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Abstract

For the last two decades heart disease has bedmgthest single cause of death for
the human population. With an alarming number atigmts requiring heart
transplant, and donations not able to satisfy tleenahd, treatment looks to

mechanical alternatives.

Rotary Ventricular Assist Devices, VADs, are mini@ pumps which can be
implanted alongside the heart to assist its pumgpumgtion. These constant flow
devices are smaller, more efficient and promisergér operational life than more
traditional pulsatile VADs. The development ofaigt VADs has focused on single
pumps assisting the left ventricle only to supgdiyol for the body. In many patients
however, failure of both ventricles demands thaaddaitional pulsatile device be used
to support the failing right ventricle. This cotidn renders them hospital bound
while they wait for an unlikely heart donation. feeted attempts to use two rotary
pumps to support both ventricles concurrently hawarned of inherent
haemodynamic instability. Poor balancing of thenpg’ flow rates quickly leads to
vascular congestion increasing the risk of oedemd wentricular ‘suckdown’
occluding the inlet to the pump. This thesis idtroes a novel Bi-Ventricular Assist
Device (BiVAD) configuration where the pump outpuse passively balanced by

vascular pressure.

The BIiVAD consists of two rotary pumps straddlinget mechanical passive
controller. Fluctuations in vascular pressure gedsmall deflections within both
pumps adjusting their outputs allowing them to rteam arterial pressure. To
optimise the passive controller’'s interaction witie circulation, the controller's

dynamic response is optimised with a spring, m@asiper arrangement.

This two part study presents a comprehensive asees®f the prototype’s ‘viability’
as a support device. Its ‘viability’ was considkrbased on its sensitivity to
pathogenic haemodynamics and the ability of theipasesponse to maintain healthy

circulation.



The first part of the study is an experimental stigation where a prototype device
was designed and built, and then tested in a plelsabck circulation loop. The
BiVAD was subjected to a range of haemodynamic larbzes as well as a dynamic
analysis to assess the functionality of the medshndamper. The second part
introduces the development of a numerical progransitulate human circulation
supported by the passively controlled BiVAD. Bativestigations showed that the
prototype was able to mimic the native baroreceptesponse. Simulating
hypertension, poor flow balancing and subsequentriceilar failure during BiVAD
support allowed the passive controller’'s respomsbd assessed. Triggered by the
resulting pressure imbalance, the controller redpdnby passively adjusting the
VAD outputs in order to maintain healthy arteriaégsures. This baroreceptor-like
response demonstrated the inherent stability oathe regulating BiVAD prototype.

Simulating pulmonary hypertension in the more obeslgle numerical model,
however, revealed a serious issue with the pasegmonse. The subsequent decrease
in venous return into the left heart went unnotideg the passive controller.
Meanwhile the coupled nature of the passive respomd only decreased RVAD
output to reduce pulmonary arterial pressure, butldo increased LVAD output.
Consequently, the LVAD increased fluid evacuatioont the left ventricle, LV, and

so actually accelerated the onset of LV collapfiewas concluded that despite the
inherently stable baroreceptor-like response of plassive controller, its lack of

sensitivity to venous return made it unviable sngtesent configuration.

The study revealed a number of other importantifigel Perhaps the most
significant was that the reduced pulse experiendedng constant flow support
unbalanced the ratio of effective resistances a@h vascular circuits. Even during
steady rotary support therefore, the resulting neet volume imbalance increased
the likelihood of suckdown. Additionally, mechaalicdamping of the passive
controller's response successfully filtered outsprtee fluctuations from residual
ventricular function. Finally, the importance @&cognising inertial contributions to

blood flow in the atria and ventricles in a numatisimulation were highlighted.

This thesis documents the first attempt to credidlya auto regulated rotary cardiac

assist device. Initial results encourage develagragan inlet configuration sensitive

iv



to low flow such as collapsible inlet cannulae. nbining this with the existing
baroreceptor-like response of the passive controliél render a highly stable
passively controlled BiVAD configuration. The pobgpe controller's passive
interaction with the vasculature is a significatgpstowards a highly stable new
generation of artificial heart.
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1 Introduction

Since 1990 an aging population, urbanisation andisadents in lifestyle have
contributed to cardiovascular disease being theldigomost prolific killer. In

Australia, circulation disease accounts for ove¥3#f annual deaths (AIHW 2006).
The World Health Organization has warned that ¢aton disease is crippling not
only the developed world as more than 60% of tléajl burden occurs in developing

countries (Mackay and Mensah 2004).

Treatment of end stage heart failure requires adinintervention where the failing
heart’s pumping function is assisted or replackdthe United States just over 2000
heart transplants are carried out annually whiclounts to 65% of global transplant
procedures (UNOS 2005). However, it is estimabted 50,000 Americans currently
require a heart donation (Debakey 2000). This aextinary imbalance has
accelerated the development of mechanical altexestparticularly in the form of

Ventricular Assist Devices, VADs.

VAD technology has seen a range of fluid pump typesiaturised and modified.

The resulting devices are required to be implaetabhuse minimal blood damage
and provide adequate support for a single failimptucle. Traditionally, VAD

designers focused on diaphragm type pumps as thelate the natural pulse of the
native heart. However, after the establishmenhefinternational Society for Rotary
Blood Pumps (ISRBP) in 1993, the development oérotype blood pumps has
gained traction (Takatani 2006). These devices sanaller, more efficient and

incorporate fewer moving parts promising higheratglity of the support system.

Circulation of blood through the body demands ahhvgork load from the left
ventricle. For this reason much of the heart neusdntributes to left ventricular
function. A common cause of heart attack is whdslogkage occurs in coronary
arteries occluding perfusion to the heart muscl&his condition, infarction,
commonly leads to a part of the bulky Left VenwiqlLV) dying. Consequent
congestion of the lungs has seen 20% of patients suffer from a failed left
ventricle develop subsequent right ventricular uia@l (Furukawa, Motomura, and
Nose 2005). However, there is no single implamstaiblttary device to treat these
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patients. Furthermore, there are very few repoftsotary Bi-Ventricular Assist
Device (BiVAD) development outside our researchugro This is likely a reflection
of the reported difficulty experienced when tryitogbalance the VAD flows during
preliminary clinical tests of rotary BiVAD suppdffimmset al 2006; Nonakat al
2002).

In order to control the implanted VAD the systermtroller needs to sense the
cardiovascular (CV) system demands as well as gyahe VAD output. This is
difficult as blood provides a hostile environmeat fnechanical sensors, especially
pressure sensors. Substantial research has foonsetans of actively controlling
rotary VADs through observations of motor currergltage and in some cases the
arterial flow rate (Endet al. 2000; Misgeld, Werner, and Hexamer 2005; Olegetrio
al. 2003; Endcet al. 2001). This issue is further complicated by tieed for VADs

to incorporate physiological controllers to accotorthigh variability in patient CV
demands (Wt al 2004). However, in order to create a robustvaqgbhysiological
controller, the circulation needs to be highly alsable through accurate pressure and

flow sensing.

This study was motivated primarily through the latkavailable options for patients
with Bi-Ventricular Failure (BiVF). Additionallycomplications in haemodynamic
sensing and BiVAD flow balancing encourage a frapproach to the way cardiac
support devices are controlled. This thesis docusnan investigation into a novel
BiVAD design where the pumps’ outputs apmssively controlled by the

haemodynamics.

1.1 Significance

In a broad sense, the significance of this studiias it documents the first attempt to
provide mechanical cardiac support without activanitoring and active control. The

concept of a passively controlled VAD requires tlevice to sense haemodynamic
signals from the vasculature and passively maintdgn output to provide

autoregulated support.
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Research into BIVAD design and passive VAD contnals attracted very little
attention. Because of this much of the work irs tthiesis is novel by default. The
configuration of the BiVAD, impellers, mechanicabntroller and the tailored
numerical modelling in particular all incorporatevelty. The significance of this
work therefore, also extends to the original designd numerical methods which are

being brought into the public domain.

It is clear that the significance of this investiga will only be felt if concepts from
this thesis diffuse into the research communityheWier parts of this thesis are used
for device development or conversation is encouwtdmyethe ideas discussed then the
study will have had significance. Ultimately, tb@ndidate hopes that this study will
initiate further investigations into developing a@rkntly stable and self regulating

blood pumps.

1.2 Aims and Objectives

1.2.1 Aim

The aim of this study was to assess the viabilitg novel BiVAD prototype which is

passively controlled by vascular pressure signals.

1.2.2 Objectives

This study is presented as a two part investigahoorder to achieve the aim. The
first is an experimental study where the desigra gfassively controlled BiVAD is
detailed along with the construction of a prototyp®Illowing this, then vitro testing
of the prototype in mock circulation is presentdthe second part is an silco study
where a numerical program is developed to simula¢enovel BiVAD operating in
the human circulation. Considering the resultsnfrboth studies the aim will be

revisited in the discussion chapter towards theddrtis thesis.

A number of objectives need to be met in order dbieve the aim of this study.

These objectives are:
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» The design and construction of a functional BiVADtotype which passively
responds to changes in vascular pressure.

* In vitro testing of the prototype in light of the projeatha This will be done
in a pulsatile Mock Circulation Loop (MCL) whichdarporates both systemic
and pulmonary circuits.

* Development of a numerical program to simulate shpported circulation.
This should be able to simulate the MCL and humiaculation. This will
require,

o0 Numerical characterisation of the MCL and humansystems

o Numerical characterisation of the BiVAD prototypgs hydraulic
performance and the response of the passive clamtitsklf.

0 Generation of a flexible user-input based program simulate
supported and unsupported circulation. The modetieculation
structure too should be flexible in order to sineléhe MCL or a
human circulation.

e Carry out numerical simulations of supported ciatioh with the BiVAD

prototype in light of the project aim.

1.3 Thesis Overview

This thesis consists of eight chapters which docuntiee assessment of a novel
BiVAD configuration intended to be completely sedfjulating. The content follows
two separate investigations which together form raggessive study into the
interaction between the prototype and the CV systdine structure of the thesis is

very simple and from a broad perspective can bkdorinto four parts.

The first part includesChapters 1 and 2 which introduce the concept of Bi-
Ventricular Support (BiVS) to the reader and preval detailed review of relevant
work to date. In this part the significance of {h®ject aim becomes clear in the

context of the demand for BiVS and the associatsthbility of rotary BiVADSs.

Chapters 3 and 4then form the second part of this thesis whereetkgerimental

study is presented. Initially this section prowdedetailed account of the conception
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of the prototype’s configuration as well as the CA&sign and construction. The
vitro testing is presented where the device is testechack human circulation.
Experimental testing subjected the device to a eaofi sudden pathological
haemodynamics to examine its passive response é&ildy ato autoregulate.
Individual discussions are included in this secttonprovide an analysis of each

chapter’s material.

The numerical study is presentedGhapters 5 and 6which makes up the third part
of this thesis. The development of the numericatleh includes a large body of work
with a considerable number of appendices. Thispsesentative of the time spent on
this particular study. However, the results frdra humerical model provide further
insight into the BiVS and the prototype’s operattban was initially expected. This
made the numerical investigation a valuable parthef combined study. Again,
individual discussion sections allow continuity Ipyoviding comments on each

chapter’s material.

In light of the aims presented in the first pahe results from the second and third
parts of this thesis are drawn together to créwddurth inChapters 7 and 8 These

chapters provide a global discussion of the whaleys As well as addressing the
aim of this study, a number of additional findirege outlined as well as issues faced

in completing the experimental and numerical ingastons.

The two part study provided a comprehensive insiglt how a rotary BiVAD
passively controlled by vascular pressure wouldratt with the human circulation.
In employing anin vitro andin silico study no clinical testing was necessary. This
was useful as tests could be repeated quickly dnlittie expense and did not
challenge any ethical regulations. Furthermoreuations could be pushed passed

what was physically or physiologically viable.

Following the main body of the thesis, detailederefices are provided as well as
minor appendices. In addition to this thesis agachdisk is provided. The compact
disk includes the major appendices including MATLABrogramming and
supplementary documentation of the numerical matilelopment. MATLAB

programs to build the rotary pump geometries ad aglthe numerical model itself
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are included as soft copies so that they can bd bgeothers for non-commercial
applications. The supplementary documentation tfi@ numerical model details
failed solution methods attempted during the caowmsion of the model. These
include mathematical functions used to charactetserotary pump performance
which were found to be unrepresentative. A nundfenethods used to incorporate
these functions into the numerical solution aldontare also described along with
their numerical shortcomings. Even though theyeanmot used in the final solution
algorithm, they have been included as they docurteEnprocess of constructing the
numerical program. References to both the majdrramor appendices are given at

appropriate times throughout the thesis.

1.4 Research Output

“A Passively Controlled Bi Ventricular Support Degf, (Gaddum, N., Timms, D.,
Pearcy, M.Manuscript submitted to Artificial Organs in De®@QB).

“Optimising the Response from a Passively ContdoBe Ventricular Assist Device,
BiVAD”, (Gaddum, N., Timms, D., Pearcy, MManuscript submitted to Atrtificial
Organs in Dec. 2008

“Numerical Simulation of Supported Circulation with Passively Controlled Bi
Ventricular Support Device”, (Gaddum, N., Pearcy, MIl manuscript for journal
publication is being prepargd

“Miniature Pump Performance Manipulation througha@fes in Pump Geometry”,
(Gaddum, N., Timms, D., Pearcy, MuJl manuscript for journal publication is being
prepared.

“Passive Control of a Rotary BiVAD; an Experimerdgiald Numerical Investigation”,

(Gaddum, N.; Abstract published and Oral Presemidtr the International Society
for Rotary Blood Pumps, (ISRBP), Huston, U.S.A.iéber 2008).
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“A Passively Controlled BiVAD”, (Gaddum, N., Timmg)., Pearcy, M.; Abstract
published and Oral Presentation for the Internafi®ociety for Rotary Blood Pumps,
(ISRBP), Sydney, Australia, November 2007).

“Mixed Flow Impeller Design to Improve RVAD Perfoance for BiVAD
Application”, (Gaddum, N., Timms, D.; Abstract pidhled and Oral Presentation for
the International Society for Rotary Blood PumptESRBP), Leuven, Belgium,
September 2006).
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2 Literature Review

2.1 Introduction

A review of current literature initially provided description of the working
environment for an artificial heart pump. This Bamment includes the Cardio
Vascular, (CV), system, blood as the working flaidd the fragility of the blood
tissues. These are obvious primary requirememta &udy into mechanical support

of the human circulation.

Further investigation needed a little more insighta cardiac device that uses the
hydraulic signals from the body to allow a passivatroller response has never been
attempted before. So, an analysis of what sigteanative heart receives from the
circulation and how it and the circulation respgrdvided a frame work for useful

‘inputs’ and ‘outputs’ for the passive controller.

The following review, therefore, outlines not orilye device’'s environment but a
system of hydraulic interactions between the haad the circulation vessels which
allow the cardiovascular system to stabilise itseieart disease is also examined

along with current means of treatment.

2.2 The Burden of Heart Disease

Over the last century the increase in heart disedated deaths is a widely publicised
reminder of a changing human lifestyle. Certaicdyivenience has changed the way
we eat and exercise. However the 754,700 Austslsuffering from heart, stroke
and vascular disease (ABS 2005) is an indicatiotheflack of effective treatment

available for this condition.
The 50,000 Australian deaths related to cardiovasalisease each year (AIHW

2004) is also a hint at the lack of effective tneamts for this condition. With
approximately 3000 heart donations made in theesmtorld annually (UNOS 2006)
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and only 202 in Australia in 200G @nsplant Australia there is very little hope in

relying on transplantation alone to ease this burde

In the most recent national survey, 1.1 million &kakans had disabling conditions
associated with heart, stroke and vascular disgadel§V 2004). In this last decade
the prevalence of cardiovascular disease in Auathals increased by 18.2% (AIHW
2004) which has encouraged the development of néxdiaalternatives. Figure 2-1
emphasises the dominating portion of deaths atethto cardiovascular disease in
Australia for 2002.

This figure is not available online.
Please consult the hardcopy thesis
available from the QUT Library

Figure 2-1: Death by disease categories in 2002o0u8ce (AIHW 2004).

Heart disease commonly begins as left ventricwafuhction caused by heart attack,
coronary valvular disease, hypertension, cardioraffop vascular disease,
myocarditis and viral infection (Guyton 2005). tefntreated, the dysfunctional

ventricle can deteriorate causing congestive Hagute.

A diseased left ventricle strains vital organs loy providing sufficient perfusion. A
strain is also experienced by the right ventrideskevated pulmonary pressure adds
extra load to the right ventricles workload. Ow&% of left ventricular failure
patients develop subsequent right ventricular failfrurukawa, Motomura, and Nose
2005).
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2.3 The Cardiovascular System

The circulatory system, in its entirety, is a hydi@series circuit The schematic in

Figure 2-2 depicts this circuit.

Pulmonary Artery Aorta
“u

Fulmonic Valke
E L

Right Ventricle ——= <——Left Ventricle
Lungs Body
Tricuspid Valve ~ Mitral Valve
[ L -
Right Atrium———— <1 Left Atrium

Pulmonary Vein Vena Cava

Figure 2-2: Schematic of human circulation.

The two boxes labelled ‘body’ and ‘lungs’ are pkelasub-circuits. The dark type
lines show the path of the oxygenated blood and gtey type shows the de-
oxygenated. The main arteries shown, the AortaRarichonary Arteries; sustain high
pressure and pulsatile blood flow. The veins, FRulany Vein and Vena Cava carry
blood back to the heart and have a relatively @oristross sectional velocity profile

over time.

Within each sub-circuit is a network of vesselsibemg with arteries which feed the
arterioles. From the arterioles the blood is clefled into capillaries which allow gas
and nutrient exchange through the tissues to fatlirespiration. The blood then
moves through the venules and into the veins tarmelback to the respective heart

chamber.

! The bronchial shunt creates a parallel circuitrfrthe Aorta to the Pulmonary Vein which is an
exception to this generalisation. However, for ghelanation of basic cardiovascular principles a

series hydraulic circuit will be assumed.

2-3



Frecapillary  Areriole Wanule
sphincter

Artery capillaries Tissue cells Wein

Figure 2-3: lllustration of a arterial to venous vascular network. Modified from source (Guyton
2005).

Resistance to flow is known as the peripheral, ascular, resistance. This is affect
by a number of factors including vessel diametelsod viscosity, vessel compliance
and precapillary sphincters. Precapillary sphirscigre positioned at bifurcations
within the arteriole network. Swelling of the spttier causes a stenosis of the
arterioles and allows localised perfusion contrplréstricting flow downstream and

increasing upstream pressure.

2.3.1 Healthy Heart Function

Figure 2-4 shows a multiplot for the healthy ledaht during one cardiac cycle. The
atrial, ventricular and aortic pressures are shawrnhe top three plots. The native
heat beat consists of a blood ejection phase, lsysamd a blood filling phase,

diastole.
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This figure is not available online.
Please consult the hardcopy thesis
available from the QUT Library

Figure 2-4: Multiplot during the healthy left heart’s cardiac cycle. Source (Guyton 2005).

During systole the filled ventricle contracts itauscles increasing the ventricular
blood pressure. This elevated pressure causeoejelarough the aortic valve into

the artery. At the same time, the mitral valvetsipreventing blood flow back into

the atrium. The atrium then begins to fill as pafrary venous blood returns to the
heart. Systole, therefore, consists of ventricatartraction causing fluid ejection and
atrial filling.

Completion of systole is signalled by the relaxatiof the ventricle and the
subsequent closure of the aortic valve. The valdbsure is apparent by the
characteristic ‘dicrotic notch’ which sees a secputke in arterial pressure. As the
aortic valve leaflets fill with receding arterialobod following the pressure gradient
back toward the ventricle, the backflow is suddesigpped. The inertia of the
suddenly halted blood causes fluid shock inducigm@pliant response at the artery

sinus increasing pressure.

The diastolic phase then begins as the mitral vapans to let blood fill the ventricle.
Then, just before the ventriclular systolic phassgibs again, an atrial systolic
contraction increases the kinetic energy of thethleotering the ventricle. This helps
to prevent back flow into the atrium as the mitralve closes.
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Textbooks indicate that it is difficult to quantifgeneral healthy haemodynamic
parameters. In general this is due to the widgeai body sizes, states of health and
ages of people in the general population. For gt@nmhe mean aortic pressure for
the average human is around 78 mmHg at birth amahar115 mmHg for an 80 year
old. However for the purpose of this project, watarly with the experimental and
numerical simulation, healthy pressures and flowkhe defined based on text data.
Healthy aortic pressure pulses between 120 and r@Bignwith a mean pressure of
around 100 mmHg and pulmonary artery pressure pudtsen 10-25 mmHg with a
mean pressure of around 15 mmHg. The flow ratesbfith circuits will be
considered equivalent unless stated at 5 Lm(this assumes a negligible effect from
the Bronchial shunt), (Guyton 2005).

This figure is not available online.
Please consult the hardcopy thesis
available from the QUT Library

Figure 2-5: Native pulsatile pressure through the aman circulatory system whilst lying down.
Source (Guyton 2005).

Figure 2-5 shows the pulsatile pressure througferdift sections of the circulatory
system around the schematic diagram given in FiQu& The regions of high
pressure oscillations are, as would be expectethanarge blood vessels after the

ventricular chambers (Guyton 2005).

2.3.2 Ejection Fraction

The Ejection FractionEF, of the ventricle, (usuallfeF refers to the left ventricle
output), is the ejected volume during systole ddidby the end diastolic volume,
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EF — Vejected .
V

max

Equation 2-1

In this equationVejectediS the volume ejected (ml) from the ventricle dgrisystole
andVmax is the end diastolic ventricular volume (ml), oeximum ventricle volume.
The ejection fraction is a function of the contiiggtof the heart. The resident blood
volume in a healthy left ventricle goes from 150+8Dfrom the beginning to the end
of systole. This equates to an ejection of 70mlbfoth the left and right ventricles
during each cardiac cycle. According to Equatieh #his corresponds to an ejection
fraction of approximately 47% for a healthy heartDuring heart failure the
contractility can decrease causing a lowering e8h (Guyton 2005).

2.3.3 Blood, The Working Fluid

The primary constituents of blood are the plateligts red and white blood cells and
the plasma suspension. Red blood cells, or Ergytes, consist primarily of
Haemoglobin which provides a media for carbon dlexand oxygen to diffuse
between the lungs and muscle tissue. Betweenr@-8 diameter, these disk-shaped
cells have an average life span of around 120 dayse red blood cells are very
sensitive to their surroundings and can rupturenathey come in contact with non-
endothelial surfaces. The breaking of the celllwald consequent spilling of the
cellular contents into the plasma is called Haesisly

Minimising haemolysis is a key issue in blood pueigvelopment. Blood cell

exposure to prolonged shear stress (Wood et ab;Z24ul et al. 2003) or heat (Araki
and Taenake 1995) are both key issues for pumgrasi to minimise. A testing

standard has been adopted by heart pump develkapgusintify haemoysis caused by
any particular pump. The Standard Practice forefssient of Hemolysis in

Continuous Flow Blood Pumps (ASTM_F1841-97 199&junees the determination

of the Normalised Index of Haemolysis, NIH (g.100L
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NIH = AfreeHbx )
100 QTTotaI

Equation 2-2

The 4freeHbterm is the increase in plasma free HaemoglohitO{g'). To account
for test specific conditions; the initial HaemaigcHt (%), the test volumey (ml),
the blood flow rateQ (L.min™), and the total testing tim&row (Mins), are also

employed to determine the NIH.

A common unit for the NIH is g.100L (Kamenevaet al 1992; Jamest al 2003;
Masuzaweet al 1999; Araki and Taenake 1995). Associated with $standard unit a
common target thresholIH has evolved. State of the art blood pumps apfzear
aim to maintain thélIH below 0.02 g.100t in their pump blood testing. Hematocrit
is a volume ratio of red blood cells to gross bl@eod is normally around 43-49% in

males and 37-43% in females.

Paulet al. (2003) passed whole blood through a Couette devimre the shear stress
and time of exposure could be prescribed. FiguBalRistrates the effect on thidiH

from both shear stress magnitude and exposure tiribe test showed that a
minimum exposure time of 0.6s per pass is requaefdre red blood cells begin to

break down at shear levels of over 420 Pa.
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This figure is not available online.
Please consult the hardcopy thesis
available from the QUT Library

Figure 2-6: Plot ofNIH as a function of both fluid shear stress and timeSource (Paulet al.
2003).

Arguably a more serious issue is thrombus, or &eimation. If blood is left

stationary it will stagnate and then coagulate mfelly-like network that obtains an
inherent structural stiffness. Blood pumps ardi@aarly susceptible to thrombus
formation if there are areas of recirculation, mwas of stationary flow. Thrombi can
grow and dislodge (an embolism) from the pump’sfasier and travel down the
vascular tubes causing a blockage somewhere inbtitly, e.g. a stroke if the
blockage occurs in the brain. It is, thereforepamant that the fluid paths within the

pump are designed carefully so as to maintain @iraoous fluid change in the device.

Further detail of the biochemistry and cascadeti@as of blood damage can be
found in (Guyton 2005) and a quantitative stud{lLieverettet al 1972).

2.4 Cardiovascular Bio-Signalling

The native control system of the heart was invastid) so as to provide inspiration for
designing the passive controller system of the HAIt was assumed that a device
that used similar signal inputs to render similatpats to the native heart’s control
system would promote sensitivity and stability imachanical BiVAD. CV system
control responses can be divided into three caitegorThese are short, medium and
long term regulation.
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2.4.1 Short Term Regulation

Short term regulation is largely achieved by theenent redistribution of blood driven
by pressure gradients throughout the arteries amgsy The nature of ventricular
interaction, including the Frank-Starling Mechanjsmessentially the dynamic fluid
system working to operate at its lowest energyest&towever, the circulation is also

constantly being affected by nervous stimulatioa rlosed loop control system.

2.4.1.1Short Term Regulation: Pressure to Flow Energy Conersion

The schematic in Figure 2-2 incorporates an imporsdructure allowing effective
inherent pressure regulation. Due to the compliattre of vessels, pressure energy
can be stored and converted into kinetic energyettistribute blood around the
systemic and pulmonary circuit. Similarly, the tybase action of the pumping
ventricles together with the passive filling durirdjastole allows the heart to
redistribute blood between vascular circuits. Tdéwger is, in essence, the Frank-

Starling Mechanism.

