major RSS results on the XY (RSSy,) and YZ (RSS,,)
planes are shown in Figure 79, with the results also displayed on different scales.
For the RSS,, results, the first scale is based on the lower limit of the threshold
stress for platelet activation (10 Pa) and the second scale is based on the upper
limit (100 Pa). RSSy; scales are the same as the RSS,; scales. The results for the
other time points are shown in Appendix E.3 (Figure 112 and Figure 113).
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Figure 78:  Leaflet position, velocity and maximum RSS,, CFD results (1)
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Figure 79:  Maximum RSS,y and RSSy, CFD results (1)
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The maximum fluid velocity over the cardiac cycle is plotted in Figure 80a. The
maximum velocity during forward flow was 4.1 m/s, just prior to peak systole. The
maximum velocity during backflow was 2.2 m/s, which occured at leaflet closure.
Figure 80b shows the velocity profile downstream of the valve at peak systole.
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Figure 80:  Fluid velocity results

The forces exerted onto each leaflet during the cardiac cycle are shown in Figure
81. The peaks in Figure 81a correspond to the start of opening, peak systole and
leaflet closure. The shear force component of the total force is plotted separately
in Figure 81b. Maximum shear force occurred at peak systole and during leaflet
closure. Figure 81b confirms that the pressure force is the dominant force, as
assumed in Figure 24.
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Figure 81:  Force exerted onto the leaflets over one cardiac cycle

The average WSS on the leaflets’ leading edges and housing surface over the
cardiac cycle is plotted in Figure 82 and the development of the WSS over the
leaflet and housing surfaces is shown in Figure 83.
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Figure 83: WSS on the valve surfaces over one cardiac cycle

Additional results showing the development of the pressure and velocity fields over
the cardiac cycle are shown in Appendix E.4 (Figure 114 and Figure 115).

5.2.5 Discussion

A 3D CFD analysis with physiologically representative inlet conditions and
asymmetrical leaflet motion was conducted over four cardiac cycles on a rigid
trileaflet heart valve at high spatial and temporal resolutions. The mean computed
pressure gradient during systole was 7.5 mmHg and the EOA was 2.65 cm?. This
corresponds with the experimental results (8.2 mmHg and 2.50 cm?, in Figure 35a

and Figure 36a respectively).

The RSS magnitudes on all planes increased during opening and remained high
while the leaflets closed (Figure 78, Figure 79, Figure 112 and Figure 113). The
highest shear stresses developed around the central orifice jet, corresponding with
the locations of the maximum velocity gradients. From point 1 to 3, RSS,, was
above the platelet activation threshold but below the haemolysis threshold.
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Throughout the opening phase, the flow remained orderly, but some recirculation
was observed in the sinus region. The velocity vectors show that the leaflets had
a large wake at peak systole (point 4), due to failing to open completely. During
flow deceleration, the fluid was more disrupted. RSSyx, was higher further
downstream and the haemolysis threshold was exceeded. At point 5, vortices in
the aortic sinus were noticed (Figure 112). On the YZ plane, the limit for platelet
activation was always exceeded and the haemolysis threshold was exceeded from
point 4 onwards. A maximum major RSSy; value of 5 762 Pa was observed at valve
closure. The RSS,y results are smaller than the RSS,, and RSSy; results. RSSyy
remained below the platelet activation threshold (10 — 100 Pa) and only exceeded
the lower limit of the threshold while closing.

The RSS results for bileaflet valves are often reported on the YZ plane (i.e. the
longitudinal plane perpendicular to the leaflets’ rotational axes; refer to Figure 57).
The shear stress results of a 27 mm SJM bileaflet valve tested at 5 L/min CO are
reported in [34]. Shear stress was monitored to 35 mm downstream. Maximum
shear stress was observed at peak systole, 60 ms after peak systole and at valve
closure. At these times, major RSS values of up to 71 Pa are reported and large
regions of higher stress (> 30 Pa) are observed. In [30], RSS values of ~ 40 Pa are
reported for a 23 mm SJM bileaflet valve tested at 4.5 L/min CO at peak systole.
Higher shear stresses of 150 — 175 Pa on this plane for similar-sized bileaflet
valves tested at similar conditions have been observed [14, 100]. On the central
longitudinal plane parallel to the leaflets’ rotational axes, higher shear stresses of
175 — 200 Pa have been reported for bileaflet valves (< 15 mm downstream) [14,
100]. The RSS results in §5.2.4 suggest that higher stresses can develop on the
non-symmetry and axial planes as well as further downstream. In [100], it is stated
that 2D analyses (i.e. 2D CFD or 2D PIV) can underestimate the maximum stress
by up to 47%. For similar-sized tissue valves, maximum shear stresses of 347 Pa
and 400 Pa on the XY plane have been measured [14, 160] and 2 600 Pa major
RSS was measured for a 19 mm tissue valve (unspecified plane) [161]. In
literature, it is not always specified whether the reported stress values refer to the
maximum, coordinate invariant shear stress (i.e. major RSS), or not. In this report,
the major RSS results are presented. It has been shown that the coordinate
invariant shear stresses can be up to an order of magnitude larger [161].