The Frank-Starling Law

The Frank Starling Law forms part of the body's thadynamic regulation

mechanism. It explains the physiological meansugh which the pulmonary and
systemic circuit fluid volumes are balanced. Tae ktates that increased diastolic
filling, caused by elevated atrial pressures, witluce increased fluid ejection and
therefore cardiac output (CO [L.mip). Consequently, if one vascular circuit
becomes slightly congested, elevated venous pessswill encourage increased
venous return. Increased venous return will enaunggher end diastolic volume in
the downstream ventricle. The ejected volume indrease thus moving congested

fluid to the other vascular circuit (Starling angsther 1926).

This means of passive flow balancing is somethirdgciv is enjoyed by pulsatile
blood pumps which incorporate a passive fillingkt, such as the native heart. The
most important feature of this phenomenon is thatend diastolic volume is dictated
by the filling, or atrial, pressure.
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Ventricular I nterdependence

If the Frank-Starling Mechanism is viewed from tberspective of the whole CV
system, this implies an interdependence of bothrieées. Since both ventricles
pump in a series circuit, the output of one wifeaf the End Diastolic, ED, volume of
the other.

As would be expected, this interdependence is digamit takes a finite duration for
pressure signals to be transmitted through a camiplvascular circuit between
ventricles. What is perhaps not so obvious, howeséhe effect of CV disease, such
as left ventricular dysfunction, on this interdegence. In this case, the resulting
dilated left ventricle is operating close to iteslc limit and so is less sensitive to
preload changes. A diseased CV system, therefmpees much of its ventricular
interdependence and therefore haemodynamic cdMaridarinoet al. 1994).

Another form of ventricular interdependence exhte to the proximity of the left
and right ventricles. The septum, the tissue witthie heart which separates the
ventricles can bulge into either ventricular cawitgpending on pressure variation.
This is called septal shift and occurs when velasicare dilated. This has a
noticeable effect on ED volumes, and thereforeiaardutput. An increased RV ED
volume will decrease the LV ED volume as the LV drmees less compliant.
Surprisingly however, an increased LV ED volume hesy little effect on the RV
ED volume probably due to the geometric differermetsveen the ventricles. Instead,
the End Systolic, ES, volume of the RV will deceeasdicating an increased RV
output. This is caused by the dilated LV assisting RV pumping function and
therefore contractility (Pinskgt al. 1996).

2.4.1.2Short Term Regulation through Nervous Response

Nervous responses control the constriction or idilaif vessels and precapillary
sphincters as well as changes in Heart Rate, HR,cantractility of the ventricle.

Total blood volume in the body is also regulatedtiy kidneys to alter the Central
Venous Pressure, CVP. These nervous responsdagaered by the sympathetic

and parasympathetic nerves reacting to pressurguditions and in some cases
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changes in chemical concentration. These nervaagtions induce localised
hormone secretions which vary the constrictionhef $mooth muscle surrounding the

vessels as well as the contractility of the heart.

The Heart

Since the heart is positioned between the mainsvaird arteries, (see Figure 2-2),
controlling inputs are virtually exclusively vasaulpressures. Baroreceptor-like
nodes in the arterial system provide signals tdh#eat muscle to increase contraction
power through the Sympathetic Nervous System. sjarpathetic nodes in the atria
sense the filling pressure and inhibit the sympath&timulation. The sympathetic

and parasympathetic nervous systems create a diespdcontrol system equipped

with the ability to elevate and lower vascular gregs. This ability to regulate global

pressures is often referred to as the CV systear@rbeceptor response.

Figure 2-7 depicts the sympathetic communicatioredi and the parasympathetic
nodes, (the S-A and A-V nodes), and parasympatloetlmmunication lines, (the
Vagi), within the heart.

This figure is not available online.
Please consult the hardcopy thesis
available from the QUT Library

Figure 2-7: Cardiac sympathetic and the parasympatétic vagus nerves. Source (Guyton 2005).
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An explanation of the Frank-Starling Mechanism oadéd the vital role that the
atrial, or diastolic filling pressure, has on affeg CO. CO has maximum sensitivity
to atrial pressure between -2 and +2 mmHg as ithiggfpressure determines the end
diastolic volume. Each profile shown in Figure ZBows the impact that atrial
pressure has on CO. Furthermore, the figure shwwve increased or decreased

nervous stimulation can further augment CO.

This figure is not available online.
Please consult the hardcopy thesis
available from the QUT Library

Figure 2-8: Effect on the cardiac output for different degrees of sympathetic or parasympathetic
stimulation. Source (Guyton 2005).

According to Equation 2-1, with a maintained EFe #jected volume per heart beat
(which determines the CO) is proportional to thel efiastolic volume. The
sympathetic and parasympathetic nervous systemgoged to regulate the highly
sensitive CO by adjusting contractility of the Heafhis stimulation allows the heart
to maintain adequate flow and peak systolic pressawer a range of vascular

demands.

The Vascular System

The sympathetic nervous system has strain activatetes in the walls of the
systemic arteries, particularly the aortic branckl #¢he carotid arteries. A drop in
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arterial pressure will decrease the hoop strairthese vessels. Sensed by the
sympathetic nervous nodes, the system will act lewa¢e the arterial pressure.
Secretion of hormonal vasoconstrictors into the culas arterial wall then causes the
vessels to constrict to increase the strain eniarge flexible vessel walls. Similarly,
vasoconstrictors released into the heart muscleease the contractility of the
ventricles as well as increasing heart rate. Oih¢éhese hormones is commonly

known as Adrenaline, or Epinephrine.

A parasympathetic nervous response works to inthgitsympathetic nervous action
of elevating pressure. These act to decrease tetewascular pressures through
dropping ventricular contractility and dilating bid vessels. An example of a
vascular dilator is Histamine which is a hormonleased locally into the capillaries

to increase flow to damaged tissue which causesisec swelling.

It should be noted the nervous response is notysptessure sensitive. Within the
capillary system there are sympathetic and paraatimpic hormone releases that are
actuated by local metabolism. This means thaktpesticular hormones, (Endothelin
and Bradykinins respectively), constrict and dilatessels to regulate flow, and

therefore rates of gas and nutrient exchange, BuU3005).

2.4.2 Medium Term Regulation

The Kidneys play a vital role in haemodynamic ragjoh as they control the total
blood volume to regulate the CVP. Renal regulatias been classed as a medium
term means of regulation as it requires at leasP@Oninutes to create notable
pressure changes.

2.4.2.1The Kidneys

The kidneys control the rate of expulsion of flfidm the body, including the blood.
Regulation of the total blood volume is analogoasthe regulation of the CVP.
Essentially this means that the kidneys have thigyalo increase or decrease the

CVP which can raise or lower the global vasculaspures respectively.
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Heart failure causes decreased arterial pressdréhanefore a lowered EF. The renal
response is to increase CVP so as to increase¢leag on the heart. This increases
the End Diastolic Volume, EDV, distending the vesi&r walls. The increased strain
on the ventricle wall caused the heart muscle wrageh its elastic limit essentially
increasing the contractility of the ventricle. Bhuhe increased fluid volume can
increase contractility and therefore Stroke Volui®¥, so lift the diseased EF. It is
important to note that this effect can only ocduhe contractility of the ventricles is

volume dependent.

Figure 2-9 shows the ability of the kidneys to datgivascular pressure when excess

blood is infused into a canine model (Guyton 2005).

This figure is not available online.
Please consult the hardcopy thesis
available from the QUT Library

Figure 2-9: Transient multi-plots showing the kidng/'s ability to drop vascular pressures through
fluid expulsion when blood volume is increased. $ioce (Guyton 2005).

After the infusion, the vascular pressure rapidigréases. The increased atrial
pressure causes an increase in cardiac outputgrgxamately 230%. To overcome

these elevated pressures and excessive flow, tharyroutput increases to try to
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expel fluid and drop the vascular pressure andetber the CO to a more

physiologically safe state (Guyton 2005).

2.4.3 Long Term Regulation

When the cardiovascular system is subject to a terrg change in haemodynamics,
long term regulatory responses initiate vasculatavdiac remodelling. Changes can
be as minor as a small cut or abrasion or as nagoan infarction. Remodelling

includes variation in vessel diameter as well aslmer of vessels to adjust local blood
pressure and flow. The geometry of the myocardimay also change to allow a
higher or lower contractility inducing a respectagjustment to the Cardiac Output,
CO. Such physical changes to the components dftheystem can occur in days to

months depending on the extent of restructuringpetissue, (Guyton 2005).

2.5 Heart Failure and Therapy

Heart failure, (or congestive heart failure), idisease that originates from ventricular
dysfunction. This can be due to a number of rems@mely heart attack and cardiac
valve disease. Left untreated the heart may eitheover or degenerate under the
strain and develop into Heart Failure (Dargie, MeMy, and McDonagh 1996).

2.5.1 Ventricular Dysfunction to Heart Failure

A heart attack, or myocardial infarction, occursanhhere is a blockage in one of the
two coronary arteries. All muscle that receiveddol downstream of the blockage is
starved of oxygen and consequently dies. The bigftyventricle incorporates most
of the muscle mass of the heart and requires mdoedbflow as it does,
approximately, five times the work of the right Wécie. Ventricular dysfunction,
therefore, is most commonly a failing of the leéntricle. This condition renders the
left ventricle unable to circulate sufficient bloéal the body. In serious cases this
will result in the Ejection FractionEF, decreasing to a level where there is

insufficient output to perfuse the end organs kiéneys and liver.
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As previously discussed, a healtBF is around 47%. During heart failure the
ejection fraction can fall to around 20-25%. létbnd diastolic volume remained at

150 ml, the left ventricle would eject only 30 ndrgcardiac cycle.

To raise the CO from this dangerously low leveg trody will increase total blood
volume by consuming and retaining water. The iaseein total fluid volume
increases the Central Venous Pressure. Consegubetlelevated atrial pressures
will increase ventricular filling allowing an inased end diastolic volume. The now
swollen ventricles have volumes ranging from appnately 230 to 180 ml during
systole. However, as th&- still remains at around 25% the ejected volumerisas

to 50 ml. This condition is known as dilated cardiyopathy (Guyton 2005) and is
the body’'s natural reaction to elevate vasculasquree to allow perfusion to all its

organs.

Elevated filling pressure and distended muscleiéisaeans there is heavy loading of
the ventricles. Unless treated, the patient rigles condition deteriorating from

ventricular dysfunction to congestive heart failure

Due to the elevated atrial pressures the rightthearis now extended and straining
to eject fluid into a congested pulmonary circhdttisn’'t being evacuated sufficiently
by the diseased left heart. This strain on thetriggart is a popular diagnosis for the

frequent subsequent failure of the right heartradti ventricular failure.

The severity of heart failure is commonly gaugedngisthe New York Heart
Association (NYHA) Functional Classification. Thieeasures the burden of the
patient’s disease upon a scale from Class | tosOMsn increasing severity, (Dolgin
1994). These are,
|. Patients with no limitation of activities; they saf no symptoms from ordinary
activities.
Il. Patients with slight, mild limitation of activitghey are comfortable with rest or
with mild exertion.
[ll. Patients with marked limitation of activity; theseacomfortable only at rest.
IV. Patients who should be at complete rest, confindaet! or chair; any physical

activity brings on discomfort and symptoms occureat.

2-17



2.5.2 Treatment

Treatment of ventricular dysfunction depends onstinerity of the disease. For those
with left ventricular dysfunction it is commonpla¢e maintain a course of drug
therapies to reduce congestion of blood in to thlenpnary circuit. BETA-blockers
and diuretics or ACE-Inhibitors are often presatili® reduce CVP by lowering
vessel resistance and decreasing blood volumes attempts to unload the ventricle
to promote regeneration, but can cause organ damsge suppresses the body’s
sympathetic nervous response to maintain elevaasdwar pressure. If the patient
progresses to Class IV or end stage heart failnmere invasive treatments are
required. These include mechanical assistancepptasty, cardiomyoplasty and

organ replacement (Timms 2006).

Early detection of patients with subsequent rigtntucular failure (RVF) is vital so
that Bi-Ventricular Support (BiVS) can be givenramuce the high rate of mortality
of those whose right ventricles fail after left Wgcular failure (LVF) (Meyns 2005).

It is claimed that the incidence of such a casdedding to death could be as high as
77% (Furukawa, Motomura, and Nose 2005).

2.6 Mechanical Ventricular Support

Mechaical assistance of ventricular function hasnbprovided using two distinct

types of devices; pulsatile devices and contindlawg, (or non-pulsatile), devices.

An important question regarding these two differtgpes of cardiac support is that of
the benefit in retaining our natural pulse. Thisan issue that has been examined
from a physiological standpoint. Chronic testirigolsatilevs. non-pulsatile support
seems to indicate that a pulse is not vital (Yez@al 1994). It is advised that non-
pulsatile support should be provided at a highewfto pulsatile support (Nose and
Kawahito 1997). However, concern over the effesiess of sympathetic nervous
constriction without periodic hoop strain of theéeay walls is a concern. There exist
rotary VADs which have an incorporated pulsatiladiion by oscillating the pump
speed (Choet al 2001).
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2.6.1 Pulsatile Ventricular Support

Pulsatile blood pumps normally involve a reciprouatpressure plate or diaphragm
along with inlet and outlet valves to drive fluisrdugh the pump. The reciprocating,
or pulsatile, action of these pumps makes theiraimn a two phase process where
fluid is drawn into the pump in the first phase &hdn ejected in the second. In
general, these devices are cheaper than theiryrataunterparts and the pulsing
operation imitates the native ventricle action. widger, one of the most attractive
features of many pulsatile pumps is their abilbybe operated using an active or

passive filling mode.

Active filling is achieved by mechanically induciagnegative pressure in the VAD to
suck blood through the inlet cannula. Passiven§limode is where blood is driven
into the VAD by venous pressure only. When thespasfiling mode is used the
VAD can emulate the Frank Starling mechanism arefeflore enjoy the flow
regulation that is achieved by the native passiVi@g ventricles, (Mesana 2004).
Figure 2-10 shows the EXCOR Berlin pulsatile VADrélys et al. 2000) where the
inlet and outlet flow conduits are both directedhe left. The drive line protruding
from the right allows air to enter the device tovedrthe diaphragm against the blood
creating the systolic function. Air can then belsd back up the drive line for active

filling, or driven back by the passive filling bldgressure.

This figure is not available online.
Please consult the hardcopy thesis
available from the QUT Library

Figure 2-10: The EXCOR Berlin pulsatile VAD.

Pulsatile pumps, (Bhunia and Kung 2004; El-Banayisyl 2005; Parlet al 2003),
are commonly large and complex due to the rangaaifon of reciprocating parts.
These moving parts are also subject to periodassés and so material susceptibility
to fatigue failure is a critical issue (Teixeirat al 2001). Bleeding,

thromboembolism, and infection are also regulartyricauted to this mode of

2-19


halla
This figure is not available online.  Please consult the hardcopy thesis available from the QUT Library


operation. This is because these reciprocatingpgunvariably incorporate areas of
stagnation as well as inducing localised high vigjoets of blood (Wilhelmet al
2005). This is a particular issue for the regi@msund each of the two valves
required for each pump.

2.6.2 Non-Pulsatile Ventricular Support

Rotary type LVADs have been developed to caterttier larger market of patients
with LVF such as the Australian developed Ventrasg¢iransley, Vidakovic, and
Reizes 2000) shown in Figure 2-11.

This figure is not available online.
Please consult the hardcopy thesis
available from the QUT Library

Figure 2-11: The VentrAssist from Ventracor. Clinical device, side viewleft). View of rotor
through a partially transparent housing (right). Source (Ventracor 2008).

Single ventricle supporting pumps have taken thefof axial flow and radial flow,
(centrifugal flow), pumps. These devices have seenrge in popularity since the
late 90s and provide a continuous flow supportesyst These devices incorporate a
pump casing with a fluid inlet, outlet and pressdeseloping diffuser and a rotating
impeller. Kinetic energy is supplied to the fluby the impeller which is then
converted into pressure energy as it moves thrabghdiffuser. Technical detall
regarding rotary pumps can be found in the liteggt(iTimms 2006; Stepanoff 1957,
Wood et al. 2005).

Without the need for reciprocating parts, rotarpety’wADs are smaller and more

compact than pulsatile pumps. Reduced size inesedde implantability and makes

them a less cumbersome treatment for heart faildveeduced wetted area of these
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devices reduces the likelihood of areas of stagnati The development of these
devices has seen a progression from shaft driveellers with fluid seals through to
magnetically levitated and driven impellers. Thase carefully discussed in Timms
(2006).

Like the pulsatile devices, rotary blood pumps haveumber of feasibility issues
with their operation which are carefully scrutidse Mesana (2004). Rotary pumps
inherently cause suction at their inlet. This suctmakes the ventricle cavity
susceptible to collapse if blood is completely exded. Additionally rotary pump
failure causes a concern as they do not incorpaatees to block backflow should
the impeller stop rotating. Haemolysis too is ssue for these devices as the small
impellers run at high speeds causing high levelhetr stress in the blood within the
pump. However, continued material developments @rdputational modelling of

the flow field inside these pumps have reduced lodesis levels considerably.

2.7 Bi-Ventricular Support

For patients with end stage bi-ventricular heartufa, (Class VI of the NYHA
Functional Classification), who are no longer impng with drug therapy,
mechanical support for both ventricles is oftenirtioaly option while waiting for a
heart donation. Since the demand for right hagrpert is comparatively low, there
are limited options for these patients. Almostanably, a paracorporeal pulsatile
VAD, such as the EXCOR shown in Figure 2-10, isduse support the RH

(Furukawa, Motomura, and Nose 2005).

Depending on the severity of the disease and #etnrent protocol set out by the
patient’s cardiologist, the portion of pumping walne by the VADs can vary. This
is known as the level of support. For a patienérgng 50% support, half of the flow
will pass through the VAD and the other half wik lejected through the arterial
valve. Total support from a VAD is when the healve remains closed so that all

the flow passes through the VAD.
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Currently there are no FDA or TGAapproved rotary BiVS systems (Timres al
2006). Until a donor heart is sourced, Australetients with BVF are supported
using two extracorporeal pulsatile pumps, suchhase depicted in Figure 2-12, that
require them to remain in a hospital bed.

Figure 2-12: Two characteristic pulsatile VADs provding BiVS. The LVAD (on the right)
cannulates the apex of the LV and then returns blaibto the base of the aortic arch. The RVAD
(on the left) takes blood from the RA to the PA.

The LVAD takes blood from the apex of the left vesié through the inlet cannula.
It then pumps the blood up the outlet cannula theoaorta. This essentially forms a
parallel circuit with the LV. The RVAD inlet canlauis typically inserted into the
RA, although occasionally the RV. Primarily theagen for this is due to the
geometry of the RV as the RV wall is reasonablyseldo the septum. There is
therefore the risk that the septum will occlude fM@AD inlet port. The RVAD then

pumps blood through the outlet cannula into the PA.

Although no BiVS systems have been approved bynalihealth authorities, some
groups have been investigating BiVS using rotarsnps. Dual rotary pumps have

been tested with moderate success both as duakegsral, such as the Biomedicus

2 Food and Drug Administration, (FDA), the US cliaichealth authority. Therapeutic Goods
Association , (TGA), the Australian clinical healtbthority
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pumps (Bergeet al. 1998) and a totally implanted system using Gyrmps (Nonaka
et al 2002; Takamiet al. 1998; Watanabet al 2004). Additionally, the CorAide
was used in combination with a modified CorAideelthe DexAide (Fukamacket
al. 2005) to provide BiVS (Fukamacht al 1999). The main underlying issue with
these dual rotary support systems has been floanbalg between the pumps. It
seems that with a single VAD, the passive fillingtlee native right ventricle has a

considerable hand in balancing the circuits.

The BiVACOR is a single device incorporating a duwatary pumping system.
Designed for complete implantation, acute extraoaal in vivo tests have shown
that the device is potentially a feasible meanBiviS. This device, however, is still
in development after recently having completedfits¢ round of acute animal testing
(Timms 2007; Timms et al. 2008).

2.8 Non-Pulsatile Blood Pumps
Non-pulsatile support is achieved using two differeonfigurations of rotary pumps.

These are radial flow (or centrifugal flow) and axflow pumps. Both of these
configurations include a rotating impeller insidepamp housing, although the
generation of pressure head is different. The texnal flow or axial flow indicates

the direction of the work done upon the fluid withspect to the rotating axis of the
impeller. Figure 2-13 and Figure 2-14 show se@itbulepictions of the DeBakey
axial VAD (Tayama et al. 1999) and a characterisditial flow pump respectively,

showing the direction of blood flow through the tes.
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This figure is not available online.
Please consult the hardcopy thesis
available from the QUT Library

Figure 2-13: Sectioned depiction of the DeBakey aliflow VAD.

The orientation of the blade faces indicate thedation that work is done upon the
fluid.

Figure 2-14: Sectioned image of a radial flow pummdicating the direction of blood flow
through the device.

The axial and radial flow impeller blade arrangemmesihown are both supported by a
single lower shroud only, these are called ‘sen@ropmpellers’. Rotary impellers
may have numerous types of shroud configurationshasvn in Figure 2-15. An
upper shroud may also be included connecting tipemps of the blades to provide
fully enclosed flow channels. These are calledemclosed impeller’. An impeller
may also incorporate no shrouds at all. Each gardition incorporates differing
attributes when used in blood pumps. A reviewhdse can be found in Timms
(2006).
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This figure is not available online.
Please consult the hardcopy thesis
available from the QUT Library

Figure 2-15: Rotary impeller configurations; open,semi-open and enclosed, source (Tuzson 2000;

Engineers Edge - Pump Impeller Types).

The job of the impeller is to increase the tanggr@omponent of the fluid velocity,
(ey). It will be shown that the increase & is approximately proportional to the

developed pressure head.

Rotary pumps are not restricted to completely axiahdial flow modes, in fact many
rotary pumps may have a slight mixture of bladermations. Technically, these are
called a mixed flow mode; however, traditionallynaed flow pump has an obvious
axial inlet to the impeller and an equally obvigadial outlet as illustrated in Figure
2-16

Figure 2-16: Side elevation, left, and plan view ad mixed flow impeller.

At the inlet of the impeller, the blade faces aredominantly in the axial direction.

Near the outer, or impeller periphery, the bladee$aare predominantly radially

2-25


halla
This figure is not available online.  Please consult the hardcopy thesis available from the QUT Library


oriented. The mixed flow impeller, therefore, daesally directed work, (in the

negative z direction), at the inlet and radiallsedied work at the outlet.

In the interest of maximising pump efficiency, dxfeoow pumps are generally
employed in ‘high’ flow — ‘low’ pressure applicatie whereas radial flow pumps are
used in high pressure — low flow. A measure of twit@sses as high and low can be
found in Stepanoff (1957). A pressure of 100 mmd#g a flow rate of 5 L.mih
would be classed as a low flow — high pressure nasang a radial mode of flow a

potentially more efficient device.

Typically axial flow blood pumps are smaller incorgting rotors with an outer
diameter of @4-10 mm as opposed to radial flow #lpamps with a typical outer
impeller diameter of approximately @40 mm. Consaqly, the efficiency is
compromised further in axial flow VADs and they ogte at a higher speed.
However, their smaller size increases device intplahty and patient comfort (Song
et al. 2003). A detailed investigation into the relatimnerits of rotary VAD flow
modes can be found in sources (Timms 2006; ®bad) 2003; Woockt al 2005).

2.9 Haemodynamic Complications during BiVS

There are a number of complications that can atfeetsafety of a BiVAD. Earlier,
issues involving blood damage were discussed imauthrombus formation and
lysis of the red blood cells. However in the camtef barometric control, in which
this study is primarily concerned, there exist ambar of haemodynamic
complications. These include, but are not limitedpoor flow balancing, increased

circuit pressure due to hypertension and a fufiiéng ventricle.

2.9.1 Flow Balancing and Ventricular ‘Suckdown’

The Frank-Starling mechanism is the body’s nattloal balancing system. If too
much blood is being pumped by the right ventricieoithe pulmonary circuit for
instance, the filling pressure into the left hewitt increase thus increasing the output
into the systemic circuit. Since CO is so sensiti preload, ‘flow balancing’ is

achieved so that blood volume in both circuits &@ntained.
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To date a dual rotary support system, with its ishesuction inlets, has not been able
to auto regulate congested vascular circuits. Thisecause such a device cannot
replicate a Frank-Starling-like communication betgwehe pulmonary and systemic

circuits through passive ventricular filling.

Without sufficient flow balancing, tests by Nonakh al. (2002) and Endeet al.
(2000) have observed a high incidence of ventriceleckdown . To try to ebb the
incidence of suckdown in patients supported withk®¥AD, numerous active control
algorithms have been designed to drop pump spefedebsuckdown occurs, (Choi,
Boston, and Antaki 2007; Oshikawaal 2000; Endaet al. 2001).

Further complications for BiVS are brought aboutsbynt flow in the cardiovascular

system. Although not noted in Figure 2-2, blocaM$ from the Aorta through the

bronchial shunt back into the PA. This means thatLV CO is actually higher than

the RV (Guyton 2005). Studies with two gyro pungscussed the need to maintain
the flow of the RVAD lower than the LVAD in a BiVSituation due to the shunt to

avoid pulmonary congestion (Nonaiial 2002).

Complications were also seen using a pump desifpredVAD application as an
RVAD at low speeds as the lower rotational flow s&ai numerous issues with
cannula blockage (Watanale¢ al. 2004). This may have been due to thrombus

formation in areas of low flow.

Only one documented study has attempted to flowarizal a BiVAS without active
closed loop VAD speed control. A common Eccenaler Total Artificial Heart,

ERTAMH, is a pair of positive displacement peristaitumps with suction inlets. In an
attempt to balance the flows, an inter-atrial sheorinected ERTAH inlets to allow
leakage between the pump inlets. Aside from theéoals dilution of oxygenated
blood entering the LVAD inlet, the study reportetiproved operation through
increased stability of vascular circuit volumest claimed the technique ‘may be

effective in balancing the left and right sideghd# artificial heart’ (Wadat al 1999).
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2.9.2 Hypertension

Contrary to the name’s implication Hypertension net always caused by
hypertensive vessels. Hypertension means eleyagstures in a vascular circuit.
Clinicians recognise two mechanisms by which a hgosive circuit can be
facilitated. These are Backward and Forward Hgmsibn and are usually associated

with the pulmonary system.

Backward Hypertension is usually caused by a fgiantricle’s decreased output. In
the case of left ventricular failure, the decreak®doutput causes the pulmonary
venous pressure to increase elevating the endt@golume to increase LV output.
Assuming the pulmonary circuit resistance staysstaom, the RV systolic pressure
then increases to maintain adequate flow throughluhgs. The pulmonary circuit
then experiences a global pressure increase. ®tetincreased demand in the RV,

Backward Hypertension is a common cause of RVF.

The cause of Forward Hypertension is more indieatf its name. It is where the
pulmonic capillary vessels reduce flow area thusolbeng hypertensive. This
reduction in flow area is called stenosis, andymscially caused by cholesterol build
up or aneurism. Forward Hypertension is causedtbgosed arterioles causing an
elevated Pulmonary Artery pressure and decreasatlacg pressure. To maintain
adequate vascular pressure in the vascular bed,véssels constrict. The
hypertensive vessels are downstream, or aheale gfartially blocked vessels, hence

the term Forward Hypertension, (McNeil 2008).

Either mechanism causes elevated circuit presstether it is from a sympathetic
nervous response, (Forward Hypertension), or dug failing ventricle, (Backward

Hypertension).

2.9.3 Further Failing Ventricles

After VAD implantation, the VAD output is set so tasassist the ventricle. However,
it should be realised that in some patients, eaffgcafter long term support, the
ventricle can provide a large amount of the workhis is called the ventricle’s

residual function. Furthermore, poor managemenVAD, or BiVAD, support in
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long term clinical trials has seen end organ failas well as further heart failure from

ischemia, or poor circulation (Goldstein and Oz@0Dhristiansert al 2006).

2.9.4 Complications during Bi-Ventricular Support

From a more general perspective, both the longsaod term haemodynamic effects
of BiVS are poorly understood. This is particahe case for non-pulsatile support.
This is perhaps because there have been relafeslglinical trails of BiVS but also

because these trails have shown little succeasstaising long term and safe BiVS.

As mentioned, poor flow balancing has been idedifas an issue that plagues
constant flow support, particularly BiVS. Thisgeobably because the Frank Starling
balancing mechanism is lost. Nonakaal. concluded from chronim vivo studies of
rotary BiVS that subsequent pulmonary congesticansajor problem (Nonaket al
2002). This was further backed up in a reviewchator cardiac support, (Mesana
2004). Because the blood volume in the pulmonawuit is low, (around 15% of
total blood mass (Milnor 1982)), a congested pulamgncircuit can significantly
reduce venous return to the left heart. This fmthlevates the danger of left

ventricular suckdown.

2.10 Current Rotary Devices and Their Means of Control

Control of rotary VADs, particularly rotary BiVS siems, is an issue fraught with
complications. This is not surprising considering complexity and interdependence
involved in CV bio-signalling. Choet. al. 2007 commented that “hemodynamic
control of left ventricular assist devices (LVADOs)generally a complicated problem
due to diverse operating environments and the iditia of the patients” (Choi,
Boston, and Antaki 2007).

2.10.1 Steady State Haemodynamic Control

Artificial hearts include a controller within thegport system that takes signals from
the pumping system and adjusts the power to theppwnmaintain safe support. A
schematic sketch of the Heartmate 11l support systedepicted in Figure 2-17. The
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figure shows the external batteries and controltbe Transcutaneous Electro
Transmission (TET) for transmitting power throude skin, the internal battery and

the pump and cannulae arrangement.

\ External
Battery

Internal
|| Battery

Controller N

Figure 2-17: System sketch of the Heartmate Il inluding pump and cannulae, power supply
and transmission and controller. Modified from souce (Bourqueet al. 2001).

The means of system state sensing for rotary purapes from device to device.
Many devices make use of the current and voltageats to the pump to indicate the
pump torque and speed respectively. Then, refgtampump performance curves and
pump efficiency data the controller can make appnaxion regarding the pressure
head and the flow rate (Aymt al 2000). However, since pump pressure head is a
floating potential, (the difference between outded inlet pressure), neither inlet or
outlet pressure is known. Additionally, power seg<errors on top of discrepancies
between experimental performance dataiandvo operational performance decrease

system control.

Incorporating invasive pressure sensors bring abaisbility issues in that they are

commonly blood contacting. This can encouragenitmgs formation around the
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sensor which can disturb readings. Furthermoresaefailure could be fatal

requiring back up control systems.

Some devices incorporate flow meters such as tigakey Axial VAD which has a
dopler flow sensor around the outlet cannula (Mas2004). The Magnevad is an
axial VAD that senses the rotor displacement calyetthe developed pressure head
and quantifies the pressure head by referencingligfdacement to a known axial
stiffness (Goldowsky, Lafaro, and Reed 2005; Golslon2004).

2.10.2 Suckdown Sensing and Control

A recurrent issue for rotary type devices is tr@dance of the ‘sucking’ inlet causing
negative pressures at the inlet cannula causingrizelar collapse. In essence,
suckdown occurs when venous return is insuffictergupply the required flow at the
VAD'’s operating point. At that point the ventriatavity will collapse on itself much
like the effect of sucking all the air from a balito Assuming that the VAD is
properly managed and the operation speed isnhiglo, this is caused by a number
of conditions where venous return becomes too Iddypertension is the primary
cause of decreased venous return to the heartnoRaly hypertension is particularly

common in patients who receive mechanical supphéka et al. 2002).

Post-operative Pulmonary Embolism is a common c¢mmdfor hospitalised patients.
It is where a lack of physical movement sees thusnfmrmation in the systemic
venous system, (such as Deep Vein Thrombosis, D¥Ventually, the thrombus can
dislodge and then move up through the Vena Cavaudih the right heart and then
lodge itself in the narrow arterioles or capillaria the lungs. This problem is also a
serious issue for VAD patients as it decreases w&nmeturn to the left heart and

therefore increases the risk of LV suckdown.

Similarly, as found by Nonaka, Linnewebet al. (2002), pulmonary hypertension
during BiVS sees an increased pulmonary vasculaistesce obstructing flow.
Consequently, the decreased venous return decriediseentricular volume. This is

further affected by the low fluid volume reservetire pulmonary circuit. Rotary
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BiVS with their inherent sucking inlets are themefoparticularly susceptible to

inducing LV suckdown.

When the ventricle collapses, flow into the cannslblocked allowing flow from the

venous system to fill the ventricle again. Prodidee VAD does not attempt to move
its steady state operating point to a lower fldwve ventricle can repeatedly suckdown
or remain collapsed. The collapsing motion is dgimgato the heart muscle and can
cause bleeding at the cannulation site. Furthegmibrcan encourage thrombus

formation in regions of flow within the ventricle.

As discussed, the issues discouraging the useesbpre sensors make it difficult to
know when the ventricular pressure starts to diexpydrously low. So, many devices
use the transient current signal to the pump taatqyredict ventricle collapse without
a direct inlet pressure sensor, (Yulekial. 1999; Endcet al 2001; Oshikawat al
2000). Since the current is a good indication e applied impeller torque, the
torque therefore can be indirectly monitored. @b=e& oscillations in the drawn

current amplitude would indicate that the flow ith@ VAD is becoming unsteady.

2.11 Conclusion

Considering heart transplantation as a treatmentdagestive heart failure supplies
less than 0.5% of the demand in Australia, safeha@cal alternatives are a sought
after treatment option. However, devices to suppatients with bi-ventricular
failure are few and early in their development. ughthese patients are forced to
remain on a hospital bed receiving cardiac suppdrile they await a donation.
Currently there are no implantable BiVADs with FD#& TGA approval. The
premature nature of the artificial heart marketndicated by serious safety issues

with both pulsatile and non-pulsatile artificialdnts.

Conclusive evidence outlining the superiority oinfmulsatile support devices does
not exist. However, a brief review of the issues@inding both modes of operation
of artificial hearts was presented. Better biocatiglity and implantability
encourages continuous flow VAD research due to lemdevice size, less moving
parts and the decreased likelihood of thromboerstoli
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The relative merits of axial and radial modes ofv] (and a mixed flow mode), were
discussed in brief outlining the efficiency berefibh supporting a left ventricle, at
least, using a radial flow pump. However, thisjgcowas restricted by the geometry
of the prototype to select mixed flow modes fortbibte LVAD and RVAD.

Flow balancing rotary bi-ventricular support sysserand associated pulmonary
hypertension have proven to be typical complicatidaringin vivo experimentation.
Such support is compounded with the additionalasdhat single VAD patients face
including high dependence on the device reliabifityd induced blood and tissue
damage. A means of stabilising and controllingual dotary pump is an area of
research that has been given little attention.s Thesis documents the development
of such a system which incorporates a passive mediacontroller to takes pressure

signals from the CV system to passively controlBi¢AD output.
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3 Device Design and Development

3.1 Introduction

The literature review discussed the artificial heses a support device needing to be
implantable, biocompatible, reliable and minimailhywasive for the patient. While
single ventricle support using a VAD is now quitensmon, support for bi-
ventricular failure, BIVF, using appropriate rotapump technology has proved
difficult to achieve due to flow balancing issu€bo this end, parallel investigations
using numerical simulation and experimentation wesed to develop a passively
flow balancing support system using dual rotary \6AD a single device; a passively
controlled BiVAD.

This chapter details the design process for therxgntal prototype BiVAD and the
considerations taken for its configuration. A desprocess is explored where the
device was developed around a theoretical contrsjlstem; from conceptual designs
to the final prototype. The incorporation of aafimg impeller shroud assembly and
the associated dynamic components are the keyidmattdesigns to provide the

passive controller.

The physical design of the pump components have h@&&ienced by text book
design procedures, previous experimental designd the physical geometry

limitations of the device and passive controller.

3.2 Passive Response from a Cardiac Device

Before the passively controlled BiVAD could be dgsd, the device’s environment
was examined including the controller input andpattsignals as well as the

controller system itself.

As mentioned earlier, pressure signals provide mafdie bio-signalling sensed by
the cardiovascular system. Pathological haemodigsawill often cause rises or falls

in vascular pressure making this the ideal sigoaltfie passive system. Another
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attractive attribute of a pressure signalled systenthat pressure changes can be
sensed mechanically using pitot tubes, deformal@enbmanes and pressure plates.
Ideally we would like to sense the flow also; hoeevthis is difficult to do
mechanically without paddle meters which are sustdg to thrombus formation.

The output from the system was selected to beutgubfluid power of the pump, the
pressure headH) and flow Q). Due to the compliant nature of the vascularshed
vascular pressure can be increased or decreasemhdieg on the resident fluid

volume within the compliant vessels.

The human cardiovascular system is a dynamic sysaeth fluid resistance,
compliant or elastic vessels and fluid inertia.isTéreates a dynamic environment for
the device where pressures and flows within theutation are subject to delayed and
periodic responses to inputs. The VAD’s respotisesefore need to be dynamic and
for the purpose of experimental testing need tovém@able. A desirable dynamic
controller within the BiVAD, therefore, would inquorate some sort of mass, damper

and spring response.

Figure 3-1 gathers the selected pressure inpsy&D’s pressure and flow outputs
and the dynamics system into a schematic of the ¢g&p controller model. This
controller model gives the basis from which the spas controller BiVAD was
designed.

Inputs System Outputs

(H, Q)LW-\D
(H, Q)RVAD

Ap v .
Ao D =W MS + S + kS = F(AD DD gyap) [

p RwAD

Figure 3-1: Passive Controller theoretical contromodel.

The input parameters refer to the changes in thelate pressure of the resident fluid
within the LVAD and RVAD,4p. Terms used in the system model are an inertial
coefficient, m, a damping coefficientd, a spring coefficientk, some degree of
freedom of the controlles, and the external forces upon the systemThe outputs

of the open loop controller are then the affectessgure head and flow rates of the
VADs.
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The system model incorporates a single degreeeetirm, s, which is sensitive to the
output, H and Q, of both VADs. This degree of ffe is acted upon by a resultant
force, F which is proportional to changes in pressu

3.3 Impeller and Casing Design: Theory and Considerations

A comprehensive rotary pump design review primasibyirced text book empirical
procedures. However, the empirical data were eikadly based from

experimentation of industrial sized pumps. Sot texok design procedures were
combined with documented miniature blood pump desigdies to design the pump
geometries. Additionally, numerous tests have leeried out by the candidate and
colleagues to test the pump’s performance sersgitt@ a number of geometric

parameters.

3.3.1 Basic Theoretical Rotary Pump Design Procedur e

Axial, mixed and radial flow pump texts normallytiate the design procedure with a
basic theoretical equation for a 100% hydraulicaltficient pump. Then empirical

data from industrial pumps are used to predict it losses. To allow a range of
pumps to be designed from these data, non-dimesspamrameters are employed to
normalise the design steps. Empirical detail reenlomitted from this document as
maximising the VAD hydraulic efficiencies was nbetaim of the study. Text book
design procedures were taken from multiple soufdapikse, Marscher, and Furst
1997, Stepanoff 1957).

Before the design process was started, the degressure headl, flow rate Q, the

running speed\ and the impeller outer diameter were nominated.

3.3.1.1Theoretical Impeller Design

Initial theoretical calculations for axial, mixedndxr radial flow impellers are
essentially identical. Determining global geometipd blade angles can be
approximated regardless of flow mode. Howevefediint modes of flow affects the
direction of the meridional vectorg,; and e, where both have units (mri)s
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Figure 3-2 provides a plan view of a radial flowpetier with the absolute fluid
velocities at the impeller inlet and outlet, ande, respectively with units (mni%3.
Relevant vector components of the fluid velocitydalso been included as these are
used in the impeller design process.

82 a2

Figure 3-2: Plan view of a radial flow impeller dejicting inlet and outlet velocity triangles.
Modified from (Stepanoff 1957).

Whereu is the absolute linear impeller velocity,is the relative fluid velocity with
respect to the impelleg is the absolute fluid velocity angle to the tartgehthe

impeller’s rotation ang is the fluid velocity angle to the rotational tamg from the
rotating impeller’'s frame of reference. Noticetthide subscripts;] and ¢) refer to

the inlet and outlet, (eye and periphery), of theeller.

The theoretical head of a radial and axial pumgJaluated by ensuring that the

angular momentum of a quantity of fluid mass issawmed from the inlet of the
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impeller through to the outlet. This simply medhat the work done by the torque
from the impeller is converted into an increaséurd kinetic energy as it passes over

the profile of the impeller from inlet to exit.

Wy
e
em1 1 ? es wy
em? g 3
@ oy B4 ¥ 2 2

e ks -
e w——— < eya > wyp
Wy ——— g

Figure 3-3: Velocity triangles at the inlet, (left) and outlet, (right), of the impeller.
Modified from Source (Stepanoff 1957).

Beginning with Newton’s % law in polar coordinates; the torque applied ® finid
by the impeller can be equated to the rate of ohaof the fluid’s tangential

momentum,

_dn
—a(rzez cosa, —1,6 €COsa,)

Equation 3-1

whereM is the applied torquc-)(;—t[1 is the rate of change of fluid mass in time ang r i

the impeller radius. From this starting point, tBaler's equation for theoretical
pumping head can be derived, (detailed in (Stedr8¥7)) as given in Equation 3-2

to

Equation 3-2

whereH; is the theoretical developed pressure hgad,the product of gravitational
acceleration and a dimensionless constant to atcfuununit difference. The
subscripts 41’ and ‘7’ indicate the magnitude & in the direction ofu; or u,. The
derivation of Equation 3-1 and Equation 3-2 caridusd in Stepanoff (1957).
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Since the operation of a pump is within a highlysptile environment, the inlet
conditions won't be constant, but more importanthey won't be steady. This is an
important issue in the design of inlets without sosort of flow straightening
precursor to the eye of the impeller.

An identity for the actual head is given in Equati®3 where the Euler head;, is
multiplied by the hydraulic efficiency,

u,e, —u,e

Uz
Equation 3-3

The hydraulic efficieny of the pump, is used to determine the actual developed

pressure head.

The blade heights at the inlet and outlet can newdétermined through text book
calculation; however, experimental studies foundt tthe suggested blade heights
from texts are too small. It was found that eXdtde heights lower than 1 mm caused
serious throttling which made a maximum pump flaterof around 3 L.mih for
speeds less than 3000 RPM. The dimensions of ooace shown in Figure 3-4.

Figure 3-4: Side elevation of an experimental mixetlow impeller with labelled blade height

dimensions.
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Now, sufficient tools are available to determinee thasic impeller geometry.
However, a number of assumptions need to be madpniing with the tangential
fluid velocity at the inletg,;. Then, provided a running spedd),(pressure headHj,
and flow rate Q) have been nominated, the tangential componettieofluid at the
impeller outlet,g,,, can be evaluated using Equation 3-3. Following, the velocity
triangles in Figure 3-3 can be drawn up, and camsid impeller losses, the blade
angles can be found. Further detail into textkbdesign procedure of radial flow

impellers can be found in (Timms 2006).

3.3.1.2Theoretical Volute and Diffuser Design

The volute collects the fluid coming off the pergh of the impeller and guides it to

the throat, and then the outlet. Energy is comdeftom the tangential component of
the kinetic energy of the rotating fluid to pressenergy throughout the volute and in
the diffuser itself. It is in this collection chaal that most of the pump losses occur
(Tuzson 2000). Figure 3-5 highlights many of thiportant geometric parameters of

the volute and diffuser.
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|

Radial
clearance gap

Volute

Figure 3-5: Plan view of a sectioned pump casing tgling

the volute, diffuser and key geometric parameters.

Whered is the volute throat anglé, is the volute angle, (to the tangent), and the

subscript, ), denotes a mean volute fluid parameter.

First, the volute angle is calculated so as to mise fluid shock coming from the
impeller. To do this it is advised to make thewtelangle equivalent to the absolute
velocity angle of the incoming fluidg,, calculated from the velocity triangles in
Figure 3-3. Following this, empirical data areereihced to determine the required
tangential fluid velocity in the volutegs;, to provide the necessary pressure
development,

e, =K,;+/2gH .

Equation 3-4

The employed empiracle data lends the losses caffjK, which increases with an
increasing pressure to flow ratio, (Stepanoff 195&% mentioned, however, the use
of industrial pump design texts provides poorlyresgntative empirical coefficients

for miniature pumps.
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The other important geometric parameter is theathameaArnroar at the end of the
volute and the start of the diffuser. This is addted simply by dividing the
nominated flow rate by the velocity found in Eqoati3-4,

AThroat = % '

Equation 3-5

Texts suggest maintaining an approximately consistew area from impeller inlet,

to impeller outlet to volute throat. The volutedat area found in Equation 3-5 is
then compared to the impeller inlet and outlet sareaassess the continuity of the
flow channel area. The design process therefsraniiterative task to maintain flow
area continuity, while minimising inefficienciesThis introduces a problem at the
impeller periphery since miniature impellers inamgte high boundary layer
interaction. The final VAD designs, therefore, ddte continuity between the

impeller inlet and outlet areas and the throat.area

Further detail into text book design procedureabfiow volutes and diffusers can be
found in (Timms 2006).

3.3.2 Effect of Axial Clearance Adjustment on Perfo  rmance

An important feature of the device’s passive cdtgras adjustment of the clearance
above the impeller blades. This clearance is shiowa radial flow pump in Figure
3-6.

Blade Clearance

Figure 3-6: Section of a radial flow pump indicatirg the blade clearance length, c, between the

impeller blade and the pump casing.
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Timmset al. (2006) discussed this as an effective way to @argtary pump’s output
during operation without adjusting the pump sped@imms increased the clearance
between the pump casing and the impeller bladéiseo50 mm semi open impeller.
The result was a drop in performance as the adgrdtadlowed fluid leakage over the
blade tips dropping the efficiency and thereforatpat. Another feature of this
means of performance adjustment is that most ofpéreormance drop occurred
betweenc = 0 and 0.3 mm. This suggests a non-linearitherelationship between
H andcandQ andc, (Timms 2006; Timmst al. 2006).

As mentioned earlier in this chapter pressure wasetused as the passive controller
input signal because it is able to mechanicallyeaffa device using deformable
membranes or pressure plates. It was thoughfthans’ result could be applied to a
pressure plate configuration so that the pressuggtiher VAD could affect the blade
clearance. This will be explained later. Inityalthe candidate needed to replicate
this effect to ensure that it could be used effetyi to adjust the pressure and flow
rate from a radial flow pump. Figure 3-7 shows ohé&he mixed flow impellers used

by the candidate to replicate Timms’ reported rissul

Figure 3-7 a and b: Example impeller from axial clarance repeat test; Side elevation (left),

planar view (right).

A range of mixed flow and radial flow pumps weretézl in a hydraulic loop to
derive the performance curves at varying bladeralees. Pressure sensors upstream

and downstream of the pumps indicated the presbaeal while a flow meter
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measured the flow rate. A micrometer was usediallg locate the impeller inside
the pump casing. The pumps were then run at aerahgump speeds from 1400 to
2400 RPM and the caircuit resistance was gradeaiiynged throught the test using a

pinch valve.

Figure 3-8 is the corresponding experimeidals. Q curve for a mixed flow pump

using the impellers shown in Figure 3-7 with anatxiearance as close to zero as

possible, i.ec~ 0.0 mm.

Fressure-Flow Characteristics for Mixed Flow Miniature Pump
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Figure 3-8: Pump performance characteristicdH(Q) for different speeds,N.

The plot shown in Figure 3-9 shows the change impyperformance when the

impeller clearance is increased fraen= 0.0 mm (solid black), tac = 1.0 mm,

(dashed).
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FPressure-Flow Characteristics for Mixed Flow Miniature Punp
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Figure 3-9: Pump performance characteristic for twodifferent clearances.

It can be seen that the pressure drop due to siageéhe blade clearance is similar in
effect to decreasing the pump speed. Increasiagldgarance from 0 to 1.0 mm is
approximately proportional to decreasing the puipged by 100 to 200 RPM. This

is a rough approximation but will be used in themewdcal model and in post

processing experimental data.

From these results it can be seen that both adjalstment and speed control are

effective means of performance adjustment durirgy dperation of a mixed flow

pump.

3.4 Passively Controlled BiVAD Configuration

The controller design in Figure 3-1 sets out a &amrk with which to design the
physical controller. Considerations were takems®o actuate the controller with the
selected inputs, incorporate dynamic controllepo@se and create a causal controller
to provide the desired outputs. Similar to mossigie processes, the device
developed through a number of concepts. The cdsdelowed by the impeller and
casing design for both VADs are described in tbidisn.
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3.4.1 Preliminary Concepts

The interaction between the heart and the pressigreals used to control arterial
pressures needed to be replicated as closely asbfwsn a passively controlled
BiVAD.  Furthermore, it was envisioned that somertsof VAD output
interdependence could be created between LVAD aMAIR similar to the
ventricles’ interaction. A CAD model of the initiaoncept model for the device is

shown in Figure 3-10.

RVAD impeller
with upper shroud

Floating
hubs/lower

LVAD impeller
with upper shroud

Figure 3-10: Passive Controller BiVAD Concept 1. Anotated CAD model.

This concept includes two semi-open impellers @achrporating an upper shroud.
Between them is a non-rotating assembly which ¢sdlgnconsists of the lower
shroud forms for each impeller. This assembly @inted on a flexible ‘septum’ that
can deflect between each VAD depending on pressar@ations. A deflection
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upward would increase the output of the RVAD andcrease the LVAD

performance, and visa versa, to provide an intendeéent septum action.

It was recognised that this is not exactly the samberdependence caused by the
septum shift in the heart. However, it was pos@dathat this might aid in the
device’s ability to flow balance. A congested patrary circuit would elevate
resident fluid pressure in the RVAD causing a dwiten towards the LVAD thus
lowering RVAD output and increasing LVAD output. hi$ would then pump less
fluid into the pulmonary circuit as well as evaauatore fluid from the congested
circuit through the LVAD. The design was miniaga&td and prototyped as shown in
Figure 3-11.

Figure 3-11: Passive Controller BiVAD Concept 2. Btotyped ABS plastic model.

3.4.2 Design Considerations for the Final Prototype

There were two important concerns with the funaldp of the described concepts.
The first was that, for a total support scenatt@ LVAD operates at five times the
mean pressure of the RVAD. This means that disiegdy state operation the lower
shroud assembly would be heavily deflected. Clesamination of Figure 3-10

reveals that the candidate constructed it in tlilected position to show this effect.
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Where the device is providing total support, theamarterial pressures in the Ao and
PA will be around 100 and 20 mmHg respectively,160 and 25 mmHg if the

pulmonary circuit is hypertensive. The latter iprassure ratio of 4:1 between the
LVAD and RVAD respectively. A cardiac support dewi whose operation is

intended to be as self regulating as possible, néede as inherently stable in its
operation as possible. To allow the hub to beradiptiocated at steady state support,
the forces from these two pressures upon the esitderof the lower shroud assembly
needs to be balanced. The area ratio of the Istvauds therefore, should be around

1:4 respectively.

The second issue was that there was no contrdleoibiver shroud assembly motion.
Figure 3-10 depicts the assembly located by a ldlexmembrane support which
would permit oscillation. A particular concern w#sat when the device was
providing partial support it would reciprocate unde pulsatile inlet condition
therefore rending the passive response ineffectiidhe lower shroud assembly,
therefore, needed some dynamic restraint to opgimgsmotion. It was foreseen that
a spring, mass, damper type configuration woulddsential in adjusting the response
of the device. With the inclusion of the dampeny aoscillations could to be
mechanically damped in order to filter out presssignals from the contracting

ventricles.

A means of providing these dynamic parameters abtkiey were reliable, repeatable
and able to be varied during operation was a diffidesign problem. The
implementation of the dynamic components will bplaied in the next section.

Further considerations were needed to create atgpat which could be physically
assembled and run with relatively high tolerancesntained between the impellers
and non-rotating lower shrouds. Another diffiagsdkue was the impeller drive. Each
impeller was to be driven individually which megr#netrating the VAD inlets with

the drive shaft. Furthermore, radial and axiabiityt of the impellers needed to be

ensured so that all the passive response was gitiglthe lower shroud assembly.
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The device components, assembly and machine-stepirdys were designed and
drafted in SolidWorks. CAD software was particiyahnelpful in designing what

eventuated into a complex device with many comptmen

3.4.3 Final BiVAD Concept with Passive Controller

There are numerous distinguishing features in th& toncept, when compared to
earlier concepts. In terms of the device’s funwidy, the important features are the
increased RVAD impeller diameter, incorporated na@ital dynamics to the lower
shroud assembly and dual flexible diaphragms. @&heatures, along with the

intended response of the device are discussedsisehtion.