The RSS,y results of the prototype trileaflet valve are lower than the stress values
from literature. The results compare favourably to the tissue valve results.
However, the RSSy, and RSSy, results are high and indicate that platelets and
erythrocytes will be damaged. In terms of magnitude, the results are most
comparable to [161], where high major RSS were measured. The RSS,, results
were compared to the TR/ valve results [149]. In [149], the shear stresses were
measured using 2D PIV. The results compare well in terms of the stress
development over the whole cardiac cycle, contours and locations of high stress.
However, the stress magnitudes of the TR/ valve are much lower than the values
shown in Figure 79 and Figure 113. This could be due to the material specifications
of the TRl valve, resulting in a slower, gradual closing motion, and manufacturing
specifications, resulting in a greater extent of opening and less leaflet flutter. The
2D measured stress compared to the 3D computed stress can also be a
contributing factor.
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The RNS results were analysed. On the YZ plane, the Z-component of RNS was
the same order of magnitude as the RSS and the Y-component was one to two
orders of magnitude smaller. The same trend was observed on the XZ planes. On
the XY plane, RNS was an order of magnitude larger than RSS. However, as stated
in §2.3.4, threshold RNS values do not exist for platelet activation or haemolysis.
Higher RNS have previously been reported [30, 32].

The maximum velocity (Figure 80) at peak systole is similar to the results discussed
in §2.4. The maximum velocity at backflow is less than the steady state simulation
results and published results (§2.4.3), due to the increased gap sizes. However,
the results are of the same order of magnitude. Analysing the leakage jets more
accurately requires a detailed microscale analysis without geometrical
simplifications. The velocity profiles indicate central flow. The central jet is narrow,
due to incomplete leaflet opening. Fluid flow is less uniform further downstream.

The leaflet shear force results are comparable to the leaflet shear force results of
a dysfunctional bileaflet valve [109]. The comparison shows that the shear force
exerted onto the leaflets of a trileaflet valve is not less than that of a bileaflet valve.
However, the shear forces exerted on the leaflets are very small.

Maximum leaflet and housing WSS were observed during the flow acceleration
phase (point 2 to 4). Maximum leaflet WSS developed on the edges on the
upstream surface of the leaflets. The average leaflet WSS over the leading edges
at peak systole was 109 Pa. At valve closure, maximum WSS developed on the
trailing edges and the average maximum WSS was 88 Pa. At the edges, the
threshold for platelet activation was exceeded. The WSS at peak systole will
reduce if the extent of valve opening increases, which is likely to be achieved if a
prototype is manufactured within the tolerance specifications.

The maximum housing WSS was observed on the leading and trailing edges of the
hinge build-outs, the edges of the hinge recesses, downstream of the hinge regions
and where the leaflets closely interface with the housing. The average maximum
WSS at peak systole was 100 Pa. At valve closure, maximum housing WSS was
observed in the region around the leaflets’ leading edges. The average maximum
WSS at valve closure was 31 Pa. The maximum housing WSS values are less than
the bileaflet WSS results reported in [109]. WSS will further reduce if the edges of
the hinge recesses and hinge build-outs are more streamlined and if the hinge
build-outs are tapered towards the inlet and outlet.

The limitations of this CFD analysis should be noted. The simulated model did not
exactly replicate the experimental setup. The CPD test setup was modelled as a
straight, rigid pipe with a simplified sinus geometry and the leaflets were scaled to
increase gap sizes. Turbulence was modelled using a RANS formulation. The
effect of the fluid on the solid structure was not considered and the leaflets only
had one degree of freedom. Despite these limitations, there was good correlation
with the experimental results. Most of the results, except some of the major RSS
values, are comparable to published results. This suggests that the hybrid CFD
prescribed kinematics approach can be followed to account for asymmetries as
well as other experimental variables and representative results can be obtained at
a significantly lower computational cost than DNS or LES.
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6 CONCLUSION

The primary aim of this study was to design a prototype mechanical HVR that
improves on the hydrodynamic performance of commercial HVRs. This is of
interest in developing countries, where a need for a durable, more affordable HVR
exists. Considering flexible valves are currently unable to meet these
requirements, mechanical HVRs remain the best solution for younger patients.

A literature review was conducted to 1) improve the understanding of the
functioning and performance evaluation methods (in vitro, in silico and in vivo) of
heart valves, 2) study the characteristics of commercial valves and 3) identify
important HVR design features. The holistic design approach highlighted the
complexity of valve design and detected leaflet and hinge geometries as well as
manufacturing specifications as important aspects.

Using this knowledge, several trileaflet valve concepts were generated. Designs
were restricted to the use of rigid materials. Different hinge mechanisms, sweep
angles, leaflet curvatures and assembly methods were considered. The concepts
were evaluated analytically to study the leaflet dynamics. Various manufacturing
methods, focussing on AM, were investigated and initial prototypes were
developed using SLA and DMLS technologies. The limitations in terms of
dimensional accuracy, surface finish and material variation were considered and
deemed appropriate for prototyping. The prototypes were subjected to preliminary
pulsatile flow tests to 1) determine whether the valves meet the most important
functional requirement, which is to open and close, and 2) assess the SLA and
DMLS manufacturing methods. The results indicated that four valve designs,
based on two hinge mechanisms and two valve profiles should be evaluated
further. The structural integrity of the valves with different leaflet profiles under
diastolic backpressure was assessed analytically and using FEM. Calculations
were also performed to determine the safety factor under the impact load at
closing. Based on the stress results and manufacturability, biocompatible titanium
with a pyrolytic carbon coating is recommended for final product development.