It should be noted that the final concept figuneghis section were sourced from
CAD models after the completion of the design. Ideer, specific impeller and

casing geometry detail will be given later.

3.4.3.1The Prototype at a Glance

A sectioned elevation of the prototype is showrrigure 3-12. The section has had
much of the physical detail removed for clarity.g(eseal grooves and some physical
part lines). The sectioned figure shows the oaon of the RVAD and LVAD as
well as the central Passive Controller Body. Tasiten of the inlet and outlet volute
of each VAD is shown as well as the impellers. Wds physically oppose each
other and between them, they straddle the Passiwrdller which locates a non-

rotating floating hub incorporating lower shroutiatched).
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Inlet
Floating Hub Impeller RVAD
Volute
| Passive
[ | L Controller
s e Body
Volute
Impeller LVAD
Inlet

Figure 3-12: Sectioned elevation of prototype foranstruction with sensors and dynamic

components included.

A position sensor enters the Passive Controlleyloan the LVAD side to monitor

the position of the floating assembly within themqu The sensor is a LVDT with
+2.5 mm range, (Solartron, 922939 DG5.0, RC Comptnéiustralia), which

maintains contact with the floating assembly usmgpring loaded, spherical tip
sensor rod.

The lower shroud diameters are no longer the samiact the RVAD impeller and
lower shroud diamters are twice those of the LVADZ100 mm and @50 mm
respectively). This LVAD to RVAD lower shroud diater ratio of 1:2 creates an
area ratio of 1:4. This was intended to approxatyabalance AoP:PAP ratios

between 4:1 and 5:1, (depending on the simulatédgnary hypertension).

3.4.3.2Detailed Assembly Drawing

A detailed numbered assembly drawing of the prgetg given in Figure 3-13 and
following this the numbered parts are identifiedFigure 3-14. Please note that the
sectioned drawing is orientated at 90° about théicke axis with respect to Figure
3-12.
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Figure 3-13: Sectioned numbered assembly drawing tifie prototype.
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Bill of Parts

RVAD inlet

RVAD bearing housing
RVAD pump casing

RVAD impeller

RVAD lower shroud

RVAD membrane mount A
RVAD membrane mount B
Passive confroller shaft (con rod)
Pasive controller body 2

10 Passive controller body 1

11 Pump casing mount 2

12 LVAD membrane mount B
13 LVAD membrane mount A
14 LVAD lower shroud

15 LVAD impeller

16 LVAD pump casing

17 LVAD bedaring housing

18 LYAD inlet

1?2 Pump casing mount 1

20 Passive controller inecr beaing
21 RVAD Impeller bearing

22 LVAD Impeller bearing

23 Impeller shaft female

FANF

LAt
*/’\*
FAF

NVCONO-UTAWRY —

A
EAF
A%

24 Impeller shaft male
25 Position sensor location

*/\*
Manufactured with Rapid Prototyper

Notel: See drawing 1.2a for numbered part direction
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Figure 3-14: Numbered Parts from sectioned assembbrawing.
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3.4.3.3The Impellers, Non-Rotating Hub and Blade Clearance

Fundamental to the understanding of the passivrads the location of the
impellers, non-rotating lower shrouds and therefenere the blade clearance, c, lies.
Figure 3-15 shows a window on the right with a zednm image of the LVAD. For
ease of reference, parts of interest have been enenifaccording to those provided in
Figure 3-13.

Figure 3-15: Zoomed image of the LVAD impeller andmpeller location, non-rotating lower

shroud and physical blade clearance (c).

Note the semi-open LVAD impeller with an upper sldqpart 15). The blades are
located on the concave side of this shroud and theer edge profile matches the
profile of the non-rotating lower shroud (part 14Jhe detailed drawing in Figure
3-13 shows that there is also a clearance betwkenRVAD impeller and its

corresponding non-rotating lower shroud.

Highlighted using mono-directional hatching, theating hub assembly is shown in
Figure 3-12 and includes parts 5-8 and 12-14 irueig3-13. This floating hub
assembly was a feature developed from the lowesushassembly detailed in the
concept shown in Figure 3-10. The floating assgngimade up of two assemblies

called lower shroud assemblies and connected ynaad. The two lower shroud
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assemblies straddle a cavity divided in two. Theddd cavity creates the Passive

Controller Body.

3.4.3.4The Passive Controller Body — A Double Fluid Chambre

The Passive Controller Body was constructed oufoof components which stack
together to form two chambers. These are part0911 and 19 shown in Figure
3-13. The Controller Body provides a structurehwithich to provide dynamic

restraints to the floating assembly as well a lasattach the VADs. The dynamic
restraints are a spring, mass, damper arrangeimanaxially locate the floating hub
to the Controller Body. Figure 3-16 below highilig in white the Passive Controller
Body, and the wetted components of the passiveaterts fluid cavity.

Damper hole

Figure 3-16: Sectioned elevation of prototype withighlighted wetted components of the Passive

Controller fluid cavity.

An @8 mm hole enters part 10 from the side creatihgt is labelled the damper hole
in Figure 3-16. This hole bores through a triaagdlot which connects the two
Controller Body chambers. Providing adjustablelwsion of the triangular slot is a
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micrometer spindle, (part 26), which can be extednde withdrawn through the

damper hole. More detail on this mechanism ismgiager in this chapter.

Preparation of the device for use begins by corapldtlling one of the Controller
Body chambers with water. The other is filled whibth water and a small, measured
volume of air. Water can move from one compartnmenthe other through the
damper hole. This provides the damping function tfe floating hub’s motion.
Depending on the adjustable area of the damper, bidelevel of damping can be
adjusted. During operation the device is oriemtatéh the impellers’ rotating axes
parallel to the ground. The device was then rdtatethat the damper hole is at least
90° from the top of the device preventing the aiblde from travelling between
chambers.

The fluid within the divided passive controller dsés was sealed from the fluid
within each pump by means of flexible membranesiesE membranes lie between
parts 6 and 7, and 13 and 19 on the RVAD side ataden parts 12 and 13, and 11
and 16 on the LVAD side, see Figure 3-13. The nramds were thin sheets of latex;
a product used by dentists called Dental Dam. Mieenbranes divide the cavities
within the device into three; the RVAD pump fluidwity, the Passive Controller fluid
cavity and the LVAD fluid cavity.

3.4.3.5The Passive Response

The essence of the passively actuated controllgreigloating hub which responds to
changes in vascular pressure through axial traoslad adjust both the differential
flow and pressure between the LVAD and RVAD. Fe8-17 shows the hub
position when the AoP is raised (left) and the R&\Raised (right). Consequently, the

figure contains sketches of the resulting preskeesl and flow rate from both VADs.
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Figure 3-17: Sketch of the normalised pressure head, and flow, Q, from the LVAD and RVAD

as well as hub position during an elevated AoP sena (left) and an elevated PAP senario (right).

As an example of how the passive response worka iclinical application; a
congested, or oedematous, systemic circuit willseaglevated pressure in the aorta,
(see Figure 3-17 (left)). The pressure change tduthe hypertensive circuit is
transmitted back to the LVAD driving the hub awagrh the LVAD impeller. This
translation increases the LVAD clearance decrealiegLVAD hydraulic output.
The AoP is then reduced, as is the flow into thegested vasculature. Additionally
the decrease in the RVAD clearance increases ftuntval from the systemic venous
system. This passive action encourages stabilitgrierial pressures imitating the
native baroreceptor response. The total axialttkeagailable for hub translation will

be referred to as the Total Clearance.

3.4.3.6Controller Dynamic Components; Spring, Mass and Darper

In order to achieve a viable passive control systewas assumed that the dynamics
of the floating hub’s response would need to beéndped. To do so a spring, mass,
damper configuration was used to affects the hotdson. These three components

were designed to be adjustable.

The mass component is the mass of the floatingasgiembly, approximately 160g,
plus any added weight placed in a cavity betweatspg& and 7 under the RVAD

lower shroud. Damping of the hub’s motion, as noged already, was achieved by
variable restriction on water flow from one ConleolBody cavity to the other.
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An added spring response was initially planned & dchieved by way of a

mechanical spring attached to a recess in parintlOaaspigot on part 7, see Figure
3-13. A number of springs were manufactured ha@ngnge of spring constants.
However, it was found that the small air bubbleome of the chambers could be
harnessed to be a very effective spring. Congiuedifference in lower shroud areas
of the two VADs. An axial translation of the hulillveause an overall change in the
total volume of both chambers. This caused thebabble to expand or contract
providing a spring-like response. This will be Exped and analysed in more detail

in the next chapter.

The aforementioned components allowed the dynamspanse to a differential
pressure in the form of the floating assembly’'s ovgl, acceleration and
displacement respectively, within the device toopémised. An example scenario

and response of the floating assembly’s dynamies i®llows:

The heart beats at approximately one beat per deand each ventricle is located
approximately 100mm upstream of each VAD’s inléhe left heart’s peak pressure
is higher than that of the right heart inducing &hh pressure differential
approximately every second. The BiVAD’s functionllwiot benefit from the
floating assembly hitting against the RVAD’s phydi@axial stopper every second.
To prevent this happening the adjustable fluidrietsin, or damper, (proportional to
velocity dynamic component) will be set such tha velocity of the fluid passing
through the hole will be restricted. This will litthe flow rate and hence the volume

of fluid required for a response to such a higlydiency pressure differential.

3.5 BIVAD Pump Geometry

As mentioned, a number of resources were usedhfordesign of the LVAD and
RVAD geometry. Textbook pump design procedure wsed as a basis for design
geometry but deviations were taken where neededceShe functionality of the
passive controller is the focus of the study, asospd to pump efficiency, this was

not detrimental to the aims of the project.
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Both VADs incorporate a mixed flow pump with senpen shroud configurations

and a single spiral volute. The geometries of tR&AD and RVAD are given in

Table 3-1.
Table 3-1: LVAD and RVAD Design and Geometric Pararaters.
MNominated LVAD MNominated RVAD
Operation Parameters Operation Parameters

H (mmHg) 100 H (mmHg) 20

@ (Limin) 5 G (Limin) 5
M (RPM) 2400 N (RPM) 1200

A@O0 mm) a0 @O0 (mm) 100

LVAD Geometry RVAD Geometry

Blade |8: {7 45 Blade |5 () 65
Angles |82 () a0 Angles  |Bz ) 80
Blade [|inlet BT Blade [inlet 4.5
Heights |outlet 1.2 Heights |outlet 1.2
chanml Ay fmm?, 130 Chanl Ay fmm?, 80

anne 7 anne 7

nons |A2 () ] 1889 s A2 () ] 377
Athat (FF0°) 33 A spmar (Fom©) 186

et 1200 frmr] 16.4 et |20 (i) 14

A0 () 2] @0 [raen) ]

[ volute [Beons (7) 2.5 [ volute |8 (%) 3

Firstly, the inlet blade lengthsl, were chosen for both VADs so that the shaft and
bearing arrangement, (see Figure 3-12), couldttefinside the inlet housing. This
was a problem for the RVAD as the impeller perighareaA, was so much larger
than the impeller inlet aref at the eye. This decreases the impeller efficiescthe
meridional component of the fluid velocity woulddergo a negative acceleration

over the impeller face. However, this was sa@difor ease of device manufacture.

A pre-swirl assumption was made for both inletst tilde tangential velocity
componentg,;, was 10% of the mean inlet blade velocity. As tioered earlier, inlet
angle design is difficult for a pump in a highly Igatile and unsteady flow

environment.

During operation of the VADSs the passive responsleinduce high clearances under
the blades. In early tests it was expected thabtrerall clearance would be around

2 mm and in final tests this would be reduced tmrh. This implies that centrally
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located, both impellers would have a clearance ratol mm and then 0.5 mm
respectively. It was assumed that this would iedaihigh level of fluid leakage over
the impeller blades during operation. The outletde anglesp,, were therefore
designed to be higher than the calculated angles fthe velocity triangles to
maintain the designed delivery pressure with a fllglarance. These angles were

made 80° for both VADs; more than double that dakewdl from empirical theory.

The outlet blade height of both impellebs, were kept to a minimum of 1.2 mm for
both pumps due to earlier experiments indicatirag tilade heights less than 1mm
caused too much throttling at the entrance to tiets. It was assumed that this was
because; miniature pumps with an outer diameter@®0 mm experience affected
performance from high boundary layer activity. Th2 mm blade heighby, resulted

in high impeller peripheral areas which could ferthncrease, due to the floating

assembly increasing the blade clearance.

The volute angles of both pumps were reduced flmanrésulting calculations of the
outlet fluid velocity anglesg,. This was to reduce device size for practicadity

testing at the further expense of hydraulic efficie of the pumps.

Resulting from the LVAD and RVAD design process evéwo pumps that could
deliver acceptable hydraulic outputs. Additionatlye designs accommodated for the
floating assembly of the passive controller toalkhe proof of concept prototype to
simulate a passive response. Furthermore, adeopédier and shaft location could
be incorporated to ensure true running of the itepel and reliable torque

transmission.

3.6 Pump Generation

A computer program was written in MATLAB by the chdate which takes user
supplied geometric parameters to provide outpas fdonsisting of coordinate arrays.
This software can be found in the CD accompanyimg thesis. These arrays
describe 3D geometric profiles of the pumps whidhieported by a CAD program
called SolidWorks. The output files prescribe @sby linking the coordinates in
Cartesian space to define the geometric form ofrtipeller and casing. When these
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curves are imported by SolidWorks into an existimpeller or casing files, blade,
shroud or volute profiles are updated to createva pump part. From here the new
impeller and casing part files are formatted fopaxing to a rapid prototyping 3D
printer. The formatted part files are then uplahd®o the 3D printer where the
components are formed from ABS plastic. FigureB3tiows numerous rotary pump

configurations that were created in earlier stud&ag the program.

Figure 3-18: Impellers and their respective casingr an early set of miniature pump tests.

The software was developed to enable the rapidioreaf numerous impeller and
pump casings for VAD prototypes. It provides a 4tommercial means of
developing rotary pump geometries. The program sasfar been used for
manufacture of experimental test pumps and creaf@ametries for numerical fluid
simulation. The order of operations within the graon sees the generation of the

impeller profiles first followed by the casing pites.

3.6.1.1Impeller Generation

The program consists of two parts. Impeller geti@man the first half, and casing in
the second. Figure 3-19 indicates some of the iitapb geometric parameters
specified by the program to construct the impellersthe testing within the first
section of the program. The figure shows a serenramixed flow impeller with an
upper shroud. The blade heigliksand b, have not been included in the figure as

they were specified in Figure 3-4.
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Section AA

Figure 3-19: Bottom view and paln section of a conieted CAD model of a dimensioned impeller
that was used for testing.

When the input parameters have been entered iet@dbde, the program is run to
generate the profiles needed to create the CAD Indide those shown in Figure

3-19. The image in Figure 3-20 shows three vieWthe prescribing curves of an
impeller generated by the program.

Upper shroud Lower shroud

Figure 3-20: Impeller prescribing curves in 3D spae rotated through three views.
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The lower shroud of the impeller as well as a eiee line which indicates the
underside of the lower shroud is located first. lldvang this, the blade profile is
generated. The MATLAB program creates a blade g#gnwhich is later repeated
around the rotating axis depending on the numbeesired blades. The red and blue
lines shown in Figure 3-20 prescribe the outer ameer edge of a single blade.
SolidWorks recognises these two lines and then extsnthem with an extruded
feature to form the blade. The blade feature és ttotated about the vertical axis to
create additional blades. Once the outer edgebeoblades have been located, the

upper shrouds can be defined.

The output profiles from the program in MATLAB aegported into SolidWorks for

the embodiment of the components like those shawhigure 3-19. Here the user
updates the shroud and blade profiles to obtain@&® components. Depending on
the desired impeller the user can use either, tir floroud profiles to generate a semi

open or closed impeller respectively.

3.6.1.2Casing generation

In the second part of the Matlab program the pesfilsed to generate the pump
casings are created. The embodiment in SolidWarkd the rapid prototyping
follows the same procedure as that of the impejreration. Figure 3-21 provides
sectioned side and plan views of a pump casing lwbiow some of the important
geometric parameters specified within the progrdNote that the casing shown in the
figure is not from the passive controller, howevewas a pump used for preliminary
experiments. A casing for a semi-open impellehwaitiower shroud from a previous
test has been selected to illustrate the geomettiedo its simplicity. However, the
indicated geometries are representative of the iymssontroller VAD casing

geometries.
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Figure 3-21: Sectioned side and plan views of a cpieted CAD model of a dimensioned casing

that was used for testing.

Figure 3-22 shows three views of the casing presgyicurves that are created by the
program. These consist of the outer edge of thglesivolute or fluid collection

profile (the large spiral), the small quarter @ralolute sections profiles, four inner
edges of casing that double as the upper shroddeprand the base of the casing for

special referencing within SolidWorks.
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Figure 3-22 Casing prescribing curves in 3D spacetated through three views.
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3.7 The BiVAD Prototype

The completed prototype is shown in a side elemagiboto in Figure 3-23. Note,
device has been rotated 180° about its vertical taxthat shown in Figure 3-12.

Figure 3-23: Side elevation of Passive ControlleriBAD prototype.

The prototype was constructed from numerous méderia permit ease of
manufacture, high geometric tolerances and resistan corrosion. The VAD
casings and impellers were created using the namtbtype 3D printer from white
ABS plastic. The passive controller body was fedted using Perspex and
Polycarbonate, (Lexan). All additional componentgere stainless steel or
Polycarbonate, (Lexan).

3.7.1 The Mechanical Layout of the Prototype

The basic components of the device are laid otfignre 3-24. They do not include
the linear displacement transducer (LVDT, Solarti®®5.0, (range 2.5 mm)),
flexible membranes, motors and coupling, device mtiag rig and cannulae.
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Figure 3-24: Passive Controller BiVAD components d&ér manufacture, (landscape view). Clockwise fronop left; Assembled LVAD with drive, Passive Contrdler
Body upper, Passive Controller Body lower, assemideRVAD with drive, RVAD lower shroud assembly’, RVAD to Controller Body mounting plate, LVAD to

Controller Body mounting plate, floating assembly baft”, LVAD lower shroud assembly. (* A component of the complete floating assembly).
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The assembly of components are drawn together thittaded rods, locknuts and
wing nuts through eight holes evenly distributeduad the circumference of the

device as can be seen in Figure 3-23.

Large scale assembly drawings that were used fomufaeture are shown in
Appendix 10.1. These should be compared to theodgd view figures for assembly
visualisation. The assembly drawings included ppéndix 10.1 are as follows:

» Drawing 1.1: Section of the device with isometriews

Drawing 1.2a: Section of the device with numberad9

» Drawing 1.2b: Bill of parts as described in Drawih@a

* Drawing 1.3: Viscous Damper configuration detalil

» Drawing 1.4: Isolated floating assembly detail wattial and radial location
* Drawing 1.5: Layout of impeller and floating asséyntlearance

» Drawing 1.6: Layout of impeller and casing cleamr(cadial bearing detail)

» Drawing 1.7: Layout of complete device assembliicad dimensions
(Note, the intended use of the drawings in Apperdixl were for manufacture. For
this reason, notes are instruction for the fittest turner. However, the detail is useful

for explanation of the device configuration)

Three exploded view figures have been assembledda®e of assembly visualisation.
These are detailed in Figure 3-25 to Figure 3-27.
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I‘/Impeller Shaft Female

RVAD Inlet

RVAD Impeller Bearing

.‘//RVAD Bearing Housing

Figure 3-25: Exploded view of RVAD Components, a suassembly of the complete device.

RVAD Pump Casing

RVAD Impeller

Impeller Shaft Male

RVAD Lower Shroud*

RVAD Membrane Mount A*
RVAD Membrane**
RVAD Membrane Mount B*

Passive Controller Shaft, (con rod)*
Pump Casing Mount 1

Passive Controller Body 2
Passive Controller Linear Bearing
Position Sensor Location
Passive Controller Body 1

——=ems-Damping Occluder

Pump Casing Mount 2
LVAD Membrane Mount B*
LVAD Membrane**

LVAD Membrane Mount A*

LVAD Lower Shroud®

Figure 3-26: Exploded view of Passive controller ahfloating assembly, a sub assembly of the

complete device.
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Impeller Shaft Male

VLVAD Impeller

LVAD Pump Casing

LVAD Bearing Housing
%LVAD Impeller Bearing

LVAD Inlet

|,/Impeller Shaft Female

Figure 3-27: Exploded view of LVAD Components, a duassembly of the complete device.

(*Component is part of the floating assembly. *t@monent is not shown in the
Appendix 10.1 drawings. Note the LVDT position s@nhas not been included in
any of the exploded views. Note also, that the piagh Occluder in Figure 3-26 is

indicated with a cylinder — in the prototype, theeloder is a micrometer spindle)

3.7.2 Subassemblies and Test Rig

The following are specific notes on some of the ponents that are not self

explanatory from the previous discussions.

3.7.2.1Impellers and Impeller Location

The impellers were radially located using deep geoball bearings locating the eye
of the impeller with the inlet of the pump casingjo ensure that the 3D prototyped
impellers ran truly within the pump casing, stagslebearing housings were fitted
between the bearings and the impeller. The LVADpeflter, stainless bearing

housing and impeller shaft male, are shown in §128.
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Figure 3-28: Rotated views of LVAD impeller with the stainless impeller housing for radial

bearing location.

The figure offers a close inspection of the semaropmpeller configuration with an
upper shroud. The impeller inlet is shown in te# hand image and the impeller
blades running down the inside of the shroud aosvahn the right hand image.

3.7.2.2Adjustable Damping

As mentioned earlier there is an occluded hole betnmhe divided cavities. This
hole is occluded by a micrometer spindle, (refett@dcs the Damper Occluder in
Figure 3-26). Figure 3-29 shows a planar viewhef Passive Controller Body with
the occluding micrometer labelled. The figure alsmvides a detail of the
micrometer and ‘tear shaped’ occluded hole, (prsliy referred to as the triangular
slot). The micrometer spindle can be withdrawmfrhe tear shaped hole to provide
restricted fluid flow between the Passive Controtlavities. The result is a damping
effect upon the floating assembly’s axial transkati A tear shape was used for the
hole so that fine damping adjustment could be mi®di during high damping
operation.
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Figure 3-29: Passive Controller Body 1 planar view(left), detail of micormeter occluder, (right).

3.7.2.3Membrane Configuration

Membranes cover the pump casing mounts to sedluttebetween the Controller
cavities and the VADs. Thin latex rubber sheesgduby dentists, called Dental Dam
were used as membranes. Dental Dam is less titanmi@hick and can comfortably
cope with a strain of up to 400%, with a maximumstke capacity of 14.5 MPa
(Ahlers, Abdullah, and Platzer 2003). The membsawere clamped between the
VAD membrane mounts using screws, see Figure 3-B0tyl rubber gaskets and

silicon sealant were used to seal between the namabnounts.

Figure 3-30: Dental Dam sheets, (left), Membrane @inped between the floating assembly

membrane mounts, (right).

The protruding Dental Dam sheets were then prelsstieen their respective pump
casings and pump casing mounts. Additionally 8@® butyl rubber gaskets and

silicon sealant was used to stop leakage and vpgrieed as shown in Figure 3-31.
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Figure 3-31: Silicon application to the pump mountng plate, (left), the butyl rubber gasket,
(right). (Note, the small hole at the top of the munting plate and gasket allow the LVDT

position transducer to protrude through).

The completed controller body with gaskets and nramds sealing the Controller
Body is shown in Figure 3-32.

Figure 3-32: Plan view of the Controller body withattached RVAD membrane, (without the
butyl rubber gasket). The view is from above the RAD lower shroud.

3.7.2.4Floating Assembly; Axial Translation Limits

At the eye of the lower shrouds, (at either endtld floating assembly), a

polycarbonate button was manufactured and glugthice, as shown in Figure 3-33.
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Lower Shroud PC Stopper

Figure 3-33: Lower shroud with polycarbonate, (Lexa), axial translation stopper.

At either translational axial limit, the Poly Caraie, PC, (Lexan), stopper meets the
bottom of the impeller shaft. The PC stoppers tedshafts, therefore, create the

physical stopper for the floating assembly.

3.7.2.5Setting the Total Axial Clearance

Early in the design process it was foreseen thatdhtal axial clearance may need to
be adjusted during testing. The distance betwhenLiVAD and RVAD impeller
shafts dictates the total translational rangeHerftoating assembly. It was predicted
that the accumulated tolerance error from the &igked components, including the
VAD casings, (see Appendix B, drawing 1.1), coukhder a range of axial
clearances. In an attempt to minimise this ewage of the Passive Controller Body
part geometries was machined after partial assetbinsure the correct clearance,
(see Appendix B, drawing 1.7). However, 0.5 mm aridmm shims were employed
between the Passive Controller Body parts whichewgsed to increase the total

clearance.
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Figure 3-34: Placing the 1.0 mm shims on the Passiontroller Body part 1, (left), plan view of

the shims in place before replacing the Passive Caller Body part 2, (right).

Figure 3-34 shows the placing of the 1.0 mm shirosirzd the coincident face of the
Passive Controller Body parts, (left), as well gdan view of all the shims in place,
(right). The male-to-female location of the ColeoBody parts allows them to slide
axially depending on the thickness of the shims. GAring around passive Controller
Body part 1 prevents any leakage between the twgpooents. The shim and the O-
ring configuration allow the total axial clearanbetween the VAD shafts to be
manipulated. The total axial translation rangethw floating assembly, therefore, is

adjustable, and can be measured with the LVDT.

It should be noted that there are two variables whih be referred to which relate to
the clearance between the impeller blades and dwerl shroud. These are the
clearancec, and the floating assembly position, The clearanceg, specifically
refers to the distance between the blades andtier Ishroud of one particular pump,
see Figure 3-15. The floating assembly positiQonythe other hand, is the translated
distance of the floating assembly from the cergasition, see Figure 4-18. The sign
convention for the floating assembly position isigge towards the RVAD impeller.
The difference between these two parameters shomulcept in mind as they are both

used for explanation and discussion in the comhapters.

3.7.2.6Testing Rig

A test rig was constructed to house the deviceylyin its side. The rig also housed
the LVAD and RVAD brushless motors (Amax32, Maxorothts, Switzerland).
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These 20W motors were mounted on either side oflévice along its rotating axis.
The rig was made of aluminium and Perspex. Twwsief the device in the rig with

the mounted motors are shown in Figure 3-35 andr€ig-36.

Figure 3-35: Angled view of the prototype housed ithe test rig with the twin 20W motors.

Fixed to the end of the DC motors are encodersetord the impeller rotational

speed.

Figure 3-36: Plan view of the prototype housed inhe test rig with the twin 20W motors.
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3.7.2.7Shaft Sealing and Drive Coupling

An enlarged section of Figure 3-36 is shown in Feg8-37 with the BiVAD inlet
seals arrangements and the shaft coupling. Aelb was pressed into a plastic sleeve
and that then fitted over the shaft inlet into thenp inlet bend. The coupling used
was a flexible spiral coupling to account for angiah or angular mismatch in the

coupling shafts.

Figure 3-37: Shaft sealing and coupling detail, plaview of the shaft configuration within the test

rig.

3.8 Conclusion

Dual rotary pumps were incorporated into a BiVADthwthe aim of assessing the
device’s ability to passively control acute CV etgn A relatively complex device
design eventuated into a functional prototype toaild provide a passive response to
vascular pressure fluctuations. Opposed semi apeellers with an upper shroud,
together with a floating assembly incorporating éowshrouds, implemented the
passive response. Actuated by the pressure flimhsa the floating assembly
translates axially to increase or decrease thaaiea over the impeller blades to
affect the pump output.

The dynamics of the floating assembly’s axial motis optimised by a mechanical
mass, spring and damper configuration. The madeitf these dynamic components

can be varied to optimise performance.
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A test rig was built to allow the device to be halil easily cannulated to the Mock
Circulation Loop (Timmset al 2005). Incorporated into the rig were the 20W DC
motors to provide individual drive to the LVAD arlRVAD impellers through a
coupling and shaft configuration.

Construction of the device, together with the higs rendered a means of testing the

feasibility of a passively controlled cardiac supgpsystem as well as assessing the
prototype design as a mechanical configuratiorafpassively controlled BiVAD.
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4  In Vitro Testing and Device Evaluation

4.1 Introduction

The primary goal of the experimental testing wasddress the aim of assessing the
viability of the device and control strategy. Téfere, thein vitro tests focused as a
whole on assessing the viability of the prototypeptovide BiVS. However, the
experiments also provided data with which to vetifg numerical model. This will
be described in Chapter 6. Provided good agreemeathieved between the two
simulations the numerical model will be used toeext the experimental results

observed in this chapter.

Commonly, steady state performance curves accompagmolysis results to
introduce a cardiac assist device’s hydraulic fiometlity. However, these have
limited value in this study as the functional featof interest is the control strategy
and configuration. To test the viability of the chanical passive controller the
device needed to be tested in a:

* pulsatile environment

* dual circuit rig to simulate the interaction betwe¢he systemic and
pulmonary systems

» dynamic hydraulic rig that simulates the resistacoenpliance and inertiance
of the cardiovascular system

The prototype configuration and its means of cdmiamuld be considered viable if:

* acute or chronic cardiovascular incidences, (sicRPw@monary hypertension
or suddenly lying down), could be controlled andtiply or completely
corrected

» the passive controller only responded to pressigeals caused by flow
imbalance or disease, (as opposed to pulses frasiduaed ventricular
function).

» it could support the cardiovascular system, if meka@s a total support device

The passively controlled BiVAD was tested in a deietuit Mock Circulation Loop,
MCL, (Timms et al 2005). This method oin vitro testing allowed an initial
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understanding of the interaction between the dyoatontroller and the dynamic

vascular circuit.

Recall that this thesis presents an experiemtnélaanumerical study to assess the
viability of the prototype as a cardiac supportidev In order to prevent confusion
between results from each investigation a geneaslluc scheme has been used to
quickly tell them apart. Any plotted experimentaisult, (predominantly in this
chapter only), will be set on a white backgrour&hy plotted numerical simulation
result will be set onto a grey background. A reaeinof this colour scheme will

appear later before the numerical results are ptede

4.2 The Mock Circulation Loop, MCL

The MCL is a physical hydraulic model of the humzardiovascular system. It
includes both systemic and pulmonary circuits cetetk in series to simulate
vascular system interdependence and interactianglaormal, diseased and assisted

cardiac function.

4.2.1 Mock Circulation Structure

The rig consists of systemic and pulmonary circwtth vascular compliance and
resistance, atria and ventricles as well as istlateerial and venous chambers. Both
the atrial and ventricular chambers along with #ascular chambers are upright
cylinders with both the inlet and outlet at theiger base. There are a series of
pressure tapings and two flow meters measure the fate on either side of the

circulatory system. A schematic of the MCL is a@d in Figure 4-1.
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Figure 4-1: Schematic of the dual circuit Mock Cirailation Loop; LA, left atrium; LV, left

ventricle; ACI, compressed air to the LV; AoC, systmic arterial compliance; SQ, systemic flow

meter; BS, bronchial shunt; SVR, systemic venous sistance; SVC, systemic venous compliance;

RA, right atrium; RV, right ventricle; ACr, compres sed air to the RV; PAC, pulmonary arterial
compliance; PQ, pulmonary flow meter; PVR, pulmonay venous resistance; PVC pulmonary

venous compliance; VADs position of ventricular asgst device(s).

A photo of the MCL supported with an RVAD is shownFigure 4-2. Included in
this photo are the flow paths around the loop. ®Rggenated and deoxygenated
blood flows are represented in red and blue regmbgt The purple line indicates
flow from the cannulated right ventricle, throughetRVAD and out into the

pulmonary artery.
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Figure 4-2: Mock Loop supported by an RVAD. Flow mths of oxygenated and de-oxygenated blood are shown red and blue respectively. The purple line
indicates the flow through the RVAD.
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The MCL is controlled using a desktop computer mgrfCONTROLDESK software.
The software provides the interface for the dSPAGHroller board, (DS1104, Novi,
MI, U.S.A.). The controller board incorporatestdignalogues to digital inputs and
eight digital to analogue outputs. These can samplsignal at up to 1 kHz. This
limits the data acquisition to eight real time sy (unless signal splitting is
employed which was not available in the MCL durthg Passive Controller BiVAD
testing). MATLAB Simulink is used to process tlasvrsensor signals.

Only eight data signals for the dual circuit MCL ané that the experimental testing
system was limited in its observability. Regardle§this the eight data signals were
sufficient for a comprehensive study. However, ltheted observability encouraged
the development of a highly observable numericatleh@s a parallel investigation
tool to the experimental testing. The developnanthe numerical model and the

resulting simulations will be covered in the lattatf of this thesis.

Ventricular systole is emulated by channelling coesped air into the top of the
ventricular cylinder forcing the column of residifigid out into the main artery. The
diastolic period is achieved through passive fijlof the ventricles from the diastolic
atrial to ventricular pressure gradient. The bhoaicshunt is also included in the
mock loop to simulate the shunt from the systemieral system, through the lung
tissue and then into the pulmonary vein. The M@h simulate both normal heart
function and heart disease. Different forms ofiemdible heart disease simulation
include hyper and hypo contractility as well asgular heart beat frequency and
systolic period. Additionally vascular disease d@ninduced such as increased or

decreased vascular compliance and resistance.

4.2.2 General MCL Operation Procedure

All experimental testing for this study was carraa using the MCL. Three types of
tests were run, each of these are presented inctlapter. These were pump
performance tests, haemodynamic simulations andrdiynvibrational testing.
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4.2.2.1Performance Testing

Basic pump performance tests required either thesyc or pulmonary circuits to be
isolated. A pump was then tested by measuringdluge pressure at the pump’s inlet
and outlet as well as the circuit flow rate. Theuwt resistance was then gradually
decreased using an active proportional pinch vafiHASS Manufacturing, New
York, NY, U.S.A)). Performance data could then dexived for different pump

speeds and impeller clearances.

4.2.2.2Haemodynamic Simulation

The second test type was the haemodynamic simugatid his type of testing is the
MCL'’s primary function. First, the MCL is set up imitate the human circulation by
calibrating the pressure sensors and filling theutis to provide a physiological
Central Venous Pressure, CVP.

Fluid filling and pressure calibration of the MClaw carried out in two stages. The
first saw the filling of all the horizontal plumlgrof the fluid circuit with the arterial
and venous compliance chambers open to air. Baid approximately four litres. At
this point, the pressure sensors were calibratddsanto 0 mmHg and the compliance
chambers were sealed. Finally, a further 1-2 ditoé fluid was added creating
positive pressure in the sealed compliance chandretsncreasing the fluid volume
in the upright atrial and ventricular cylinders waihiwere open to atmosphere. The
volume of added fluid was such that the pressursas read 8-10 mmHg. By
definition, this was the CVP. It is important tote that even though the MCL held
around 5-6 litres, (similar to an adult human), tbellective displacement of
compliant vessels was only 1-2 litres. For thiasmn, the circuit volume in the

numerical model too was made 1-2 litres.

From this point, CONTROLDESK is used to actuate adgist ventricular action and
circuit resistance to simulate healthy or diseagexllation. Compliance changes are
done manually before the simulation starts by pwsitg, and then sealing, a plunger

down the length of the compliance chamber to adisishternal air volume.
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The pneumatic ventricular action in the MCL was qgoantified. Active control over
each ventricle’s contractility, heart rate and slysttime period was controlled using
an active proportional solenoid valve, (SMC-317iam@apolis, IN, U.S.A.) and a
throttling valve. It also depended on the labamatmains air pressure which

fluctuated slightly.

CONTROLDESK is also used to operate the VADs andntam their speed for
supported simulations. However, dSPACE can onlyige a maximum voltage
output of 10 V. This was not sufficient to overamie required torque to drive the
Passive Controller LVAD for some of the simulati@tsa separate power source was

used.

4.2.2.3Dynamic Vibrational Testing

Dynamic testing of the Passive Controller providaa experimental vibrational
analysis of the dynamic floating assembly. Thissweed to test the passive
controller damper to assess its performance iariilg residual periodic translation

caused by residual ventricular pulses.

Again, the pulmonary and systemic circuits werdaigal and a single ventricle was
made to pulse at a range of frequencies. Presswgige both VADs were measured
along with the LVDT displacement data. This allowgeriodic force vs.

displacement data to be derived to achieve the mimanalysis of the passive

controller.

4.2.3 Haemodynamic Characteristics of the MCL

Testing the passive controller action of the devesgired ann vitro testing rig that
would simulate the bio-signalling features of tteive heart. Most importantly was
that the MCL incorporated dual circuits and pass$iNMi@g ventricles to simulate the

Frank Starling Mechanism.

The MCL is a world class human circulation simutatmd has been extensively

tested to assess its ability to simulate human bdgnamics (Timmset al. 2005).
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The Frank Starling mechanism has been simulatdthaghe Vasalva Technique; a
voluntary hyper tensing of the pulmonary circuinddoy a patient for a clinician to

evaluate the condition of the heart.

Since the loop is a mechanical circuit there afeoarse, short comings in its ability
to recreate human circulation. These are maingtdithe following:
* The loop operates with water as its primary workiogl as opposed to blood.
* The acquisition of no more than eight real timeadsignals meant that the
MCL had limited observability.
* Non-flexible mechanical components such as healtegaand ventricle
contractiond
e The inability to simulate exercise due to the mimm pulmonary circuit
diameter restricting high flow simulation.

» Feedback control of aortic pressure (baroreceptor)

However, the versatile functionality of the MCL halBowed the prototype to be
tested in pulsatile, non-pulsatile, heart failured ssupporting conditions. It also
allowed simple dynamic testing of the floating asbl as well as performance

testing of the pumps.

4.3 Pump Performance Testing

In order to characterise the VADs’ hydraulic penfiance, tests were carried out to
get pressure flow relationships over a range of pepeeds. These tests were also
important to realise the effect on the VADs' ougpuhrough adjustment of the

clearancec.

4.3.1 Method

Performance testing of the VADs was difficult doetlie nature of the controller. Its

passive response meant that, unrestrained, thinfjoassembly could translate from

% To reduce this, the compressed air actuated eefdri contractions have associated compliance

chambers to simulate a more ‘sinusoidal’ ventricpla@ssure profile.
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one side to the other as the resultant force adres$iub changed throughout each
test. As previously discussed, (and will be showh¢ pump performance is very
sensitive to this clearance. To ensure that tatifig hub was stationary throughout
each VAD performance test, the other VAD was rerdoire order to physically

restrain the hub.

The systemic loop was isolated and used for thes.tesn turn each VAD was
plumbed in and run at constant speed and cleararerea range of circuit resistances.
This test was repeated for a number of speeds l@adaaces for each VAD. The

LVDT was used to measure the central hub’s postticensure that it was restrained.

Additional tests were carried out where each VADswan in the loop at a constant
speed and constant fluid resistance. The clearansdhen increased froor 0.0 to
2.5 mm to observe the consequential drop in pedorcea. This was useful as it

indicated the relationship betwekirandc as well agQ andcin a continuous data set.

4.3.2 Results

The raw performance curves for the LVAD are showirigure 4-3 . The pump was
tested over a range of pump speeds ffddm2200 to 4200 RPM. The presented data
represents the LVAD'’s performance with a clearasfaz~ 0.0 mm.
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LVAD Hydraulic Performance Curves
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Figure 4-3: LVAD characteristic performance curve Br speeds betweeiN = 2200 and 4200 RPM

with a minimal clearance.

A set of performance curves for the LVAD is showrFigure 4-4 for a running speed
of N = 3400 RPM at clearances ok 0.0, 0.5 and 1.0 mm. The figure indicates the

non-linear relationship betweéhandc.

LVAD Hydraulic Output
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Figure 4-4: LVAD performance at 3400 RPM over threadiscrete clearances.
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Pressure and flow versus clearance plots are showdgure 4-5, again running at
N = 3400 RPM, where the variation in clearance istiooous fromc =~ 0.0 to

3.1 mm. The figure indicates the apparent expaaledecay of both pressure and
flow with clearance. It is apparent that clearaadgistment affects the output fluid

power of the pump.
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Figure 4-5: Degraded pressure, (left) and flow (rigt) of the LVAD as the clearance is increased
N = 3400 RPM.

RVAD performance tests were carried out over sguenp speeds froml = 600 to
1200 RPM as shown in Figure 4-6. Again, the cleegafor the presented

performance tests s~ 0.0 mm.
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RVAD Hydraulic Performance Curves
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Figure 4-6: RVAD characteristic performance curve br speeds betweel = 600 and 1200 RPM

with a minimal clearance.

An interesting result was seen in the RVAD pressuré flow head drop due to an
increasing clearance as shown in Figure 4-7. Titeli gradient appeared to be
approximately .« mmHg.mm'. For certainty, this test was repeated rendedng

similar trend.
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Figure 4-7: Degraded pressure, (left) and flow (rigt) of the RVAD as the clearance is increased
N =1100 RPM.
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4.3.3 Discussion

The LVAD performance testing showed that total Liypgort could be provided by
this pump atN =~ 4000 RPM. This is a very high running speed forirapeller of
diameter 50 mm. It was assumed that the semi-oppeller with an upper shroud
incorporated unforseen losses. Further work wellneeded in order to understand
this deviation from the designed operating speldwever, the running speeds and
efficiencies were not major concerns for this stugty no further pump design

iterations were done.

There were two issues with the basic performansgntg which made it hard to get
accurate and smooth performance profiles. Theies the hub position. In order to
maintain the hub position during each test thalflaside the Passive Controller Body
needed to be pressurised to counter the presside ithe pump. However, over each
test, the pressure inside the pump varied fromsthe off pressure (low flow) to the

pressure at high flow.

Another issue was that the tests were carriedroahe of the vascular circuits of the
MCL. Unfortunately, this included a compliance ctiger at the pump outlet. The
effect of this was that every discrete change sistance was met with a small settling
time for the pressure and flow. To minimise thetlsag time, the compliance was set

to a minimum by removing as much air as possiliefthe compliance chamber.

The degradation of LVAD pressure head and outpw flvith clearance appears to
decay exponentially. This result is in keepinghwiflimms et al’s report that
increasing the clearance decreases the output il @ower as mentioned in the
previous chapter, (Timmet al. 2006).

It appears, over the clearance range tested,itbateveloped pressure and flow decay
exponentially at first and then decrease at someafirate. An explanation for this
has been formulated but not tested beyond the mesbeesults above. It was
assumed that the dynamic fluid structure within tb&ary pump goes through two
phases. The first, at very small clearancesfasced vortex between the two shrouds

where the angular velocity of the fluidy/r, is constant. The second is where the
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blades loose their ‘grip’ on the rotating fluid atite fluid structure takes on a free
vortex fluid structure. The continuing linear dadation could be attributed to

increasing ‘slip’ of the fluid over the blades hs tlearance increases.

Total RV support could be provided by the RVADNat 1000 RPM which is a lower

speed than the nominated operation speed of 1260 RP

When the clearance was increased from 0.0 to 0.1 mm there was a very large
decrease in RVAD pressure head. In fact, thisralese change saw over 85% of the
pressure drop observed over the total testing range0O to 2.7 mm. This is an
unusual result although may be due to the largamdter impeller’'s inability to
maintain the forced vortex structure where thetroal fluid inertia is higher, i.e. at

the impeller periphery.

4.4 Physiological Testing with Discussions

The following results and discussion examine thespa& controller prototype’s

response to a number of acute circulation eveMsst of these events incorporate
pathological haemodynamics although the effecthyispcal movement of the patient
is also studied. The results demonstrate the ywassition of the device and the

success of its implementation as a treatment &ethemplications.

Initially, healthy circulation and chronic suppattsimulations were carried out in
order to characterise the MCL simulation. Then plassive response to acute CV
conditions tested the primary thesis aim followgdrequency testing of the device’s
floating assembly. All the supported simulationsravearried out with the BiVAD

operating in a constant speed mode.

4.4.1 Generalised Method

The MCL data acquisition hardware allowed eight teae data sets to be recorded
per test. Seven of these were used. These werewvth ventricular pressures, the
aortic and pulmonary artery pressures, the systamdcpulmonary flow rates and the

LVDT displacement data.
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The procedure for this testing was to initially gsbe Central Venous Pressure,
CVP =5 mmHg, by adding fluid to the testing rig. Feliag this, the mock loop was

run at healthy haemodynamics with flow rates of .Bin'. The Aortic pressures

were maintained at 120/80 mmHg and the Pulmonatgnfrat 25/10 mmHg. This

provided the healthy, (and therefore unsupporitaty.

To simulate acute heart failure, the contractibfythe left and right ventricles was
decreased so as to drop the pulse pressures toxapptely 60/40 mmHg and
15/10 mmHg respectively. This was done by clampliregcompressed air line into
the ventricles with solenoid pinch valves, (AClI amWCr, see Figure 4-1).

Consequently the circulation flow rates were reducebetween 3 and 4 L.min

To simulate chronic supported heart failure, theicke was plumbed into the MCL
and both DC motors run until the VADSs restored tigahaemodynamics. As would
be predicted, the pulsatility of the flow was reedavith the constant flow pumps. In
order to provide sufficient support to both vascuacuits the VADs were run at
NLvap= 3370 RPM andNryap=600 RPM. These speeds provided global flow rates
5 L.min® and arterial pressures, MAoP and MPAP, or 100 &8d mmHg
respectively.

Total support simulations were carried out by agasiny ventricular contractions.
Due to the absence of work contributed by the veef, the VAD speeds were
increased to provide the total support. The reguspeeds wend, yvap = 3870 RPM
and Nrvap= 920 RPM. This provided global flow rates of Snin™ with AoP and
PAP of approximately 100 and 22 mmHg respectiveljnese running speeds were

approximately consistent with all the presentetstes

The total axial clearance for all the presentedste@unless stated), was set at
y = £0.17 mm, (i.e. total translational range of0r8m). Earlier tests were carried
out with a higher total clearance and the devices \&ss sensitive to pressure

fluctuations.
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4.4.2 Healthy and Heart Failure Testing, (Acute, an d Chronic
Supported)

MCL tests initially involved tests of the healthgdgmodynamics and subsequent bi-
ventricular heart failure. This allowed a meanscomparison for the following
supported chronic heart failure simulations. Friims data the device’s operation

during chronic support could be observed.

4.4.2.1Results

Steady, healthy haemodynamics were simulated byM@¢& in Figure 4-8. The
pulsatile ventricular pressures in light grey ardi¢ative of the cardiac cycle. The
mean Aortic and Pulmonary Artery pressures are shavblack as are the mean flow
rates at the bottom of the figure. The data prsserean parameters for clarity when
comparing to later data.
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Figure 4-8: Simulation of healthy haemodynamics.

A number of haemodynamic nomenclature are introdiucehis figure including the
Left and Right Ventricle Pressures, LVP and RVPpeesively, the Mean Aortic
Pressure, MAoOP, and the Mean Pulmonary Arterias$tnee, MPAP. Reference to
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the absolute aortic and pulmonary artery presswiksalso be employed using the

acrynoms AoP and PAP.

A decrease in the pneumatically activated contrastsimulates acute heart failure,
(Figure 4-9). The vascular pressures, as welhasrean flows, are dropped to the

target levels described in the method section disasehe mean flows.
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Figure 4-9: Simulation of acute Bi-Ventricular Failure, BVF.

The simulated heart failure was given bi-ventricutaupport using the BiVAD
prototype as shown in Figure 4-10. The additidwa@d dark grey lines indicate the
mean VAD pressure heads. By definition, the meab\head profiles, in grey, are
the mean differences between the black arteriaspres and the light grey ventricle
pressures. The mean VAD pressure head profilesnaheded as MLVAD P and
MRVAD P. Again, mean VAD pressures are shown farity.
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Figure 4-10: Simulation of a patient's haemodynamig once supported and stable with the
prototype BiVAD.

The plot on the right hand side is the transiemditihg assembly (hub) position from
its zero point where positive is toward the RVADpmtier. It is clear that the
pulsatile pressure profile is causing the floatasgembly to oscillate. As would be
expected, the systolic phase is received withrestation toward the RVAD due to the
dominating LV systolic pressure. Note that the fmbscillating about ¥ +0.08 mm

for a mean arterial pressure ratio of around 4:1.

The prototype was tested in total support modehasvs in Figure 4-11. Without
pulsatile ventricular pressures, the floating asdgmosition remains steady.
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Figure 4-11: Simulation of a patient's haemodynamig once supported with the prototype BiVAD

in total support mode.

4.4.2.2Discussion

The MCL allowed representative simulation of healimd heart failure circulation.
Additionally the LDVT provided the ability to readrthe precise location of the

floating assembly’s axial position.

The assisting VADs elevate the diseased circuldlimn rates back to 5 L.mihin
Figure 4-10. The artery pressures were also et 100 mmHg and 22 mmHg.
Although not shown in the results, low diastolicntrecular pressure gives an

indication of suckdown. This occurs with presswaesind -4 mmHg.

The prototype showed its versatility as a partiad #otal support device. The data
were presented as mean profiles, (except the watdri pressures and the hub
position), to allow clear indications of trendsheBe plots should be referred to in the

following results sections as stable comparisons.

It can be seen from Figure 4-11 that the steadg giasition for the floating assembly
when supporting the CV system is approximately Gr@8. This indicates that there
is a resultant force toward the RVAD. The defleatis dependent on the employed

spring stiffnessk. It is reasonable that the steady state positionld be higher than
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zero as the LVAD to RVAD lower shroud area rati®z4i4 and the AoP to PAP ratio

is just under 5:1.

4.4.3 Acute Supported Cardiovascular Event Simulati  on

Many haemodynamic events which could compromise dhfety of mechanical
support systems involve gradual changes in pressither side of the device.
However, gradual changes in haemodynamics ancesudting gradual response from
the device are hard to observe. So, sudden C\Vieveere carried out to imitate the
symptoms of these events. Consequently the suddegite response was very

obvious emphasizing the nature of the response.

Four acute tests were carried out in the MCL. fBsés all began simulatin total BiVS
and then were suddenly destabilised through manuadirying systemic and
pulmonary resistance, ventricular contractility asictuit volumes. These provided
supported simulations of acute systemic and pulmyohgpertension, infarction and

physical movement/poor flow balancing respectively

4.4.3.1Systemic Hypertension Simulation

The first physiological test was a systemic hypeien simulation conducted
primarily to compare the haemodynamics of dualryosupport with and without a

passive response.

Method

To initialise the test the Central Venous Pres$GkéP) was set to 8 mmHg by adding
fluid to the MCL. Since the primary objective big test was to observe the effect of
the passive response, a larger total clearancesomén, (y = £0.25 mm), was used.
For clarity of the result a reduced pressure rati8.5:1, (using a PAP of 29 mmHg),
was used so as to position the hub near the LVAPpelhar before the simulated
hypertension. This was done by increasing the R\&pPed as well as pulmonary
circuit resistance. Note that this non realistiegsure ratio and high total clearance

was used for this test only for purposes of congoaxi Acute systemic hypertension
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was then simulated by suddenly increasing the systaesistance by way of

actuating the systemic pinch valve.

Two tests were carried out to observe the diffeeanaesulting haemodynamics after
suddenly induced hypertension with and without aspe response. The first test,
with the passive response, needed no preparatimntievhat has been described. To
prevent the passive response in the second testddmper hole was completely
occluded with the micrometer spindle. This preedrftuid from moving between the

Controller Body chambers through the triangulat,siberefore prevented the hub

from moving.

The primary function of this systemic hypertensiest was to illustrate the effect of
the passive response on suddenly increased acgsyre. For clarity, only the aortic
pressure, systemic flow and hub position data bellpresented. Later, a pulmonary

hypertension simulation will present more extensi@emodynamic data.

Results

The simulations, shown in Figure 4-12, saw one watt the passive response, and
the other without it. The results were then owerthto demonstrate the change in
performance attributed to the passive adjustmentl@arance over the impeller
blades.
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Figure 4-12: Comparison of prototype response to slden Systemic Hypertension with and
without the passive response, (Note, the solid, loblines represent the response with a passive

response and the dashed lines represent without).

The solid profiles represent the haemodynamicsltregurom the passive response
and the dashed lines show the devices operatidmouiit This is shown in the two
hub axial position profiles on the right of Figu4el2. The difference between the
dashed and solid profiles gives a clear indicabbrthe magnitude of the passive
controller’s effect.