SLA technology proved to be better than DMLS for prototyping. Considering the
limitations of stereolithography, a reference bileaflet valve was also developed.
This eliminated the effect of material and manufacturing differences on test results
and enabled more accurate valve comparisons. An additional aim was to explore
the use of AM for final product development. Although AM is advantageous in many
ways, in its current state it does not seem to offer the complete solution for HVRs.

The hydrodynamic performances of the four prototype trileaflet valves and the
benchmark bileaflet valve were evaluated experimentally and computationally.
Using a CPD, the pressure gradient, EOA and regurgitant characteristics were
determined. The trileaflet valves exhibited a performance equivalent to or
exceeding that of the bileaflet valve but highlighted the shortcomings of the
manufacturing procedure in one case. The tests revealed that the benchmark
bileaflet valve was more prone to flutter, fracture and rebound upon closure. The
leaflet opening and closing times and velocities were calculated based on the HSV
data. The motion analysis showed significant cyclic variation, incomplete valve

Page 81 of 124



opening, continuous movement and asymmetrical leaflet motion. Most of the
trileaflet valves started closing before the bileaflet valve, suggesting that the
vortices do influence valve closure. The closing times of the valves were
comparable, but the 40° trileaflet 1 valve had the slowest closing time. However,
due to the valve profile, the linear velocities at the leaflet tip were not slower than
the bileaflet valve. Accounting for the asymmetries and large standard deviation,
the linear velocities of the bileaflet and 40° trileaflet 1 valves were comparable.

The numerical evaluations indicated that trileaflet valves generate more
physiologically representative flow fields, with less downstream disturbance and a
uniform central jet. The study showed the importance of complete valve opening
to create a more uniform flow field at peak systole. In terms of design, the housing
length based on the On-X design proved to be suitable and the 40° trileaflet 1 valve
demonstrated the best performance. However, geometries that should be
streamlined were identified. The limitations of RANS models to investigate small-
scale features were noted. The final prototype trileaflet valve was evaluated using
a prescribed kinematics CFD approach. Ideal conditions were assumed,
geometrical simplifications were made and only leaflet rotation was considered.
The computed pressure gradient and EOA compared well to the experimental
results and the velocities, leaflet forces and WSS showed good comparison to
literature, instilling confidence in the computational model. The major RSS;, results
were below the platelet activation RSS threshold. However, high major RSSy; and
RSS,, were computed. The large stresses are attributed to incomplete opening and
excessive leaflet flutter as a result of manufacturing imprecision. Comparisons to
literature are restricted due to the limited 2D RSS reported results.

A mechanical HVR design, evaluation and optimisation procedure, which can be
implemented for future use, was developed. This strategy was developed by
combining different technologies and collaborating with various stakeholders.

The study confirms the feasibility of the trileaflet valve concept. However, further
investigation is required. Recommendations for future work are:

» Develop and test (CPD, HSV and updated prescribed kinematics CFD) a
40° trileaflet 1 valve that satisfies the final product material and
manufacturing requirements and incorporates design recommendations. A
comprehensive tolerance stack-up analysis should be conducted before
commencement of production, keeping functional and performance
requirements in mind.

» Detailed analysis of the hinge regions and the effect of small geometrical
modifications and the two additional hinges of the trileaflet design
compared to the bileaflet design on the flow parameters (microscale CFD
analysis or experimental analysis).

» Further investigation of the use of overset meshes.

* RSS analysis on non-symmetrical and axial planes and whether there
exists a need to develop a RNS criterion as a HVR performance metric.

» Standardisation of CPD setups to improve inter-laboratory comparability.

* Increase the sample size of the experimental motion analysis conducted
with the use of a high-speed camera to reduce variability.
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Appendix A DESIGN AND PROTOTYPE DEVELOPMENT
A1 Failure Modes, Effects and Criticality Analysis

The aim of the FMECA was to identify critical design aspects to aid in developing
a reliable design. The severity and probability of each failure mode were classified
according to Table 16 and Table 17 respectively (both reproduced from [3]). The
criticality number is the product of the severity and probability scores. The analysis

is presented in Table 18.