Discussion

Without passive controller intervention the suddwsmpertension elevated the aortic
pressure to 140 mmHg. Met by the increased resistehe LVAD operating point

moves to the left of the performance curve increagressure and dropping flow.
Furthermore, there was a slightly larger drop awflthrough the LVAD without the

passive response
When the passive response is employed, the risinie gressure causes the hub to

translate away from the LVAD. The slightly delayeab response to the increasing

aortic pressure allows for an apparent pressuke spithe LVAD head. The passive
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controller then drops the LVAD head maintaining thertic pressure below 120
mmHg as indicated by the solid black line. Thuw tortic pressure increase is
halved by the passive response. This test illiestrthe auto-regulating baroreceptor-
like response of the passive controller. The habitn is sympathetic to arterial
pressure changes. This effect will be shown iredhother tests in this section

although more detail in the global haemodynamidkbeiincluded in the results.

Arterial pressures are well treated through thesipasresponse. However, the flow
rate is reduced drastically. The flow drops touad 3 L.min* indicating that
perfusion requirements will no longer be met. Tikiswot a particular flaw in the
passive control scheme, or rotary VADs in generdt is a simple hydraulic
consequence that if circuit resistance in increasebthe pressure head is maintained,
the flow will decrease. Such issues will, and dequire clinical intervention to

reduce vascular resistance.

4.4.3.2Pulmonary Hypertension Simulation

Method

This simulation was actuated by a sudden increagmiimonary circuit resistance.
The resistance is increased by actuating the punyogircuit pinch valve. It
simulates a condition that is the product of marifeent CV conditions. Perhaps
one of the most common is left heart failure, whierfails to redistribute fluid from
the Pulmonary Vein to the Aorta. The VAD pumps weperated, as with all the
testing, in a constant speed mode. The deviceopasated as a total support device
for these results to allow further clarity in thegsure profiles.

The hub clearances were reduced to y = £0.17 men,gitotal clearance of 0.34 mm)
and global flow rates were initialised at 5 L.minAn initial AoP to PAP ratio of just
under 5:1 was used for all the remaining tests aitierial pressures at around 100

and 22 mmHg respectively.
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Results

Pulmonary Hypertension was then simulated in tha dhown in Figure 4-13. The
sudden increase in Pulmonary Artery pressure catseSub to translate away from
the RVAD.
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Figure 4-13: Simulation of BiVAD prototype responseo sudden Pulmonary Hypertension.

Discussion

The sudden increase in pulmonary resistance caasddhrp increase in Pulmonary
Artery pressure and consequently a lower flow. Thesequential translation of the
floating assembly away from the RVAD impeller caase sudden drop in RVAD
pressure head. Consequently, the Pulmonary Apesgsure is maintained near 20
mmHg decreasing the adverse effects of pulmonapgtgnsion. The result shows
that the passive controller acts to alleviate hygresive circuit pressures regardless of

the affected circuit.

The prototype was able to passively reduce hypgstencircuit pressures through
translation of the floating assembly. The effefcthe passive response was quantified
where the controller was able to halve the pressnceease of a hypertensive
systemic circuit providing a baroreceptor-like etfe The results are encouraging
although left ventricular suckdown was occasionallyserved during Pulmonary

Hypertension simulations and the consequential drgquimonary venous return.
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4.4.3.3Acute Myocardial Infarction

Method

An infarction was simulated by a sudden decreaskefinventricular contractility.
This was actuated by increasing resistance to donepressed air inflow tube. The

result is a degradation of the left heart contliagtaind therefore arterial pressure.

Results

A further failing left ventricle simulation is shewin Figure 4-14. The results are
from a simulation that began with BiVS of a patienth BiVF. At timet = 7s the

diseased left ventricle suffers further degenenat(e.g. infarction), and so the LV
output drops. Green boxes show the time scaléhtobottom set of plots allowing a

closer inspection of the acute infarction response.
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Figure 4-14: Simulation of BiVAD prototype responseo sudden further left heart failure, (top),

over a shorter time scale for clarity (bottom).

The drop in LV systolic pressure caused the hutraeslate toward the LVAD thus
increasing its pressure head. Consequently, th&D Yressure head goes up in an

attempt to maintain aortic pressures.

The drop in systemic flow can also be observed asdbsequent drop in pulmonic

flow. At the same time a very slight increase MAD pressure head is observed.
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Discussion
The passive adjustment allowed the LVAD outputnimréase which in turn decreased

the impact on the Aortic pressure. With the Aofiiessure not dropping below

90mmHg, the simulated patient will be ensured adegperfusion of end organs.

LVAD flow drops slightly decreasing venous returack to the RA, (note the
decreasing diastolic RV pressure), and causingtstigimonary congestion, (note the

increasing diastolic LV pressure).

It is also apparent that there is a very slightease in RVAD pressure head despite
the fact that the hub moves towards the LVAD ingrellA review of Figure 4-7 will
show that the pressure and flow at a hub positemllating around y = +0.05mm,
(crvap = 0.17 — 0.05 = 0.12 mm), has seen the majoritytofdecay. Further
clearance then has little effect on the RVAD pressund flow. So, the slight increase
in RAVD pressure head is likely to be simply a @ to the slight decrease in flow
along with congestion of blood in the pulmonaryait.

Hub oscillations existed with amplitude of approaiely 0.052 mm. These are small

oscillations made so by viscous damping of thernokion.

4.4.3.4Physical Movement

Method

This test simulated a supported patient with sudgatemic venous congestion. This
iIs a similar haemodynamic response to a patiemdstg then going into a lying
position quickly. This was simulated experimentddy adding fluid, (approximately
600 ml), into the right atrium. The congested eyst venous vessels then cause an

increased diastolic filling pressure into the viahds.

Results

Figure 4-15 indicates an increased RVP caused biingpof blood in the systemic
venous system. This induced a translation of thte dway from the RVAD impeller
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dropping the RVAD pressure head. Removal of thisl fdropped the RVP back and
the hub position was restored. The times wherflthe addition and removal were

carried out are indicated with an asterisk, andshdd vertical line.
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Figure 4-15: Simulation of BiVAD prototype responseo patient suddenly lying down, and then
suddenly standing up.

The PAP was maintained throughout the simulatidwéen 20 and 25 mmHg by an

accommodating RVAD pressure head.

Discussion

Simulated physical movements of a patient sucthaisshown in Figure 4-15 is more
generally an indication of the device’s ability balance arterial pressures. The
patient lying down at T = 25s caused a ventricydegssure disturbance due to
systemic venous pooling. But it also simulateditaaion where the circuits are
suddenly poorly balanced. The hub’s translatioayafwom the RVAD decreased the
developed pressure head which, when added to tisedraventricular pressure

maintained the PAP below 25 mmHg.
A change in flow rate after each sudden movemerd alao observed. When

considering the first sudden movement the flowease is first seen in the pulmonary

circuit and then later the systemic circuit. Redgss of the hub translation
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decreasing RVAD ouput, the elevated PAP increalsegtessure gradient across the

pulmonary circuit driving more flow.

Similarly, when the patient suddenly stood back tine, RVP dropped caused by a
decrease in systemic venous blood volume. Consdguehe hub moved back

toward the RVAD impeller, increasing the pump otitaad regulating the PAP.

This overall response is similar to a baroreceptsponse upon the heart muscle.
Initially, the controller simulates the parasymmit stimulation that would be
provided to the RH to reduce the PAP. Then, ohedluid is removed, simulating a
sympathetic nervous response to increase the PAP.

4.5 Testing of Passive Controller Dynamics with Discussion

As the vascular system incorporates dynamic registacompliance and inertiance,
the controller’'s passive response too is optimibgda mechanical spring mass
damper configuration. Quantifying these mechanjgatameters was a difficult
exercise but necessary to further optimise the iypassystem. Furthermore,
quantifying, or at least characterising, these raeidal parameters may be useful for
other devices with alternative control strategieft. is feasible that an actively
controlled system could actively adjust blade @deae as a means of control, and in
fact will be the case for the BiVACOR device (Timmsal. 2008). In such cases,
proportional, derivative and integral control oéthlade clearance response will need

to be incorporated into the active control system.

The dynamic floating assembly is subject to tworses of vascular pressure
fluctuation. The first are the acute cardiovasc@eents already discussed. It is
important that the device responds passively teghhictuations and so the Passive
Controller will need to be sensitive to this sourcéhe second source is the pressure
fluctuations induced by residual ventricular fuoati Every cardiac cycle observes
the pressure ratio between the ventricles fluatgatiom up to 5:1 during systole to
approximately 1:1 in diastole. It is not desiratdehave the floating assembly of the
Passive Controller forced up against the RVAD P@p stvery cycle due to this
fluctuating pressure ratio. This further advocated mechanical spring, mass,
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damper configuration to filter out the high frequgmpressure signals from residual
ventricular function. Figure 4-16 shows a Free Bodagram, FBD, of the floating

assembly due to a deflection y.

E‘?VAD 4

Figure 4-16: Free Body Diagram of the floating assebly during operation due to a deflectiony.

In the figure,FLvap p andFrvap pare the pressure forces upon the LVAD and RVAD
lower shrouds respectively. The spring, mass ardpihg coefficientsm, k andd,

respectively, are also included along with the leirggree of freedom

Note the difference between the hub positipnand the impeller blade clearance
discussed earliec. The clearances, is the absolute clearance between the shroud
and the impeller blades of any given rotary punifhe distance y is the hub, or
floating assembly, position with respect to its te@nposition. The physiological
testing discussed employed an overall hub trawosiati range of 0.34 mm, or

y =20.17 mm.

An analysis of the prototype’s ratio of hub tratisia to resultant pulsing force was

carried out over a range of pulse frequenciess &halysis gave natural frequengy,
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as well as Amplitude RatiAR data to examine the performance of the spring and

damper to optimise the floating assembly’s motion.

The prototype was subjected to a range of pulsguéecies indicating resonant
frequencies of the passive system. The frequehtyeoventricular contractions were
varied and applied through the left ventricle onlyrhis magnified the pressure
fluctuations for high observability. These dataildothen be normalised providing
Amplitude Ratios and allowed comparisons indepenhdethe magnitude of the pulse

pressures.

The dynamic system of the floating assembly casiingly modelled as a single mass
with a single degree of freedom, This system has dynamic components and
parameters; the mass, damperd, and springkesecive@S shown in Figure 4-17. The
spring constant has been referred té.as:iveas later it will be shown that there are a

number of components that attribute to the spromgstant.

k effective d

Figure 4-17: Spring, mass, damper configuration ofhe passive controller floating assembly.

The natural frequency, of the system is,

f _ i keffective
" 2m\ m

Equation 4-1

In this study the natural frequencies will be detieed experimentally, however, it is

important to note that the natural frequency isuaction of the spring constant,

keffective

4-107



Evaluating theAR of a forced oscillation is useful when comparingced oscillation
with varying frequency or damping. THER provides a normalised ratio of the
magnitude of the hub oscillation to the magnitufi¢he applied oscillatory force. It

is evaluated using

AR=

_¢
{ Fl ] |
keffective

whereC is the amplitude of floating assembly oscillatmd F; is the amplitude of

Equation 4-2

oscillatory force. As shown in Equation 4-2, norisetion required the controller
spring constant. The non-dimensionAR allows comparison between tests

independent of oscillation and force amplitude a#l &s spring constant.

As will be discussed, the spring constant of thespa controller was a difficult
parameter to quantify due to the proportional resporesulting from three parallel
‘springs’.  This will be referred to as the Effectiver Compound Spring.
Furthermore, some of these compound spring compendiaplayed a non-linear
elastic relationship with hub deflection, For this reason, care was taken to maintain
constant compound spring parameters during dynaesis to allow comparison of

AR data at differing levels of damping.

That said, the primary objective of the dynamic gtu@s to assess the performance
of the viscous damper in filtering out ventricutantraction signals. An investigation
of the compound spring constant was carried owtnsure comparative ARs were

evaluated.

4.5.1 The Mechanical Spring Constant, k

Initial testing of the prototype suggested thatre¢heas no need to use cumbersome
helical steel springs to provide flexible couplinf the floating assembly to the
Controller Body. Instead the air bubble springsaitbed in the previous chapter, was

easy to implement and appeared to provide a widgeraf spring ratek. The air
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bubble spring was also useful in that the positérihe hub during stable support

could be shifted by adding or removing air duripg@tion.

Further investigation in to the spring responsehef passive controller revealed that
the air bubble was not solely responsible for thepgprtional response to hub
translation. In fact, there are three identifipdrsy-like contributions. These are the
air bubble spring forcerair, the clearance dependent VAD performari€g,and the
spring loaded LVDT forcef vpr. The three components of this compound spring

were analysed allowing an effective spring constagd.ive t0 be quantified.

The springs act in parallel to form a compound sgpraffecting the controller's
response. As a comparison to Figure 4-16, a FBDefloating assembly now with

the parallel fractional forces is shown in Figuré&8!

E‘?VAD P

k‘

l L I E | ‘

__SigiiE |
oom oy ‘a’
|

l )

E’.VDT

FLVAD P

Figure 4-18: Sectioned side elevation of the floai) assembly with the proportional forces shown

in red.
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The clearance dependant performance spring, orratea spring’, is in fact a
product of the passive controller action itselfor Example, translation toward the
RVAD will increase the RVAD pressure and decre&seliVAD pressure which acts
to restore the hub position. Therefore, since tearaince spring takes into account the
pressure response from the punfisap p andFryvap pCcan be assumed to be constant

as the force applied by either pump at y = Omm.

The dynamic proportional response to the hub tréinslaherefore can be modelled
as three springs in parallel. Parallel springpaoed like a single spring whose spring

constant is the sum of the parallel spring const&giecive Where,

keffective= kair + kAy + kLVDT '

Equation 4-3

Similarly, forces in parallel acting on a rigid hodan be simply added together to

provide a combined, or ‘effective’ forcBesecive Where,

I:effective= I:air + FAy + I:LVDT '

Equation 4-4

Figure 4-19 shows a sketch of what the force vé. tigplacement plot could look

like when subjected to a ramp function of amplitéde (without mass or damping).

The purpose of this figure is to indicate the fractivork done against each of the
spring components. Assuming linear spring stiféess the effective spring stiffness
(Kefrectivd could be found either by measurement of the cam@oresponse, or by

adding individual spring responses according todfqu 4-3.
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Sketch of Compound Spring Fractional Response

2N
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]

Force Toward RVAD, (N)

[ 1'Woark against Air Spring
0 Wark against Ay Spring
I ork against LVDT Spring
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-0.5 0 05 1 1.5 2 25
Hub Displacement Toward RVAD, (mm)

Figure 4-19: Example sketch of the theoretical fore vs. hub displacement relationship of the

compounding spring.

Because the figure is an example sketch of thdioakhip between the effective
spring responses, the vertical force axis is untifiech Please note that the relative

spring strengths are not representative — thediggifor concept illustration only.

To provide reasonable approximation of &R the spring constant of the compound
spring, Kerective N€€ded to be evaluated. It was difficult to ptaly measureesreciive
so theoretical and experimental analysis was useguantify the individual spring
components. Calculation by these means, as wilkhmvn, provided satisfactory

approximations of the components of the compoumichgp

4.5.1.1The Air Spring, K

The spring response from the air bubble inside thssive Controller Body was
approximated theoretically. It was assumed thatetkpansion or compression of the
air bubble was isothermal and that the air wouldlige a perfect gas. The Perfect

Gas Law was used to relate the pressure to thengavglume;
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Pec =— >

Equation 4-5

whereppc is the static pressure in the Passive Controfters the mass of the air
bubble,Rs is the gas constant for air 287 J'g™*, U is the air bubble temperature
andV is the air bubble volume.

Provided the initial bubble volume is known, thébble volume can be found at any
hub position. Figure 4-20 shows a simplified schgmof the Passive Controller
Body. The division between the two cavities haverbleft out for clarity. The top

image shows the labelled components including tkenbranes which prevent fluid

movement between the VADs and the Passive Controlle

;RVAD Membrane

-
Passive

Controller

Body

~Floating Assembly

L

[ [ )
\J\LVAD Membrane

{f | I 1 |
I AVryap

) Y

[~ B,

e e, | e—

Figure 4-20: Passive Controller schematic showindé initial hub position, (above), and the

resulting volume changes due to a hub deflection ébow).

When the hub translates distancehe volume increase on the RVAD sid&/rvan,
and the volume decrease on the LVAD sid¥,yap, contribute to a total volume
change. This volume change is accounted for byathbubble’'s expansion. Thus,
the volume of the air bubbl®/, is a function of the initial air voluméy/;, the VAD
shroud area#\, and the hub positior,
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With this in mind and a small amount of derivatitme relationship

F o= mR,U
" V| + y(ARVAD - ALVAD

) - patmj| X (ARVAD - ALVAD)

Equation 4-6

was obtained to relate the pressure force insidectimtroller cavitie$,; to the hub
positiony. Also included in this relationship is the initiajected volume of air at
atm. pressur¥;, the area under the LVAD and RVAD lower shroégdsap andA vap
respectively. Atmospheric pressupm, IS subtracted from the right hand side of

Equation 4-5 as gauge pressures were measuredexpkemental loop.

Figure 4-21 shows the theoretical relationshipsvbeh an applied force to the hub
and the resulting translation of the hub with ageaof initial injected air volumes.
These are derived from the static air pressure &edair density respectively.
Equation 4-5 shows that the pressure is inversdbted to the air volume, and
therefore the applied force is inversely relatedht® hub movement. This produces

the characteristic decaying function as shown énttip plot in the figure.
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Theoretical Applied Force vs. Deflection Plot for
Passvice Controller with Compressed Air Spring
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Figure 4-21: Theoretical proportional response, (sfing response), due to air bubble of varying
initial volumes, V;, (top), approximated linear spring stiffness as &unction of initial injected air

volume, V;, (bottom).

The gradient of the theoretical force vs. deflectplots are, by definition, the
theoretical spring constants;,. For simplicity, the gradient was assumed toitear
over the operating hub range. So, the gradienfuated aty = -1 to 1 mm. The
initial volume dependent gradients, or air spritiffreessesk,i;, were then plotted in
the bottom plot in Figure 4-21. As would be expédctthe air spring consta,;, is
high when the initial air volume is small. Simligrif there was an infinite initial
fluid volume, (i.e. one side of the Controller Bodpen to air), then the spring
constant will be effectively zero.

A curve was fitted to the lower plot in Figure 4-B%ing a Hyperbolic, or inverse

power, function using Excel. The evaluated powection is

4-114



3648

air -1.0066 ’
V

Equation 4-7

the fit having an Rvalue of 1. Later results will be presented vifthial air spring
volume approximated afi = 300 ml. These correspond to theoretical airngpri
constants okq;; = 11.7 N.mnf.

4.5.1.2The LVDT Spring, K vpr

Information provided by the manufacturer prescritfezlspring constant of the LVDT
sensor tip to bepr = 100 pN.mrit. This spring force is comparatively small
enough to be ignored over the entire operatingearighe LVDT.

4.5.1.3The Clearance Dependent VAD Performance Spring 4,

The resulting performance variations due to clearaolcanges from the central
position act to restore the un-deflected hub pmsitiThis spring like response is the
essence of the Passive Controller action as thkedpforce that acts to restore the
hub position is due to the change in pressure fread either pump. Experimental

data were used to quantify this spring like respons

Method

Results from a number of hypertension simulatioesenused as data sets to analyse
this spring like response. These were used asrédssyre and deflection profiles and
were reasonably constant before and after the suddéstance change. The resultant
force and the hub position before and after theehgmsion simulation were taken
and the spring force was evaluated from theseatataerding to

Equation 4-8
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whereF; is the initial Resultant force across floatingeasbly andy; is initial floating
assembly position. This was then approximated asckBarance spring rate at the
mean clearance covered during the translation. rniéan clearance was considered
representative since the spring rate was not constah respect to clearance. For
this reason it would have been inappropriate to tree beginning or ending

clearances.

It should be noted that the tests were run at pspgeds ofN,.yvap= 3870 RPM and
Nrvap= 920 RPM, (the total support testing speeds)s feasonable to assume that
ks Will change if the pressure ratio between the VARasies due to speed changes.
However, the majority of tests presented incormutatVAD to RVAD pressure
ratios of just under 5:1. This spring constant wviierefore, be treated as a constant.

The simulations used all had a weak air spring Witk 300ml corresponding to an
air spring constant oky ~ 11.7 N.mnt. As already discussed, the nature of the
parallel springs allows them to be added or sut#dtato isolate individual spring
components. A translational rangey$f +£0.17 mm was used as this was the range

used for the dynamic tests to be discussed later.

Evaluation of the spring response due to the clearahthe hub rendered a range of
spring rates. This indicated that the responshetlearance spring was not constant.
This was discussed by Timnmet al, when it was suggested that most of the
performance drop occurred between 0 and 0.3mm fhenblade tips, (Timmst al
2006).

The spring rate was then evaluated at a numbeifffefeht hub positions. To do this,
the starting position of the hub was prescribedaljusting the arterial pressures
before the sudden hypertension. As would be ergeki, was very high near the
physical stoppers. Experimentally, when the hub hitphysical stopper on either
side, (aty = £0.17 mm), any further increase in force towtrak stopper will result a
nil change in position. This means that at eithepger the stiffness is effectively

infinite.
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Results

Figure 4-22 presents results from seven acute punychypertension tests. The hub
position has been assigned to the y-axis for ctersty with the physiological testing
results presented earlier with the positive dicectiowards the RVAD impeller. The
x-axis indicates the spring ratky, and it is clear from first glance thRi, is not

constant.

Non-Linear Impeller Blade Clearance Spring
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Figure 4-22: Calculated spring stiffnessky + Kar, (Wherekg, = 12 N.mmi%), vs. hub position

during entire translation.

The grey shaded region indicates the physical P@psts described in the previous
chapter. Since the translational rangeyis £0.17 mm the hub cannot enter this

region.

The black profiles show the translation of the hubirty the test. Since all the tests
were acute Pulmonary Hypertension, the hub statdtie upper most extremity of
the black lines and then translated down to théobotas a response to the increased
PAP, (see Figure 4-13). The red dot indicates tlezage position during the hub
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translation. The red dots, therefore, reside half down the black profiles. The blue

profile is a quadratic fit of the data calculatesing MATLAB. It was evaluated as,

Ky + Ky =18327y% =143y +95.

Equation 4-9

The fit was quite poor with a normalised residiNR, of NR = 30.7, the normalised
residual was calculated as the square root ofutrec the clearance spring rat&s,

squared

NR= Zn:(kAy+kair)i2.

i=1

Equation 4-10

Discussion

Observe that there is a minimum spring rate nearcdntral position. According to
experiemtnal result from Equation 4-9 the springerait this minimum is
Ky + Kair(vi = 300 my= 9.5 N.mm*. When taking into account the fact that a weak ai
spring was also incorporated with a linear spriatg rofk.; ~ 12 N.mni, the data
suggests that at the central position the clearapdag rate is approximately nil. As
the hub moves toward either PC stopper the spratg, k4, increases until,

theoretically, it will be infinite.

It was realised that the poorly fitting polynomiaas partially due to the relationship
not being quadratic. The relationship cannot trbe/ quadratic because of the
asymptotic clearance spring rate near the PC steppieere the limit of a quadratic

can never be asymptotic. This, in addition to da¢ang taken from tests from

numerous different testing days, attributed to ghmormalised residual. However,
the data indicate that there is most definitely iaimum spring response near the
central position along with an increasing sprinte reoward the PC stoppers. A
modified relationship for the clearance spring alomas generated subtracting the
constant air spring. Since the initial volume bé tair spring,V; = 300 ml, was

approximateka; was assumed to be 9.5 N.mMm This relationship, as given in
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Equation 4-11, will be used to quantify tihdR provided that the deflections are
betweerny = -0.15 and 0.15 mm;

Ky

Yy

=18327y? -14.3y.

Equation 4-11

The clearance spring function itself is only indieatof the inherent proportional
response caused by clearance changes. It neebtlendirectly employed in the
numerical model, which will be explained later tls inherent response is a result of
the effect of clearance changes in both VAD's pesshead. However, it does

indicate the magnitude of this proportional resgons

4.5.2 Evaluation of the Mechanical Damping, d

The viscous damper created by a tear drop slot &ed micrometer spindle

configuration was primarily used to filter out thesidual heart beat pressure
fluctuations. More generally, the damper affedteel floating assembly’s motion to
allow manipulation of the dynamic interaction bedwethe CV system and the
prototype. Varying the damping coefficient wasiaehd by adjusting the occluding
micrometer’s spindle length. This occluded flowvietn the Passive Controller

cavities and provided a viscous damper.

Quantifying the damping constant, d, was out ofsib@pe of this project. To quantify
this parameter a new test rig would need to be buihllow acquisition of empirical
viscous loss data. So, for the purpose of thidystthe functionality of the damper
was tested with the spindle fully retracted anceeded over half way. These were
labelled medium and high damping respectively. wLdamping could not be
achieved as even with the spindle fully retractexdy between the Passive Controller
Cavities was still restricted). This was considermsonable as the evaluation of the

damper aims solely to determine whether or notiaangulses can be filtered out.

This study employed the determined spring const@nfgocess oscillatory test data
to determine the Amplitude RatidAR Resonant frequencie$, of the floating

assembly were also observed as was the perfornaditice viscous damping.
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4.5.2.1Method

With the VADs operating, the prototype was canraedanto the MCL and subjected
to a pulsing left ventricle. This, in combinationthva non-active right ventricle,
magnified the resultant force across the floatisgeanbly for high observablity. The
frequencies were varied from 15 BMP to 90 BPM, §0t@ 1.5 Hz), at intervals of
15 BMP to determine if the operating range was tigaresonant frequencly, The
level of damping was then varied to observe théopmiance of the viscous damper as
it attempted to reduce oscillation amplitude.

A Fourier Transform of the hub’s transient positidata isolated the frequency and
amplitude of the major oscillation. The same praocedising the transient force data
provided the force amplitudes at the same majoillason frequencies. This

agreement in major oscillation frequencies wassuoprising as the pulse drives the

hub and therefore dictates the oscillation freqyenc

The dynamic tests were run without an air springiteaonly the clearance spring
and the negligible LVDT spring. Thus, the sprinter8&eseciive (= K1y), Was a function
of clearance as given in Equation 4-11. TAR was calculated at the major
oscillation frequency, (which is analogous to tlisp frequency). Calculation of the
AR used the amplitude of the forcE;) and position €) as well as the spring rate
(Kefrectivg at the average position according to Equation 4-2.

Two different levels of damping were used; mediurd high. These were applied by
having the spindle fully retracted and extendedr dvadf way. TheARs of all the
tested frequencies were compared at the two leskldamping to quantify the

performance of the damper.

4 .5.2.2Results

One of the dynamic oscillatory tests is shown igufé 4-23 as an example of the
collected oscillatory test data at a constant pfrisguency. This particular test was
operating at 30 BMP, (0.5 Hz), with medium levelmtang. The transient force
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profile at the top of the figure indicates the slistand diastolic phases while the

bottom shows the oscillating hub position.

Oscillating Force on Hub
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Figure 4-23: Example dynamic test using LV contragbns only at 30 BMP.

Note that the oscillating hub position is centredye: 0.07 mm. This mean position
value was important to interpolate the effectivargpconstant using Equation 4-11.
Figure 4-24 indicates the interpolated effectiveirgp constant based on the mean
oscillatory clearance. The background plot incoapes the same scale as that shown

in Figure 4-22, the foreground plot has reducedesdar clarity.
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Non-Linear Impeller Blade Clearance Spring
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Figure 4-24: Effective spring constantkeeive, interpolation based on mean clearance during

oscillatory test for a medium level of damping.

The plot at the top of both Figure 4-25 and Figub4how amplitude and frequency
data for each simulated heart rate from a Fouramsform of the oscillatory hub
position data. The bottom plots show the amplitad® for each of the tests at their
respective pulse frequencies. The resonant frequsribat with the large#AR The
two figures show the amplitude aAdR data for low and high damping respectively.
Resonance occurs close to 30 BPM, (0.5 Hz), fdn bexts.
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Floating Assembly Frequency Response
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Figure 4-25: Frequency breakdown of hub oscillatiorwith low damping for a range of heart
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Figure 4-26: Frequency breakdown of hub oscillatiorwith high damping for a range of heart
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4.5.2.3Discussion

The resultant force plot in Figure 4-23 consistsaofery jagged pulse. Systole is
indicated by the transient force profile rising agpund 1N toward the RVAD. At
that time, a retarded hub translation toward theARVimpeller was observed due to
the viscous damper. The oscillations at the begmrof systole are due to the

mechanical mitral valve hammering in the valve logls

Regardless of the irregular 30BPM pulse in Figur@34 the floating assembly
oscillations are smooth and have high amplitudels fact the Peak to Peak
Translation, (PPT), is over 40% of the total cleaeanetween the PC stoppers. With
such oscillations there is a danger that the flehdfinside the VADs cannot develop

potentially reducing device efficiency and incregsblood damage.

Figure 4-24 indicated high interpolated variancespring constants between the
medium level damping tests. This was expected Isecthe quadratic function in
Equation 4-11 sees a rise in spring constant of 5@nN betweeny = 0 and

y = 0.17 mm. If the spring response of the floataggembly is to be properly
analysed, further testing should be carried out andchore suitable interpolating

function should be determined.

A comparison of Figure 4-25 and Figure 4-26 shdvas the viscous damper was very
successful in reducing hub oscillations during apen. TheAR at a pulse rate of
30 BPM was reduced by 94% to 0.005 by increasiegiimping. This demonstrated

that the damper was very effective in reducingltzmn amplitude.

It appears that the resonant frequency Was 0.5 Hz, (30 BMP). As shown in
Equation 4-1, the natural frequency is a functionth® spring constant which is
variable. Potentially this means that with differespring constants the natural
frequency could fall to 60 BPM, at the normal natheart rate. However, with the
dramatic AR decrease witnessed in Figure 4-26 presumed that high amplitude

resulting from operation near resonance will nauoc
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4.6 Experimental Discussion

The desired outcome of the experimental tests waxamine whether the Passive
Controller configuration would counteract pathotmdi vascular pressures. The
physiological testing showed that the floating asslg moved to constructively

address these cardiovascular incidences. Hypé@tenpoor flow balancing and

further failing left ventricle simulations saw theb being driven away from the high
pressure circuit. This created a decreased outptltet high pressure circuit and an
increased output to the other. In most cases résponse restored the arterial
pressures. However, suck down of the left verrighs an issue when simulating
Pulmonary Hypertension due to the resulting deestasnous return into the LV.

The effect of the floating assembly was to creatbasoreceptor like response
promoting high stability and a passively contrdilioperation.

Functionality of the Passive Controller was tested systemic hypertension scenario
with and without the passive response. The reguliaemodynamics with the
passive response saw the mean aortic pressurescettom 140 mmHg downto 110
mmHg. The comparative result highlighted the suligthincrease in stability of the

supported arterial pressures when a passivelyatedrsupport device is used.

The spring response of the Passive Controller washnmiore complex than first

assumed. Three parallel spring components formasmhgound spring including an

air bubble spring, clearance spring and LVDT sprinithe latter was found to be

negligible. An initial air volume dependent springsponse from the air bubble
spring was determined theoretically. Linear apprations were justified and the

linear air spring rate was approximated using Equa#-7. The clearance spring

response was found to be highly non-linear and, tduthe geometry, effectively

infinite at either translational extremity. Betwe¢he PC stoppers, a clearance
dependent parabolic relationship between spring eatd clearance was found as
given in Equation 4-11.

Amplitude Ratios of oscillatory tests were calcethtfor medium and high level

damping over a number of pulse frequencies. Foh &vel of damping, thARs for
all the pulse frequencies were gathered and therpaced. This allowed a qualified
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analysis of the performance of the viscous dampditér out pressure pulses caused
by residual ventricular contractions. Increasing damping from ‘medium level’ to
‘high level’ reduced thé&R by up to 95%. The resonant frequency of the systam
observed aff, = 0.5 Hz or 30 BPM, although it was realised tHa® resonant
frequency depends on the employed spring constéoivever, it was assumed that
since the damping reduced tAR by such a substantial amount, that these large

amplitudes, caused by resonance, would not eventuat

4.7 Conclusion

The Passive Controller BiVAD prototype was testeditro to assess its response to
complications caused by a range of cardiovascul@dénces. In every simulation,
the device’'s floating assembly responded to pérti@r completely alleviate
pathological vascular pressure. This was encougag® the Frank-Starling-like
response provided by the native heart was imithiethis dual rotary pump support
device. A Frank-Starling mechanism was not witedsBowever when VAD inlet
pressures dropped. The incidence of left ventricslack-down during Pulmonary
Hypertension simulations was increased with aneasing severity of PVR. This

will be investigated further in the numerical intrgation.

A dynamic analysis of the Passive Controller shotined the applied damping of the
floating assembly’s motion was very successfulltering residual ventricular pulses.
Increasing the damping from ‘medium level’ to ‘hitgvel’ virtually removed any
oscillatory motion of the hub. This provides an ogpnity for the flow field through
the VADs to become as developed as possible whilkeasame time increasing the
effectiveness of the passive response.

Experimental testing of the prototype has preseateencouraging introduction to the
passive control of artificial hearts. Where thetestof the art VADs and BiVADs see
continuous flow pumps as a trade off from stahilttyis study observed a contrary
result. The geometric nature of the rotary flow psnand the effect of leakage over
impeller blades have provided opportunity for a BIY with a passive controller

design.
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5 Numerical Program and its Development

5.1 Introduction

A numerical simulation has been constructed in MABfAto simulate the

haemodynamics of the CV system with variable magie$ of heart and vascular
disease. Incorporated into the numerical modeltace VADs whose performance
can be described by multi-variable functions busing experimental performance
data. The primary intended use of the numericalsition was as a design tool for a
passively controlled BiVAD prototype, but was alsseful as a means of simulating

the device’s performande vivo.

To assess the ability of the passive BiVAD controtle safely control a diseased
human circulatory system, the prototype has bedhdnd in vitro testing carried out

in a hydraulic Mock Circulation Rig. The passiventoller mechanism within the
prototype has dynamic components to provide ssndamping and inertia. Initially
the numerical simulation allowed quantified approations of these dynamic
parameters to provide optimal performance in thisatile, dynamic CV system.
Then, aftelin vitro testing of the passive controller, the numericablel will test the

concept in a circulation model more representabiva human’s to provide a better

simulation of passive control in a clinical situti

This chapter documents the design of a flexible migakeprogram that can simulate
thein vitro testing rig as well as a supported human circutasystem. The program
is novel in its comprehensive modelled vascularcstire, the inclusion of global fluid

inertial parameters, the implementation of expentake pump data to model the
supporting BiVAD and the developed solution aldorit Each of these are reviewed

in detail including failed attempts during the praxg’s development.

Validation of the model as well as simulated vitro andin vivo results will be

presented in the following chapter. As mentionedier in this thesis, a general
figure colour scheme has been used to prevent siomflbetween experimental and
numerical simulation results. Any plotted expenta result, (predominantly in the
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previous chapter only), will be set on a white lgaokind. Any plotted numerical

simulation result will be set onto a grey backgrmun

All MATLAB © program code is included on a CD submitted wiik thesis. Brief
documentation of the programs can be found as caontsnwéthin the code script and
in the included pdf on the CD.

5.2 Background

It was apparent that numerical modelling of thedimarascular system is not a new
science. The earliest works date back to the 198Bere the Physiological
Simulation Benchmark Experiment, PHYSBE, was createthodel fluid and heat
transport around the human cardiovascular systeab¢bld 1966). Since then, many
models have been created with further additionsapply models to different
situations and pathologic conditions. Since the [E990s, numerical models have
been created to simulate the assisted circulatitmsingle VADs (Mitsuiet al 1998;
Vollkron et al 2002) or chest compression devices (Haretaad. 2005). There does
not appear to be standard vascular models, stavdallar parameters or common
solution algorithms. This is probably due to thedat range of model applications
creating the need for specific detail of differguarts of the human circulation or

algorithm.

5.2.1 Modelling of Vascular Components

A review of present literature documenting studiasolving a computational
simulation of circulation revealed a number of @ifig model structures. Many of
these approximated entire vascular circuits usingl desistive and compliant
combinations in series (Vollkron et al. 2002; McHe®966; Mitsui et al. 1998).
Figure 5-1 depicts this dynamic structure using edectrical symbol analogue,
however the parameters are regresentative of fitogerties. The symbofsandQ

represent the fluid properties pressure and flospeetively in the main artery and
vein feeding and draining the vascular circuit. Thesistive and complaint
components of blood vessel are denoted in the magiRlandC and the subscripis

andy indicate an arterial or vascular parameter. Theindicates that the models
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provided a common pressure across the compliamhlodis, (indicating the pressure
inside a body pushing against vessel walls, e.gnalecompliance), but most of the

models used a floating pressure or earth, (i.enfHg).

. R, R o
G G
P,

Figure 5-1: Basic vascular model with arterial andvenous resistance and compliance.

Some models observed the importance of includingl finertiance. Some were
satisfied to only include fluid inertia within treortic branch, (Vollkroret al. 2002;
Mitsui et al 1998), others also included the inertial contiitru from the pulmonary
artery (Larnard 1986). The fluid inertiance was ownly implemented into the
models as a precursor to the arterial complianckrasistance as depicted with the
symbolL in Figure 5-2.

g L R, R o
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Figure 5-2: Basic vascular circuit model with arteral fluid inertiance included.

One more recent model was published including flngttiance in the main arteries
as well as in each of the four heart chambers (btaprs al 2005). However, no
information was given regarding quantification tietvessel inertiance. This is
unfortunate as it will be shown that the incorpmmatof inertial parameters in a
numerical circulation model is imperative, partely in the heart chambers.
However, its inclusion can induce high instability the solution algorithm and so

caution needs to be exercised when implementingahgion algorithm.
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5.2.2 Modelling of the Native Heart

The reviewed numerical simulations modelled the meles and atria very similarly

to that shown in Figure 5-1. Atria and ventricies, after all, vascular chambers with
associated resistance and compliance. The cirouRigure 5-3 shows the most
common model, (in this case modelling the left jeamploying variable compliance

chambers and the one way resistors/diodes whichlgienvalves.

plﬂ pOU
Q RMV RAOV ont
in -__ H . | .
Cua ;/é Cry ;/E
P,

Figure 5-3: Basic atrial and ventricular circuit model with arterial and venous resistance and

compliance.

The subscripts in the figure refer to the cardiouéesclocationsja, the Left Atrium,
Lv, the Left Ventricle,yv, the Mitral Valve andao, the Aortic Valve. Variable
compliance components allow the ventricles andaatwi contract. Most of the
reviewed articles used a transient ventricular danpe that was updated every time
step to provide a fluid driving input to the systgiviollkron et al. 2002; Mitsui et al.
1998; Hanson et al. 2005; McLeod 1966; McLeod 196B)e changing compliance
provided the forcing input which provided energythe system, (much like the
contracting ventricles provide the forcing inputdiave blood around the circulatory
system). The form of the time dependant ventricatanpliance data were sourced
from the PHYSBE model (Kohrt 1999; McLeod 1966) ahdn scaled during the
validation process. Atrial compliance functionsrevéound in Guyton (2005) and

were subsequently employed in the numerical program

Cardiac valves were exclusively modelled as diautesvo-state resistors controlled
by an ‘if statement. A popular means of valvetestdetermination was to compare
the upstream and downstream pressures (McLeod 1968) example, the mitral

valve’s ‘if’ statement would compare the left at@ad left ventricular pressure. If the

atrial pressure is higher, (diastole), the restamwould be low to simulate the
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pressure drop required to get through the openeval¥ the ventricular pressure is
higher, (systole), the resistance would take orssentially infinite value to simulate
a closed valve. Another means of determinatiorhiwithe ‘if statement was to
assess the flow (Hansem al 2005). This would stipulate the valve state g®fo if
the flow was positive from atrium to ventricle amentricle to artery. A flow based
determination is perhaps more representative oft vadves as pressure alone won't
deflect the valves, but rather the fluid-structiméeraction from moving blood is

required.

For comparison with th@ vitro tests done with the mock circulation loop, thedim
dependant ventricular data was approximated uskpgeremental pressure-volume
plots. The atrial compliance was assumed constantdmparisons with the mock

circulation loop as the atrial reservoirs were ofmeatmosphere.

5.2.3 Vascular Parameters

Recent studies have chosen to represent vascuaresés in a variety of ways; for
example the dynamic structures shown in Figurealid Figure 5-2. In some studies
only one of these basic vascular models is usedepoesent the whole of the
pulmonary or systemic circuits. In this case, ¥ascular parameters of the arterial
and venous vessel of that circuit are combinedtt@ye The choice of the vascular
parameters therefore, depends largely on the chstassture of the circulation model.
For example, the recent models employing the dirstmucture shown in Figure 5-2
concentrate the inertial contributions from the Ighoircuit into one component.
Additionally, the arterial, arteriole compliancesaesistances are combined and then
isolated from the combined capillary, venules aeth\compliances and resistances.
Considering the variations in vascular models, éheras very little agreement

between vascular parameters.
Three tables were drawn documenting the employedtaeses, compliances and

inertiances in a number of vascular models usedadant studies. These are shown in
Table 5-1 to Table 5-3.
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Table 5-1: Vascular Parameters from the PHYSBE Mode

This table is not available online.
Please consult the hardcopy thesis
available from the QUT Library

(McLeod 1966)

Table 5-2: Vascular Parameters from the Hiroshima 8hool of Medicine Model.

This table is not available online.
Please consult the hardcopy thesis
available from the QUT Library

(Mitsui et al. 1996)

Table 5-3: Vascular Parameters from the Universityof Vienna Model.

This table is not available online.
Please consult the hardcopy thesis
available from the QUT Library

(Vollkron et al. 2002)

A large variation is seen between not only the wikscdata used but also the
recognised vascular parameters used. The lack rekergnt between the model
parameters provided room for ‘educated guesseghmnumerical model within the
author’'s project. Clearly, dynamic vessel datanges from patient to patient,
especially patients with differing types and setiesiof cardiovascular diseases. One
modeller commented that the employed vascular de¢se “in some cases
compromises between values from various sourcesimmathers (were) outright
guesses” (McLeod 1966).
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It should be noted that inertia contributions te ttaemodynamics were often ignored
in recent studies. It will be shown that fluid itience has a high influence on
pressure drop across a vessel where there is adtglof change of flow,@dt. For
this reason aortic and pulmonary artery inertiai@se been included by Vollkraat

al. (2002) and Mitsuet al. (1996). However, the highest rates of changiowf are

in and around the cardiac valves, (atria, ventsieled arteries). Kiorakiantis and Shi
(2006) saw the importance of including fluid inarice in a numerical model to some
extent, and so included inertial parameters througlthe systemic and pulmonary
vasculature. However, their study did not emplogriiance for the aria and

ventricles.

The importance of inertiance in the heart chambeas mecognised by Hanson and
Levesleyet al (2005) who included inertial parameters in eveagcular section
except venous vessels. Unfortunately no detail gigen into quantifying the inertial
parameters. An investigation into the effect afbgll inertiance parameters which are

vessel volume dependent will be examined in thaptér.

The parameters for numerical simulation of the daton have been guessed,
transferred from textbook data, e.g. (Milnor 19&yton 2005), or else determined

from animal experiment.

5.3 Employed Cardiovascular Model

5.3.1 The Human, or In Vivo Circuit

A schematic is provided in Figure 5-4 to show thedeiled sections of the employed
cardiovascular structure. Each subsection of théeidge.g. head, arms, lungs),
includes fluid resistance, compliance and inergamar both arterial and venous
vasculature. The inclusion of extra systemic brasds well as the incorporation of
second order dynamic parameters in both veins grdes allows for a very flexible
model. This will be demonstrated later when thegpam is used to model the vitro
test rig as well asn vivo simulations. The schematic also depicts two VADs

cannulated from the ventricles into the main agteri
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Figure 5-4: Schematic of the modelled sections die cardiovascular system in the numerical

program.

The model, depicted in Figure 5-5 is an electriaa@luit analogue of Figure 5-4 which
includes arterial and venous sections for eachwassection. The systemic sections
are similar to those used in the initial PHYSBE nmddécLeod 1966) and employ
four fluid branches, (head, arms, legs and bodyparallel between aortic and vena
cava branches. The pulmonary system includes a&sseircuit comprising the
Pulmonary Artery, arterial and venous vasculatur¢he lungs and the Pulmonary
Vein. The circuit comprises a repeating vasculadehavhich features in every

vascular section. This vascular sub-unit will bealibed later.
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Figure 5-5: Numerical model schematic as an electal circuit analogue with two assisting
pumps. The nomenclature used are, LA, Left Atrium;LV, Left Ventricle; Ao, Aorta; art.,
arterial vasculature; ven., venous vascularture; RARight Atrium; RV, Right Ventricle; PA,

Pulmonary Artery; PV, Pulmonary Vien; DOM , pressure outside vessels in systemic circulit;
DOM, pressure outside vessels in pulmonary circuiy, the floating assembly position with
respect to its central location;F, the pressure force from the VAD upon the floatingassembly;m,

the mass of the floating assembly, the effective spring striffnessd, the damping coefficient.

There are two pumps shown which form parallel ctscwith the left and right sides
of the heart. These are the LVAD and RVAD respetyiv The pumps are fed from
either the respective atrium or ventricle dependinghe selected cannulation site in
the simulation setup. This is done by setting th@esired inlet cannulation resistance
very high. The outlets of the VADs are plumbed itlteir corresponding main artery.
Included in the model is the free body diagram loé floating assembly and its
associated spring, mass, damper arrangement. Tk position of the floating
assembly, vy, is also included and the dotted Imtkcates that this parameter affects

the VAD performance.

Inertial components have been included in eachwassection too. This is novel as
state of the art computational simulations of thenhln circulation have generally
excluded this parameter from their models. It W@ shown that simulation of the
hydraulic states in and around the heart valvesweag sensitive to their nominated
inertiance. So, perhaps due to lack of computatiggpwer in the past these

parameters have generally been excluded from naateniodels of the CV system.
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The four resistors upstream, (above), of the heaws,abody and legs branches were
a late edition to the circuit structure as non-pdlggjical blood flow was occurring in
the arterial vascular sections. Without thesestess the four compliance chambers
would resonate as there was no resistive dampinkp shbject to the pulsing AoP.
During simulation these resistances were all pilesdras 150 mmHg.s.fhland were

successful in reducing this vibrational effect.

Including these fluid resistances is reasonablernwdmnsidered from a physiological
perspective. The model provides lumped parametedetsoof every vascular

subsection. The inclusion of these additional tesssonly splits the aortic resistance
into a resistor followed by four branches each wathesistor at its base. When
considering the continuous nature of a vasculasteexe this makes the model more
realistic. In the vascular system there are resistontributions in a vessel before all

the compliant contributions have been experiengeitblving blood.

Each of the vascular compliance chambers providesntagral flow response
between the vascular fluid pressure and the comsuorounding compliance, (the
outer loop). This outer pressure is defined by Eregmal/Organ/Muscular pressure’,
(DOM pressure), which can be time dependant or teohs This allows for
simulation of exercise (providing periodic muscutantraction in the form of time
dependant DOM pressure).

5.3.2 The MCL, or In Vitro Circuit

The relatively complex model of the human circuitFigure 5-5 permits dynamic
parameters and/or entire vascular branches torbeved to simulate more simplified
fluid circuits. This is required for comparison thfe experimental testing of the
BiVAD prototypein vitro within the Mock Circulation Loop, (MCL). The MClsia
simplified circuit of that shown in Figure 5-4 aRktjure 5-5 as three of the systemic

branches are not included, (see Figure 5-6 and&uTr).

5-136



Figure 5-6: Schematic of the modelled sections die cardiovascular system in the Mock

Circulation Loop MCL.

Given that the numerical model is flexible in itenalation model structure, the
relatively complex structure shown in Figure 5-bildobe reduced to model the MCL.

The reduced electrical circuit analogue is showRigure 5-7.
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Figure 5-7: Electrical circuit analogue for the moelled Mock Circulation Loop.

The fluid resistance in the pulmonary and systennauits are simulated with a single
pinch valve between the arterial and venous compdiachambers. Due to the MCL
using water as the working fluid, non-discrete dluinertiance is inherently
incorporated into the model. It is important tdenthat the plumbing within the MCL
consists of pipes with an internal diameter of agpnately @20 mm. There is

therefore, significant inertiance within the loop.

Arterial and venous vessels are again modelledyubia repeating vascular sub-unit.
The associated resistance is an approximation ofptessure drop due to the
resistance of the plumbing. Further resistancapiglied to each of the vascular
circuits between the arteries and veins. This nsoti& pinch valve used by the MCL

to regulate pressure.

The Pulmonary and Systemic DOM pressure, (@¢d DOMs respectively), were
prescribed as zero. This is analogous to the vessapliance chambers and the
ventricles and atria of the MCL having been opetoedtmosphere when the pressure
sensors were zeroed before each test.
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5.3.3 Overview of Simulation Formulations

The numerical program was composed of seven eqsattomodel the fluid within

the vascular circuits and the BiVAD. The first tarequations relate to the fluid flow
around the circuit and provide the relationshipsveen the pressure and flow rate
and the user defined vascular parameters suchsisarece, compliance etc. One of
these equations, as will be explained, will be usedalculate the updated vessel

volume dependent inertiance parameter for eactusiilsf the vascular system.

The remaining four equations are used to model B3/ Two of them are used to
formulate the hydraulic performance of the each VADhese are the Performance
Functions and the Clearance Decrement Functionse fiffal two are used to

characterise the motion of the floating assembly iaclude an Ordinary Differential

Equation (ODE) and the clearance spring equation. OB& characterises the
dynamics of the floating assembly with the incogted spring, mass, damper
configuration. The form and empirical derivationtbe clearance spring equation

was discussed in the previous chapter.

Some of these equations have been decoupled fredntgar solution scheme. This
was done in order to formulate linear approximatiarf the BiVAD hydraulic

performance as well as allowing for the calculatadrthe vessel volume dependant
inertiance. The equations and their formulatiosigwith the implementation of the

decoupled equations are explained in detail ind¢hapter.

5.3.4 The Vascular Sub-Unit

Each arterial or venous sub-unit within the employsatel has an identical model
structure as depicted in Figure 5-8. These sulsuwmil be referred to as vascular
sub-units from here on in. The model is the saméasused by Vollkroret al.
(Vollkron et al. 2002) to model the systemic arteries. The compl@mponent
provides an integral flow response to pressuresiifices between that provided by
the DOM and the fluid pressure within the vessghe inertiance and the resistance
then provide a derivative and proportional respotsehe flow to simulate the

dynamic response from blood inertia and viscoug dgainst the vessel walls.
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Figure 5-8: Repeating vascular model of dynamic aerial or venous vessels.

The subscriptsi] and §) indicate properties at the inlet and outlet of thessel
respectively andq) refers to a property outside the vessel. The ¢amge,C (with
units, (with units [ml.mmHg-1]), and resistandg, (with units [mmHg.s.ml-1]),
parameters are specified by the program user foh eascular sub-unit. The
inertiance L (with unit [mmHg.s.mil]), by definition, is the mass of the fluid in each

vascular sub-unit divided by the vessel cross-geatiarea squared,

A

L:ALEA:AL@.
4

Equation 5-1

The vessel's cross sectional akathe blood density, the vessel lengthand the

vessel diameteg, are used to quantify the inertiance along wittoastantA,, used

to convert the unit to (mmHg.s.l

However, because the vessels are flexible, thelessifluid mass is a function of
resident fluid volume. So, this equation can belifned in two ways, either modelled
as a flexible vessel of constant diameter with eyimg length, or with a constant
length and a varying diameter, (therefore varyimgaad). Because an updated
volume dependent inertiance has never been emplayesuch a model, both

modifications will be tried and each result will Biscussed later.

The two forms of the volume dependent inertiancia®e a constant diameter and a

constant length respectively. These are,
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_ A _,A°
L= Al @ - Al Vi !
4
Equation 5-2
and,
A oV
L= = ,
A 7 A 7V
4 4
Equation 5-3

where the superscripb (ndicates the present time step afids the vessel's resident

volume at time step .