Table 16: FMECA - severity classification
Effect Severity Description
7 Probable patient death regardless of intervention
Catastrophic 5 Probable patient death without immediate
intervention
5 Possible patient death or probable permanent
. disabling injury regardless of intervention
Critical : -
4 Possible patient death or probable permanent
disabling without immediate intervention
Serious Possible permanent impairment of bodily function
Minor Possible temporary impairment of bodily function
Negligible 1 Slight or no potential for patient injury
Table 17: FMECA - probability classification
Effect Probability Description
Very high 7 Causes occur often
High 6
Moderately Causes occur sometimes
high 5
Medium 4
Causes occur infrequently
Low 3
Very low 2 Causes occur rarely
Remote 1 Causes not expected to occur
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Table 18: FMECA of the prototype trileaflet aortic HVR
. . = . o | Failure Detection / Design | =
Part | Failure Mode Failure Effect 5 Failure Cause % verification g
@ a S
Housing |Rough or Platelet adherence (leading to a 4 |Incorrect surface tolerance 2 |Correct surface specification, 8
porous surface [thromboembolic event), calcification specification, presence of suitable manufacturing
surface impurities, poor quality processes, quality control
control measures
Fracture Embolism 5 |Brittle material, presence of 1 |Stress analysis (first order 5
stress raisers (e.g. cracks, calculations, FEA), fatigue
voids, impurities or geometrical testing
discontinuities)
Large Leakage 3 |Poor design, incorrect 2 |[Tolerance analysis, correct 6
clearances at manufacturing specifications or tolerance specification,
the hinges procedures characterisation of the
accuracy of manufacturing
processes
Hinge regions |Hinges that allow for a large range of | 4 |Poor design, incorrect 3 |Good hinge design and design | 12
motion resulting in a large closing manufacturing specifications or reviews, tolerance analysis,
volume, hinges that do not facilitate procedures CFD, in vitro tests, flow
slow, gentle closure generating high visualisation (PIV, HSV
levels of stress in the fluid and analysis)
structural components and noise,
geometrical discontinuities resulting
in flow stasis
Profile that Platelet activation and thrombus 4 |Poor design, incorrect 1 |Design reviews, CFD, flow 4
promotes formation, haemolysis manufacturing specifications or visualisation
turbulence procedures
Bio- Thrombus formation due to platelet 4 |Incorrect material specification | 1 |Select ISO 10993-1 compliant | 4
incompatible |reaction to foreign material, material
material calcification, material degradation
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>
= >
: . 2 . S | Failure Detection / Design | £
Part | Failure Mode Failure Effect 5 Failure Cause % verification g
& a S
Leaflet  |Rough or Platelet adherence, calcification 4 |Incorrect surface tolerance 1 |Correct tolerance specification, | 4
porous surface specification, poor quality suitable manufacturing
control process, quality control,
inspection
Fracture Embolism 5 |Locations of stress 2 |Stress analysis, fatigue testing | 10
concentration, load exceeding
design, weak / brittle material
Leaflet escape |[Embolism 6 |Locations of stress 2 |Stress analysis, fatigue testing,| 12
concentration, brittle material, in vitro testing, tolerance
incorrect tolerance analysis
specification, poor hinge design
Unable to Leakage 4 |Poor design, incorrect tolerance| 2 |/n vitro testing, tolerance 8
close or specification, inaccurate analysis, characterisation of
insufficient manufacturing process, poor the accuracy of manufacturing
sealing quality control processes, quality control
Unable to open|Large pressure drop, reduced EOA 4 |Tight fits, tissue overgrowth, 2 |In vitro testing, tolerance 8
completely calcification analysis, axially extended
housing to limit tissue growth
Bio- Thrombus formation due to platelet 4 |Incorrect material specification | 1 |Select ISO 10993-1 compliant | 4
incompatible |reaction to foreign material, material
material calcification, material degradation
Profile that Regurgitation 4 |Poor design, incorrect 2 |Design reviews, CFD, in vitro 8
results in a manufacturing specifications or testing, flow visualisation
large closing procedures
volume
Profile that Platelet activation and thrombus 4 |Poor design, incorrect 2 |Design reviews, CFD, in vitro 8
promotes formation, haemolysis manufacturing specifications or testing, flow visualisation
turbulence procedures
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A.2  Prototype Development

From the onset of the project, it was envisioned that AM technology will be utilised
to develop a functional model of the valve for concept evaluation purposes. AM
can be employed effectively to expedite the product development process by
allowing the comparison of multiple design concepts and rapid implementation of
design changes. This is generally more cost- and time-efficient than conventional
manufacturing methods. AM also offers more flexibility; it is not limited in terms of
design complexity in the same way as conventional machining methods.

For AM technologies, the resolution and quality of the print are dependent on the
printing technology and machine specifications. To produce high quality parts,
experimentation and characterisation of the machine are required. Different AM
technologies, namely fused deposition modelling (FDM), stereolithography and
laser-sintering, were investigated for prototype development. For each type of
process, test pieces were manufactured to gauge the accuracy of the machine.
There was experimentation in terms of part orientation, location of support
structures, clearances, wall thickness, materials, scaling and machine-specific
settings.

FDM printers operate by melting a solid filament and depositing a thin layer of the
melted material on a build platform [162]. Upon deposition, the material cools and
solidifies. Layer-by-layer, a solid part is formed. Figure 84 shows photographs of
the test pieces using different FDM printers. It was established that FDM was not
suitable for this application.

Figure 84:  FDM test pieces

Stereolithography, also known as resin printing, is an AM technology that uses
ultra-violet light to solidify a liquid photosensitive resin, layer-by-layer. The light
source can either be in the form of a laser beam, which is known as SLA, or a
projector, which is known as digital light processing (DLP) [162 — 164]. In SLA
printers, the laser rapidly traces the entire cross-section of the part, hardening the
resin as it moves. In DLP printers, the whole layer of resin is exposed to the ultra-
violet light and hardened at once. After fabrication, the part is further cured. Resin
printers can create more accurate and precise parts than other AM methods. SLA
printers can achieve smoother surface finishes compared to DLP printers. In DLP
parts, the individual layers are more distinct. The main post-processing that was
required for stereolithography-based parts was improving the surface roughness
at the locations of the support structure attachments. SLA and DMLS parts are

Page 97 of 124



shown in Figure 28 and Figure 85 respectively. DLP parts were manufactured at
CRPM. Note the rougher surfaces of the DLP parts.

C1 (07 ——

Figure 85:  DLP test pieces

Laser-sintering is a process whereby a laser melts and fuses a powder into a solid,
as the laser traces the cross-section of the part in sequential layers [162]. If a
metallic powder is used, it is referred to as DMLS. Metal additive manufactured
parts have very rough surfaces, therefore post-processing of is an integral part of
the manufacturing procedure. DMLS test pieces, which were manufactured at
CRPM, are shown in Figure 28 and Figure 86.

To be able to specify manufacturing tolerances, the accuracy of the machine had
to be quantified. The titanium laser-sintering machine at CRPM has not previously
been characterised in terms of machining accuracy (for dimensions < 50 um). This
is crucial for heart valve applications. A tolerance gauge was designed and
scanned using computed tomography (CT) to assess the accuracy of the machine.
Figure 86 shows some of the parts. Through an iterative process, the impact of
small design changes and different printing orientations on the print quality and the
valve assembly and operation were evaluated until a functional valve was
manufactured.

To improve the surface finish of the metal AM parts, the parts were first shot
peened and then subjected to a variety of sanding and polishing methods that
included the use of power tools and manual operations (e.g. sandpaper, water
paper, honing stones, needle files). Some of the post-processed leaflets are shown
in Figure 28. The process required some investigation to determine how much
material can be removed. This was especially difficult without the use of precision
measurement techniques. Furthermore, it was impossible to access small-scale
features (i.e. the interior of the recessed hinges and the small features of the
protruding hinges). Surface roughness at the hinges is critical to reduce friction,
thereby facilitating smooth motion and reducing wear, and to improve the
haemocompatibility.
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Hinge detalil

Figure 86:  DMLS test pieces (characterisation phase)

Conventional machining methods (waterjet and laser cutting) were also
investigated. However, due to the cost and time of precision manufacturing
techniques, conventional manufacturing did not seem to present a viable solution
for testing multiple prototypes. The parts were limited to simpler designs (e.g. flat
leaflets).

An alternative type of rapid prototyping process, vacuum casting, was considered
as a potential solution for the direct comparison of prototype trileaflet valves to
commercial bileaflet valves. The vacuum casting process involves creating a
silicone mould using a master part, which is typically a SLA part. A polyurethane
resin is poured into the mould under vacuum and set to oven-cure. Once solidified,
the casting is easily removed from the mould and the mould can be reused. The
cast parts have smooth surface finishes. The casting resin can be mixed with a
metal filler powder to alter the mechanical properties of the part, for example to
match the material properties (in terms of density) of commercial valves. However,
this option was not further pursued.
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Appendix C EXPERIMENTAL EVALUATION

CA1 Pulsatile Flow Tests

The ventricular and aortic pressure and aortic flow rate waveforms for each test
are displayed in Figure 87 to Figure 93.
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Figure 87:  Test 1 - CPD pressure and flow waveforms
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Figure 88: Test 2 - CPD pressure and flow waveforms
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Figure 89:

Test 3 - CPD pressure and flow waveforms (1)
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Figure 90: Test 3 - CPD pressure and flow waveforms (2)
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Figure 91:

Test 4 - CPD pressure and flow waveforms (1)
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Figure 92: Test 4 - CPD pressure and flow waveforms (2)
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Figure 93:

Test 5 - CPD pressure and flow waveforms
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The measured average output parameters are shown in Figure 94. Figure 94
confirms that the pulsatile flow tests were conducted in accordance with ISO 5840
and under approximately equivalent load conditions.
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Figure 94:

Average CPD test output parameters as a function of CO
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C.2 High-Speed Video Tests

Figure 95 and Figure 96 describe the total / average and maximum / fastest
velocity calculations.
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Figure 95:  Description of the HSV velocity calculations
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Figure 96:  Detailed description of maximum HSV velocity calculations
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AppendixD COMPUTATIONAL FLUID DYNAMICS

D.1 Conservation Equations

Differential form of the conservation equations of mass, momentum and energy
are presented in Equation 7 to Equation 12.

Continuity:
dp
— . . = 7
o¢ T 0ilpu) =0 (7)
p = density
t = time

u; = velocity
Conservation of momentum:

dpy;

P = pressure
Tj; = viscous stress tensor
F; = body force vector
For a Newtonian fluid:
2
0;7j; = _§ai(,u(akuk)) +20;(uSy;) (9)

1 1
Sij = Eaiuj +§6Jul (10)

Sij = strain rate tensor

U = viscosity

Momentum equations in Cartesian coordinates for a Newtonian fluid with constant
density and constant viscosity:

ou, ou, ou, ou,
p( gt Ty gy i az)
<6uy ou, ou, Buy>

0*u, 0%*u, 0%*u,\ OP
u + PGx

0x? + dy? + 022 ) ox

0%u, N 0%u, N 0%u, oP N 11
ox2  dy? = 9z2 dy P9y (11)

Il
=

Tt Mgy Ty Y,

<6uz N ou, N ou, N Buz) _ (0%u,  O%u, N 0*u,\ OP N
Pl THax "Wy T o) TH axe T ayz T as2 ) T a7 T PY-
Conservation of energy:

d 1, 1,

aile (e 43| +ofou (e 45| = —oa+ purro(rw) (12

q; = heat flux vector
T;; = stress tensor
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D.2 Discretised Conservation Equations

The conservation equations are converted from differential equations to a set of
algebraic equations using the finite volume method. The algebraic equations are
solved with a multigrid solver. For transient simulations, the total time is divided
into an arbitrary number of time steps. The size of the time step is problem-
dependent and affects the stability of the solution. Implicit solvers are
unconditionally stable; however, the time step affects the accuracy of the results.
The time step size is governed by the Courant-Friedrichs-Lewy (CFL) number. At
each time step an inner iterative loop was conducted ten times.

Each conservation equation is written in the form of a general transport equation,
defined in Equation 13, by integrating over a control volume [157]. The control
volumes are 3D polyhedral elements that do not overlap and discretise the entire
fluid domain (with prismatic cells at the wall boundaries). The general transport
equation is.

%fv qudv+fS pvqbda=fS rv¢da+fv Spdv (13)

¢ = any scalar property (e.g.u,v,w or E)
V = control volume
S = surface area of control volume
a = surface vector
I' = diffusion coefficient

The terms of the transport equation are the 1) transient term, which refers to the
time rate of change of fluid property, ¢, within the control volume, 2) convective
flux term, which is the rate of decrease of the fluid property as a result of convection
across the control volume’s boundaries, 3) diffusive flux term, which is the rate of
increase of the fluid property as a result of diffusion across the control volume’s
boundaries and 4) Source / sink term, representing the creation / loss of the fluid
property within the control volume.

For each cell, the surface integrals are solved by the product of the quantity of
interest at the midpoint of the cell face and the surface area of the cell face and
summing over all the faces of the cell. The cell face centre is the area-weighted
centre of the face. If the quantity at the centre of the cell face is not known, the
value is approximated from adjacent cell centre values by interpolation (second
order accurate methods). Variable gradients at cell- and face centres are
calculated using a hybrid Gauss-least squares method. The source / sink term is
calculated as the product of the average creation / loss value within the cell and
the volume of the cell. This results in the semi-discrete transport equation
(Equation 14).

d
aquv=—qub(v-a)+er(;z>-a+s¢,v (14)
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The transient term is solved implicitly (first order accurate):

d (V)™ — (ppV)"
al? = At

The updated transported variable at cell P, ¢,,, is solved by:

¢, = ¢,  + Ap, (16)

Where:

Dagy+ ). andby =R (17)

Ap, = j—p(R - ZNaNM’N)

o = under relaxation factor
ay, ay = coefficients obtained from the discretised terms
N = all the neighbouring cells of cell p
R = residual

The residual, which is zero for the exact solution, is the transport equation:

R=—[%p¢V+qu§(v-a)—ZFV¢-3—S¢V]zO (18)

The linear algebraic equations can be written in matrix form, Ax = b, and solved
using an iterative method, namely Gauss-Seidel. A is the matrix of coefficients
(ap, ay), x is the vector of unknowns (A¢,) and b is the residual vector (R). Using

a segregated solver, the mass and momentum conservation equations are solved
sequentially.

For transient problems, the algorithm iterates to converge at each time step (inner
loop) before progressing to the next time step (outer loop) until the solution end
time is reached. The solution procedure is shown in Figure 97.

Update x" — Xis1"

s Initialise  Solvetransport || Calculate
\_ Start 7 ‘{ variables (x,""®) equations equilibrium ‘
|\I|o X — x " l
I
End e ty=tgg? e OPIACCFD g Comver |
P , model .gence?

Figure 97:  CFD solution procedure (implicit analysis)
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D.3  Turbulence Modelling

The Reynolds-Averaged Navier-Stokes equations are derived based on the
assumption that in the turbulent flow regime, a fluid property, ¢, can be

decomposed into its mean (ensemble average for transient problems), ¢, and
fluctuating components, ¢’ [157]:

b=+ (19)

Substituting this into the Navier-Stokes equations results in Equation 20 and 21.

ap _

=+ 9i(pm) = 0 (20)
apt,
TI + 6j(pujul) = pFL - aLP + a](’[jl + Tt) (21)

An additional term, T;, appears in the momentum equation. This is known as the
Reynolds stress tensor and is defined as:

uu’ uv u'w
Ti=—p|uv Vv vw (22)

uIWI VIWI WIWI

The Reynolds stress tensor is modelled using eddy viscosity models.

2
T, =2pS - 3 (1 V-l (23)

U = turbulent eddy viscosity
S = mean strain rate tensor

The turbulent viscosity is calculated based on the K-Omega (k-w) model.

pe = pkT (24)

k = turbukent kinetic energy
T = turbulent time scale

The turbulent time scale is a function of the specific dissipation rate, w. The
transport equations for k and w are defined by the model and are solved to
calculate y;.

D.4 Wall Treatment

The velocity boundary layer is the layer of fluid adjacent to solid boundaries [31].
The boundary layer can be divided into four regions; 1) viscous sublayer, where
the flow is dominated by viscous effects, therefore considered laminar, and the
fluid in direct contact with the wall boundary has zero velocity due to the no-slip
boundary condition, 2) buffer layer, where viscous effects continue to dominate,
3) overlap layer, where both viscous and turbulent effects dominate and 4) the
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turbulent region, where flow is governed by the turbulent effects of the bulk flow.
Flow near walls can be solved using the methods summarised in Table 19 [157].

Table 19: Various wall treatment methods

The viscous sublayer is solved exactly, which requires a sufficiently fine
Low y+ | mesh near the wall. Wall shear stress is calculated as in laminar flows. Valid
fory+=~1.

Wall functions are used to model the viscous sublayer. Coarser meshes are

Al allowed, offering a computational advantage. Valid for y+ > 30.

Hybrid method that uses low y* treatment for fine meshes and high y+

Ally+ treatment for coarse meshes.

D.5 Overset Meshes

Overset meshes, or overlapping meshes, are useful for problems with that include
motion of solid bodies [157]. The general procedure for overset meshes is
summarised as follows:

i. A background mesh is created, representing the fluid domain.

i. A separate mesh, that overlaps the background mesh, is created around a
moving body. The overlapping mesh is known as the overset region.
Multiple overset regions can be created.

ii.  Coupling between the background region and the overset region is defined
by an overset mesh interface boundary condition. Coupling is also specified
for overlapping overset regions. For effective coupling between regions and
to reduce interpolation errors, the cells in the overlapping regions must be
the same size at the overset boundary.

Cells in the background and overset meshes are classified as either active,
inactive, donor or acceptor. The governing algebraic equations are solved normally
for active cells in each region. The inactive cells do not take part in the simulation.
The inactive cells are identified as the cells in the background region with cell
centroids overlapped by the overset region. For a problem that includes motion,
the active and inactive cells at each time step will change as the overset region
moves. Therefore, it is more suitable to view the inactive cells as passive cells.

The acceptor cells separate the background’s inactive cells from the active cells,
which forms a boundary around the overlapping region. The donor cells surround
the overset region’s active cells. The exchange of information occurs between the
acceptor and donor cells. The donor cells provide data from the overset region to
be transferred to the background region. The acceptor cells in the background
region receive information from the nearby donor cells. The contribution of each
donor cell to an acceptor cell is dependent on the interpolation method. The
process is reversed to transfer information from the background region to the
overset region. For this study, linear interpolation shape functions were selected to
determine the donor cells for each acceptor cell.
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Figure 98 shows a planar view of the CFD model att = 0 s. The background region
models the majority of the fluid domain and is representative of the experimental
test setup. A separate overset region encloses each leaflet. The same motion
condition is specified for each overset-leaflet pair; therefore, the overset region
rotates with the leaflet.
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Figure 98: CFD model showing the overlapping meshes on the YZ plane

Each region is distinguished in Figure 99 (YZ planar view). The overlapping
meshes are shown in Figure 99a. The overset regions overlap the background
region as well as the other overset regions. Once the overset condition is activated,
the volume mesh is created, which is shown in Figure 99b. The coupling boundary
between each region is established and the inactive cells are not displayed.

Background
region

*Overset
region 3 Overset

region 2

(a) Overset mesh (b) Volume mesh

Figure 99:  Background and overset regions

Figure 100 and Figure 101 show the cell types of the background and overset
regions. Green, blue and red indicate active, communicator and inactive cells
respectively. The communicator cells either donate or accept information, to or
from overlapping regions.
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Figure 100: Cell status of the background region

In Figure 101, all three overset regions are shown. Each region has its own active,
inactive and communicator cells. The communicator cells exchange information
with the background region as well as the other overset regions, forming multiple
coupling boundaries. Visualisation of the individual overset regions is challenging
due to the overlapping of the regions.

Figure 101: Cell status of the overlapping overset regions
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Appendix E NUMERICAL EVALUATION

E.1 Mesh Independence Study

Following the same approach as in [33], the mesh convergence study was
conducted at peak systole, with steady state conditions and stationary leaflets (fully
open position). The mesh density was varied, as listed in Table 20, and the effect
on certain flow parameters was analysed.

Table 20: Mesh specifications of the mesh independence study
Mesh size
Very Inter- . .
Mesh property coarse Coarse mediate Fine Very fine
Base cell size [mm] 2 1.4 1.2 1 0.8
Number of cells 2403746 | 3743865 | 4450897 | 5330743 | 6116 242

The parameters of interest that were monitored are maximum velocity in the flow
field and pressure drop (from 30 mm upstream to 85 mm downstream of the valve).
The results of the mesh independence study are plotted in Figure 102.

2 T T T T T T T T 1.5

Pressure drop [mmHg]
Maximum forward velocity [m/s]

65
%108

Results of the mesh independence study

3.5 4 45 5 55 6
Number of cells

2 2.I5 3I
Figure 102:

Based on the outcome of the mesh independence study, the intermediate mesh
with a 1.2 mm base size was selected. The mesh properties are listed in Table 21.
The values apply to the 40° trileaflet valve at 90° open. The same mesh properties
were applied to the other cases, although the total cell count differed based on the
valve configuration.
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Table 21: Steady state CFD mesh properties

Valve Downstream
Mesh property Upstl_'eam refinement refinement Downs_tream
region region region region

Maximum cell 1.2 0.6 1 12
size [mm]

INo. of prism 10 10 10 10
ayers

Total prism layer 0.75 0.4 0.75 0.75
thickness [mm]

Thickness of 0.01 ?5

near-wall prism 0.04 (housing) 0.04 0.04
layer [mm] 0.009 (leaflets)

Mesh extrusion 140 (average i i 50 (average
properties [mm] cell size 1.87) cell size 1.43)

E.2 Steady State Simulation Results

Figure 103 shows the velocity magnitude streamlines and contour plots at 8 mm
and 30 mm downstream at various open positions.

Velocity magnitude [m/s] 0.0 0.46 0.92 14 1.80 2.30

(a) 40° Trileaflet (b) 50° Trileaflet (c) Bileaflet
Figure 103: Steady state velocity results at various open angles (2)

The maximum housing and leaflet WSS at various open positions is displayed in
Figure 104.
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WSS [Pa] 0.0 52.0 104.0

156.0

208.0

260.0

85°

(a) 40° Trileaflet

(b) 50° Trileaflet

(c) Bileaflet

Figure 104:

WSS results at various open angles (2)

Velocity profiles of the 85° and 75° open positions are shown in Figure 105 and
Figure 106 respectively.
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The vorticity magnitude on a longitudinal plane of the valves for various open
angles are shown in Figure 107. Figure 108 shows the total pressure on a
longitudinal plane at various open angles.

Vorticity magnitude [/s] 0.0
85°

(a) 40° Trileaflet (b) 50° Trileaflet (c) Bileaflet

Figure 107: Vorticity results at various open angles (2)
[
Total pressure [Pa] -2200.0 -1320.0 -440.0 440.0 1320.0 2200.0

85°

i

9
AL

(a) 40° Trileaflet (b) 50° Trileaflet (c) Bileaflet

Figure 108: Pressure results at various open angles (2)
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E.3 LES Mesh Requirements

The results from the steady state open and closed analyses were used to get an
indication of the surface cell size requirements to perform a LES analysis, where
large-scale eddies are solved and small-scale eddies are modelled. The
Kolmogorov length scale represents the smallest energy dissipating eddies in
turbulent flow [30, 115, 157]. The Taylor microscale is representative of the
intermediate-sized eddies [32, 93, 157]. Creating a mesh where the average cell
size is larger than the Kolmogorov length scale yet smaller than the Taylor
microscale, should result in a sufficiently refined mesh for a LES analysis [157], at
least as a first order approach. Figure 109 displays the Taylor microscale on the
wall surfaces in the fully open and fully closed positions for the 40° trileaflet 1 valve.
The results indicate that the maximum LES mesh requirements over the full cardiac
cycle range between 1.4 — 24 ym.

Figure 109: Taylor microscale of the open and closed CFD models

Closed

Taylor Microscale [mm]
1

-
0.00142 00059  0.0104 0.0148 00193  0.0238

To determine the feasibility of solving the problem using LES, a mesh based on
the Taylor microscale was created. However, the minimum cell size was still an
order of magnitude larger than required. The following modifications were made to
the mesh settings as previously defined for the steady state simulations:

» Surface mesh refinement of 0.01 mm in the housing region and a surface
mesh refinement of 0.05 mm in the upstream and downstream regions. The
refinement regions are indicated in Figure 110.

* Overall prism layer height of 2 mm with a 0.08 mm near-wall cell. Custom
prism layer settings for leaflets remained unchanged.

+ Base cell size of 1 mm.

* Upstream and downstream mesh extrusion parameters were adjusted to
include more cell layers so that the cells have an aspect ratio of
approximately one.

Upstream Housing Downstream
refinement efine refinement

Figure 110: LES mesh refinement regions
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The LES mesh was generated using ten nodes at the CHPC. The hardware is the
same as previously described. It took just over four hours to create the LES mesh,
which had a total of 110 898 716 cells. These mesh conditions are larger than the
Taylor microscale specifications, so to conduct a LES analysis, even more cells
will be required. The model did not include overset mesh regions to accommodate
leaflet motion, which will further increase the total cell count. Based on this, it was
concluded that LES is not currently a feasible method to solve the problem.

E.4 Prescribed Motion Simulations

The prescribed kinematics CFD model’s mesh specifications are listed in Table 22.

Table 22: Prescribed motion CFD mesh properties
Valve Downstream
Mesh property UPStTeam refinement refinement Downs_tream
region region region region
Maximum cell 1.2 0.8 1.0 1.2
size [mm]
No. of prism 10 10 10 10
ayers
Total prism
layer thickness 0.75 0.4 0.75 0.75
[mm]
Thickness of 0.0025 (housing)
near-wall prism 0.03 0.000125 0.018 0.018
layer [mm] (leaflets)
Mesh extrusion | 140 (average i i 60 (average
properties [mm] | cell size 1.87) cell size 1.62)

The maximum velocity magnitude of the fluid is plotted in Figure 111. The results
confirm that the solution was periodically stable. Figure 112 and Figure 113 show
the velocity and RSS results at various time points during the cardiac cycle.
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Figure 111: Velocity magnitude over four cardiac cycles
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Velocity magnitude [m/s] 0.0 0.46 0.92 1.4 1.80 2.30
RSS,, (scale 1) [Pa] 0.0 120.0 240.0 360.0 480.0 600.0
RSS,, (scale 2) [Pa] 0.0 1100.0 2200.0 3300.0 4400.0 5500.0 /

(c) RSSxz and velocity | (d) RSSxz and velocity

(a) Leafiet position streamlines (scale 1) streamlines (scale 2)

(b) Velocity vectors

Figure 112: Leaflet position, velocity and maximum RSS,, CFD results (2)
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Figure 113:

Maximum RSS,, and RSSy,; CFD results (2)
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The pressure results on the YZ plane and the velocity results on the XY plane are
presented in Figure 114 and Figure 115 respectively.

- ]
Total pressure [Pa] -2200.0 -1320.0 -440.0 440.0 1320.0 2200.0
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Figure 114: Pressure field on the ZY plane over one cardiac cycle

Velocity magnitude [m/s] 0.0 0.92 14 1.80 2.30

0.46
1l 2l
5l 6l

Figure 115: Velocity field on the XY plane over one cardiac cycle
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