With all the vascular parameters now prescribed, the pressure and fenships
for the generalised vascular sub-unit can be analysed. To medehtisient fluid
response through the vascular sub-unit, discrete linear approxisatiere made.
The inertiance and resistance are linked in series and so their fipedance is

summed as,

dQ
-p,=RQ +L—%.
P - P, =RQ at

Equation 5-4

Then, assuming a small time stept, between iterations Equation 5-4 can be

linearised to give,

Co —Rro 4+l 279,
P~ P, RQ2+L( At )

Equation 5-5

where the superscript'j indicates one time step ago.
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The pressure difference across the compliant component provides a seespon

inversely proportional to the vessel compliance as given in,

_V, + I Q)
=50 N

= Pa =5

Equation 5-6

wherety is the time at simulation start aNg is the initial volume aty. This can then
be approximated by,

VY Q-
P.— Py = C )

Equation 5-7

Equation 5-5 and Equation 5-7 form the basis of the linear progréfith these
relationships the CV system was simulated as will be discugseditional equations
were added to the linear system, such as the non-linear pump performance

interpolation functions, as the program was developed.

5.4 Manipulation of Experimental VAD Data in Program

It was considered important that the VAD response within thegram was
representative of the prototype’s actual performance. Experimental data wés¢here
used to construct interpolating functions for both VADs tarm®rporated into the

simulation.

Initially, this required identifying all the contributin@xiables to the pump’s pressure
headH, and the flow,Q. These were the pump speétj,and the clearance over the
impeller blades,c. Characteristic interpolating performance functions were then
arranged using these four variables and assessed by inspection of uliegres
interpolation function. If the resulting curve was a poor representati a rotary
pump response, the form of the interpolating performance curve wagechand

then reassessed.
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The basic form of all the tested performance functions was a productr and/o
summation ofQ, Nandc polynomials with the pressure heddl,as the subject. The
order of each polynomial was altered as the function form was refineddar to
make it representative of a rotary pump’s hydraulic response. Thatiewodf this

function will be documented in this section.

Incorporated into each polynomial was a series of coefficients. The ofdthe
polynomial indicated the number of coefficients. In order to chenaeta particular
rotary pump’s performance, these constants could be evaluated batngump’s
experimental performance data. This meant that a set of calculated coefficasnts

specific to that pump’s geometry.

Software written by the candidate in MATLAB used operating pdi®sfrom the
prototype VAD performance testing (see Figure 4-3 and Figure 4-6)whtch to
evaluate these constants. The operating points, or VAD stassuaed as boundary
conditions (BCs) in the program to create an interpolating fumctisfter evaluating
the function constants, the function is plotted and the candigegeble to adjust the
fit by changing the defining BCs. This step will be grapbycdocumented in this
chapter.

It appeared through early miniature pump testing that predsuvayied linearly with
clearanceg, and held a parabolic relationship with impeller rotational spgedlhe
relationship between pressure and flo®, was considered carefully as this
relationship would coordinate the actuation of the passive camtrolarlier works
investigated geometric parameters to affect the gradient and rate gfecbathe
gradient of theH-Q performance relationship. The profiles took a small range of
forms from inverted parabolic forms to flat profiles that steepenedesiyddt high
flows. The latter appeared to have a varying second derivatilieragpect to flow,
(6°H/6Q%), which indicated a cubic relationship (Gaddum, Timms, and 2a06).

Four performance function forms were trialled in an attempt to charactiese

hydraulic performance of the VADs. The development and testing of afatite

trialled performance functions was a time consuming exercise. The tsoaeded
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performance functions, as well as their ability to model the phygcaips, are

documented in the Appendix C provided on the accompanying cbrisét.

The first trial function found that a cubic relationship betwklesnd Q induced high
instability in the function form over the expected VAD operatregion. It was

decided to reduce the order of tHevs. Q relationship to a parabola.

The second and the third trial functions varied the inclusiohefclearance term
The clearance term was multiplied to a product of the pump speefloandate
parabola functions. However, this created high variation in the effedearance
over the expected operating region. The clearance term was thenadtuegroduct
of pump speed and flow rate parabola functions; however, this nouleplicate the

exponential decay relationship that clearance had with pressure and flow.

The employed function for the numerical model is documentedsrséction. It has
the formH(Q,N,c).

5.4.1 The ldeal Performance Function: H(Q,N,c)

Once the device was built the hydraulic response specific to theDLat#d RVAD
detailed in Chapter 4 could be closely analysed. This was needature that the
assumed relationship between the hydraulic parameters of the pumps was

representative of the VADSs’ performances.

In Section 4.3 it was observed that the clearance affected botbwbped pressure
head and the output flow rate. Furthermore, an increase in clearance saw an
exponential decay in both pressure and flow which approximatelyedetal some
lower limit. This effect will be illustrated in this sectiondeally, a fully coupled

equation would be used such as,

H(QN,c)=(AQ% + AQ+AJANZ+ AN+ A A ™ +A),

Equation 5-8

whereA; to Agare pump specific constants.
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However, the function given above would hayex expg) terms,Q x exp€) terms
andQ? terms which could not be integrated into the lingstem. So, it was decided
to decouple the clearance completely from the pequation so that the performance
equation within the linear solution step was of fieem H(Q,N). In order to
incorporate the effect of clearance however, thdopmance functions themselves
were modified at every time step according to thle position. For example, if it was
expected that the hub was to be positioned aty' after the solution step, the
performance equations for that time step would dmefined for each VAD. This
would be done according to their respective exgeckearances. In order to redefine
the VAD performance functions according to the expé clearance, the Clearance

Decrement Functions were generated.

The means through which the Performance Functiomsealefined by the Clearance
Decrement Functions will be explained later. Atististage, it is important to
understand their forms, their representation ofeeixpental data and that they are
used in conjunction to provide a linear approxim@tiof the ideal performance
function given in Equation 5-8. An explanationtbéir form and representation of

experimental data will be covered in this section.

5.4.2 The Clearance Decrement Functions

To include the effect of clearance on the presamc flow outside of the solultion

step, the decoupled clearance term was used tcadkeghe pump performance
equation. The way that this parameter was usegdgoade the performance and how
this was implemented will be explained later. T$estion discusses the construction
of the decaying, or Decrement Functions in ordeintbude the effect of clearance

adjustment on the pump’s hydraulics.

The pressure decajy, and flow decay¢o, were each modelled as the sum of two
clearance dependent exponential functions as givelaquation 5-9 and Equation
5-10. The reason for using the sum of two expaakhinctions will be explained.

The pressure decrement,
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EH = = BleBZC + BseB“C,
H c=0

Equation 5-9

whereB; to B, are pump specific pressure vs. clearance conssamtsi; - ¢ is the

developed pressure head at a clearance of zem floMa decrement,

— Q — BsC BsC
= = 55 + ,
o e B.e

c=0

Equation 5-10

whereBs to Bg are the pump specific flow vs. clearance constantsQ. - ¢ is the

developed flow at a clearance of zero.

In order to determine the decrement function comsid; to Bg, the experimental
data presented in Section 4.3.2 was used. The wata gathered at speed
NLvap = 3400 RPM andNryap= 1100 RPM and over a clearance range of0.0 to
3.0mm. It was then down-sampled from 12000 datatpdo 20. This was done to
allow smoothing so that the exponential functionsuld be representative of the
whole testing range.

It was assumed that the form of the decaying fonctvouldn’t vary excessively with
pump speed, so thevs. candQ vs. c data was normalised for each VAD by dividing
the hydraulic parameter by its maximum.

MATLAB was then used to evaluate the clearance ylégaction constants using a

least squares approximation subroutine of the esmuked function given in Equation
5-9 and Equation 5-10. The evaluated constantgieea in Table 5-4.
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Table 5-4: Clearance Decay Function Constants fohe prototype LVAD and RVAD.

Clearance Decay Constants
LVAD RVAD
B4 0.2283 0.166
B -1.978 -135.1
B3 0.7719 0.813
By -0.003606 -0.01179
Bs 0.1632 0.06448
B -2.069 5311
B 0.6469 0.934
By -0.007 145 -0.00532

Figure 5-9 and Figure 5-10 show the exponentiattions laid over down-sampled
experimental data from the tests detailed in Sedli3.2. The LVAD and RVAD
pressure decay is shown in the first figure folldwsy the flow decay in the second
figure. Note that the output decay is plotted aglaclearances, which is the absolute
distance between the impeller blades and the |ssteoud, (as opposed to hub
position, y, which is the hub position with respect to its teaihlocation in the
BiVAD).

Normalised LVAD Pressure Normalised RVAD Pressure
Drop with Clearance Drop with Clearance

H
S

7| — Expanential Fit 7| s Eponential Fit
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Figure 5-9: Exponential fit and down-sampled expernental data detailing the normalised
pressure vs. clearance relationship for the LVAD §ft), and RVAD (right).
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Figure 5-10: Exponential fit and down-sampled expemental data detailing the normalised flow
vs. clearance relationship for the LVAD (left), andRVAD (right).

The values 0B, andBg, from Table 5-4, are very close to zero. If thegre zero the
second exponential function in Equation 5-9 anddgiqu 5-10 would be equivalent
to Bsx(1) andB7x(1). However, the decaying functions do not apgeadisplay a
gradient of zero at maximum clearanogsa(= £0.17 mm), and hend&, andBg are

not quite zero. This is the justification for ugithe sum of two exponential functions.

The operating translational range used in the exgets wasy = £0.17 mm,
(therefore each VAD could have a maximum clearanficemax = 0.34 mm). This
range, therefore, will employ only the far left 8en of the plots in Figure 5-9 and

Figure 5-10.

Plotted against the employed translational range ef £0.17 mm, the pressure
decrements for both VADs are shown in Figure 5-Nbte that if a total translation
range of 0.34 mm is employed in the BiVAD, then laacance ofc = 0 mm
corresponds to a hub positionyf +0.17 mm for the RVAD ang = -0.17 mm for
the LVAD. For this reason, the hub can only residthe region of the figure with a
white background. The shaded regions show hubtiposithat are beyond the
physical PC stoppers attached to the VAD impelessmentioned at the end of
Chapter 3.
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LVAD and RVAD Pressure Decrement
Due to Hub Position
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Figure 5-11: Pressure decrements for both VADs asfanction of hub position with a total

translational range of y = £0.17 mm.

Similarly, the flow decrements are given over thgyed translational range for the
LVAD and RVAD in Figure 5-12.

LVAD and RVAD Flow Decrement
Due to Hub Position

':
055
W
T 09
Tl
E
s : : : : : : :
e A R R i
=
=)
i T N N N N
'm] D_E-----f---r--------:------...p..........................,......--:-----f-_
g ; 1| e Eypanential Fit
i v | ==€= Downsampled Experimental Data
075 | | | I | - |
12 015 A1 0.05 ] 005 0.1 014 o2

Displacement Toward RVAD, y, (mm)

Figure 5-12: Flow rate decrements for both VADs aa function of hub position with a total

translational range of y=+0.17 mm.
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Note the magnitude of the RVAD pressure and flogslfromc = 0 to 0.02 mm,
(y = +0.17 to +0.15 mm). They were 83% and 79% efttital head and flow loss
over the device operating range respectively. €bgentially desensitises the RVAD
output to clearance unless the floating assemblseiig close to the RVAD impeller
blades. Later, the form of the decrement functiosl be varied to observe their

effect in the BiVAD’s ability to passively contrthie CV system.

5.4.3 Construction of the Interpolation Functions

Now that the clearance term is decoupled from th@p performance equations, the

remainingH, QandN terms provide the relationship,

H(Q.N)=(AQ% + AQ+A AN+ AN +A).

Equation 5-11

The constantA; to As, are pump specific constants derived from correspgnd

experimental pump performance data.

Software was written to take the experimental diatan the BiVAD prototype pump
performance tests and use it as boundary condjtiB@s, to solve for the pump
specific constants. This process will be discuss®tlillustrated in this section.

The resulting function for the RVAD, however, negdée inclusion of forced, or
prescribed, BCs in order to encourage the repraseatquality of the function.
Generation of the RVAD interpolating function walso be demonstrated in this

section.

5.4.3.1Data Sorting

Initially the program sorts through the VADs’ expeental performance pump data.
This data hold$1 vs. Q curves over a range of pump speeds and impellarasiees.
Sorting was useful in order to locate evenly staggestates with which to fit the
interpolating function. Staggered BCs over theingstange made the performance

curve ‘more representative’. ‘More representatigahtended to mean that the patrtial
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second derivatives over the operating range offainetion weren't too high as to
cause sharp peaks or saddles in function form. itidddlly the function is ‘more

representative’ if the BCs are taken at the maxinmrnminimum tested pressures,
flow and pump speeds. These states are, aftehalhoundaries of the interpolative

region. The BCs are then arranged for the modgtirthe interpolating function.

The experimental BCs could be point location states (H, Q, N), as well as partial

first and second derivatives in time, (Type 1, 2l &1BCs respectively). For the
generation of either, 6 staggerdd, Q) data points, for 6-7 pump speedy (vere

taken from the experimental set. This provide®B82 data points. When expanded
out, Equation 5-11 has 9, (3x%3), constants to laduated. An equal number of BCs
were needed in the linear system of equations liee dor these constants. The vast
selection of available data points allowed, if resdmany possibilities for alteration

of the chosen BCs.

Equation 5-11 is expanded in Equation 5-12 idemigithe nomenclature for the nine

pump specific performance constants.

H(Q,N)=Q?(D,N? +D,N + D,)+Q(D,N? + D,N + D, )+ (D,N? + D,N + D, ),

Equation 5-12
whereD; to Dg are products of pump specific constaf{do As.

5.4.3.2Fitting the LVAD Performance Function

The construction of the LVAD pump curve was a ie&y problem-free process.
Type 1 BCs only, were employed and a representgtedormance curve was

generated as shown in Figure 5-13.
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Interpolating Function for the LVAD
Pump of the BiVAD Prototype
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Figure 5-13: The resulting LVAD Interpolating Performance Function.

The employed performance curve, as given in Eqnditdl, finds the pressure head
H, in terms of flowQ and pump spee8ll. Upon the surface of the performance
function shown in Figure 5-13 there are six plotatk profiles and nine red crosses.
The black profiles are the experimental performanawes at pump speetis= 2200

to 4200 RPM. The red crosses are the Type 1 BCs tasgenerate the nine pump
specific constants. (Since clearance is decoupiddnathe decrement functions, the

figure is plotted atc = 0 mm, or ¥ = -0.17 mm) within the BiVAD).

A few simple selection criteria were establishedettsure that the function was

‘representative’

1. The distribution of BC locations occupies some piegral hydraulic states as

well as max and min pump speeds. Thus expandm@\hilable region that

the function will be, by definition, interpolating.
2. There are no uncharacteristic peaks, troughs atlesdh the plotted function

profile.
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3. The partial second derivatives ¢f with both Q and N, (6°H/6Q* and

&°HION?), were to be negative.

The LVAD performance function plotted in Figure 3t these criteria well.

5.4.3.3Manual BC Adjustments and Fitting of the RVAD Function

Figure 5-14 shows the pump performance curve fteerRVAD over a wide range of
Q andN. (The figure is plotted at= 0 mm, or y = +0.17 mm) within the BiVAD).
Selection criteria 1 is satisfied as the Type 1 Bf@s evenly spread and occupy
sufficient experimental test range periphery. I#oaappears as though criteria 3 is
satisfied a#H vs. Q andH vs. N are approximately parabolic over the whole function
However, it is clearly not representative lsalong Q = 15 L.min’ gets as low as
-1350 mmHg.

Interpolating Function for the RVAD
Pump of the BiVAD Prototype

H {mmHg)
2

1000

Q (L.min™") N (RPM)

Figure 5-14: Performance function evaluated over avide range of speeds and flows with a

constant clearance.
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Different combinations of Type 1 BCs provided samiinadequate function forms.
So, a small number of the experimental data poiations were sacrificed for forced
point location BCs outside the experimental rangais technique used extrapolated
user defined states to tame the performance psofilEgure 5-15 shows successive
‘taming’ of the performance functions using oned éinen two, forced point location

BCs. The forced point locations are indicated Watige 6-point stars.

H (mmHg)
H {mmHg)

1000

0

Q (L.min™) ? N (RPM) Q (L.min™) N (RPM)

Figure 5-15: Performance function, inel forced BC ssigned, (left), two BCs assigned, (right).

Observe the decrease in the range of the presgaschetween the two plots. The
two extrapolated forced BCs squeeze the functiontoua more ‘representative’

profile.

Figure 5-16 shows the final function form for th&&D performance function using

three forced BCs. The three criteria are satisfied
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Interpolating Function for the RVAD
Pump of the BiVAD Prototype
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Figure 5-16: Performance function, 3 non-experimeral point locations BC specified.

We can now assess the success of using the foosetllpcations by comparing the
interpolating functions before and after the thieeed BCs were put in place. Figure
5-17 shows the interpolating function without argint locations (left) and with the

three selected point locations (right) on reducezba

Comparison of Initial and Final Interpolating Functions for the RVAD
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Figure 5-17: Comparison of the initial and final inerpolating functions on reduced scale axis. No

forced point locations, (left), final interpolating function with three forced point locations (right).
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It is clear that the final interpolating functioashhigher continuity around the regions
where the RVAD was operating in tlre vitro testing. The use of the forced point
locations worked well in prescribing an effectivenp performance model. The HQ
profiles at any reasonable support simulation speedide the characteristic inverted

half parabola performance profile.

5.4.3.4Performance Constants

The nine Performance Function Constants are giebowbin Table 5-5. These are
the pump geometry specific constants for the VARshould be noted that these are

hydraulic parameters for pumping of water or fludsimilar density and viscosity.

Table 5-5: BiVAD Performance Function Constants.

Pump Performance
Function Constants
LAD Ry AD

0y -5 047B0E-10]  -1.77R50E-02
0 3B5350E05|  3.6B000E-0B
0| -9.00000E-03| -4.30000E-03
04 b 97050E-08 1.95400E-03
0s | -562860E-04] 1.42210E-04
O 8.62900E-01] 8.E00DOE-02
0, 3.16E70E-06|  2.11910E-05
O 3.43000E-02| 2.02000E-02
Og | -43B03EHT1| -1.01905E+01

A comparison of the order of magnitude of thesestammts will indicate that many of
them are very small. However, Equation 5-12 ingisathat the whem,, (for
example), is multiplied byQ?N then the order of this contribution will become

significant.

5.4.4 ‘One pressure one flow — Stability of the Pe rformance
Function in the negative flow region

When implementing Equation 5-12 as the performduagetion for the VAD into the

numerical program one major flaw was observed eftinction’s ability to imitate
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rotary pump performance. This was in the regiolen® the rate of change of
pressureH, with respect to flowQ, was positive, (i.e. normally in the negative flow
region). The performance function suggests thatetltan be more than one stable
flow rate for any achievable pressure head. Algono literature could be found on
performance profiles in the negative flow regionit-was assumed that the
performance gradient could not possibly becometipesi This was a problem for

numerical simulation.

Issues were observed at simulation start up andh\simeulating ventricular support at
low flow rates, (i.e. near t@ = 0 L.min?). At these low flow rates the operating
point can slide down the left hand side of the @antance profile causing incorrect

simulations.

This effect can be observed from the results oiraulstion shown in Figure 5-18.
The result came from a simulation when the solutimthod was nearing completion.
Since the solution method is yet to be explainked,dimulation result is intended for

explanation purposes only.

LYAD Perfrormance Function with Plotted Transient States
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Figure 5-18: Performance functions of the LVAD, (tp), and RVAD including the plotted

transient states during a simulation.
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The figure shows that the operating point of theADVstarted at around O L.mifn
and then moved further down into the negative fi@gion. To help protect the
simulation from entering into regions of the penfi@nce curve where the gradient is
positive, the performance function itself becanmezewise function. The non-linear
performance function is used when the VAD flow ratehigher than the function
maximum, Q*, and a linear function with a high negative gratie
(-33 mmHg(L.mirY)™Y), is used when the flow rates become lower. Tieegwise
performance functions are shown in Figure 5-19e 3dlid lines represent the regions

where each function is employed.

\
g) 1

H (mm.H

Fsam=—

C:?* Q (L.minY)

Figure 5-19: Form of the piecewise performance furion, (solid lines indicate the regions of each

function that was used in the simulation).

The piecewise functions intersect at the parabolaximum of the performance
function Equation 5-11 a@Q = Q*. Before a solution is run, this equation is
differentiated by the program and the flow ratetras maximum is evaluated by
solving for a gradient of zero. Then during théuson the VAD flow rates from

previous two time steps are used to make a lineatigtion of the present time step
flow. The predicted flow rate is then comparedth@ non-linear performance
maximum flow rate to decide which piecewise funectio use. This is, therefore, a
decoupled function selection. This is not reallyissue of how representative the
pump functions are as the linear portion of thecgmdse function is user defined

rather than derived from experimentation.
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This feature prevented the transient VAD flow betmmdestabilised through the
existence of two stable flow rates for every acaide pressure head. Figure 5-20
shows the transient performance states of the twlee VADs during an identical
simulation to that shown in Figure 5-18. The VAfates with a flow rate less than
Q* follow the profile of a linear performance curveat intersects the non-linear

performance function at the function maximum.
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Figure 5-20: Plotted transient VAD states using pigewise performance functions.

As explained, the form of the linear part of thegawise function is user defined.
However, although the hydraulic states occupyirgylthear function may not be as
representative as the non-linear functions, itripartant to encourage the VADs not
to enter the positive gradient performance regioSince rotary pumps are not
designed to enter negative flow regions it is asithat steady performance cannot
be achieved with back-flow. Additionally since tim®del will only be used to model
physiologically viable haemodynamics, accurate $mon in this region of
performance is not important. It should be notexlyever, that if the simulated VAD
operating point resides frequently in the linearfqrenance region this will be taken

as an indication that ventricular suckdown has oecl
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5.5 Evolution of the Linear Time Stepped Solution

Figure 5-5 shows an electrical analogue model sitmg the human circulation. The
model incorporates dynamic fluid components intla# sections of the circulation
arteries and veins as well as the heart chambEng. dynamic fluid components are

arranged in multiple sub circuits like that showrFigure 5-8.

This design was implemented in all of the initiabgram versions. The modelling of
the assisting pumps, however, developed once theulsx model was operational.
The VAD modelling was easily the most time consugrnocess from this study and
evolved through a number of versions. Howeveras a useful progression because
as the VAD models became more representative thdidate was able to use the
program as an investigation tool. This will be @@strated in Chapter 6 the program
was used to model the interaction between the Gtesy and the passively controlled

BiVAD beyond the experimental work.

A detailed circuit model of the human vasculatuseshown in Figure 5-21. It
comprises 22 vascular sub-units. Each vasculamsitbhas a name and associated
number, e.g. RV and 18 respectively. Within eadscular sub-unit there are,
usually, two hydraulic states; a pressure and @& flate. The hydraulic states are
comprised of pressures-pis, Ps7~Pss andpas-pa7 and flow rate;6-Q36 and Q3g-Qaa.

The remaining state, (state 43yas), is the floating assembly position. This makes a

total of 47 states.

In early versions of the numerical simulation oBliyates 1-36 were used to allow the
construction of the CV model without the VADs. éawersions included the other
state to incorporate the VADs and cannulation sités the final version of the

program, the passive controller was introduced dgimigpn with it the floating hub

positionc as an extra state. The final version also inclutiedresistances above the
systemic arteries used to impede numerical resenenthis region and hence more
pressure terms were added. For this reason, dieesof the pressure and flow states

are strangely ordered.
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Additional ‘dummy’ states were added to implemehé thon-linear performance
functions into the linear solution. However, thesgere decoupled from the solution

step. These will be explained in detail laterhis thapter.
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Figure 5-21: Electrical circuit analogue with two asisting pumps with the pressure and flow stateslelled as well as numbered circuit blocks.
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5.5.1 Version 1: The General Circulation Model

The general circulation simulation saw the modgllof the circuit in Figure 5-21
without the VADs and Cannula, (vascular sub uni®s22), into a system of 36
equations. The 36 equations were used to solvihéopressures 1-15 and flow rates
16-36 at each time step. The pressure drop dtleetfiuid resistors and inductors as
well as the fluid accumulation due to pressure gi@gross the compliant vessels were
modelled using the linear approximation given inu&ipn 5-5 and Equation 5-7
respectively. The energy inputs to the system wkeetime varying compliance
profiles for both the atria and the ventriclesrdit blocks 5, 6, 17 and 18, see Figure

5-21). Atime varying compliance profile simulati heart's pumping function.

5.5.1.1Linear Solution Method and Initial Results

The program arranges the system parameters inistans matrix,A. The state
vector, X, holds 36 state variables including 15 static guess and 21 flow rates
around the system model. Thevector holds information about the state variables
one time step ago and the time step length. Taesthen arranged into &nx x =b
type solution. The solution vectartherefore, is the product of the invert&dmatrix
andb. To save computational time, tAematrix is decomposed into two Lower and
Upper triangular matrices whose produchis This is called an LU Decomposition.
These matrices are then each inverted and muttifietheb vector. The products

are then multiplied together to give the new staigablex.

Physically running the simulation began with rumnithe Simulation Construction
program. This program built the simulation by taka large amount of user defined
parameters. The parameters include:
* Time parameters:
0 A maximum simulation time (T)
0 The time stepAt)
» Initial states, (pressures 1-15 and flow rates @@u3d initial vascular sub-unit
volumes 1-18 at= 0)
» Vascular fluid resistances for each circuit block

» Vascular compliances for each circuit block
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» Vascular geometries with which to calculate thecuées fluid inertiance
* Native heart beat data:
o Time period
o Time in systole
o0 Maximum and minimum ventricular and atrial comptias, (diastolic
and peak systolic compliances respectively)
o0 Level of LVF and RVF, (linear scale, % healthy, 10= no pulse.
These are used as weighting constants to augmentsplecified
minimum and maximum cardiac compliances)

* Working fluid density

Additionally the transient ventricular and atriadnepliance profiles are constructed
using user supplied time and heart beat data. fdime of the ventricular systolic

compliance profiles was approximated from textbdaka (Guyton 2005). This data
was then normalised by dividing the transient coamgle data by the maximum in the
profile. This normalised profile could then be tplled by the user specified peak
systolic compliance. The diastolic compliance #pt by the user was then
incorporated into the transient profile to compléte cardiac cycle. The atrial

contractions were assumed to be sinusoidal duh@gtrial systolic phase.

Like the PHYSBE model, the parameters were chogeméking educated guesses
using previous publications (McLeod 1966; McLeod689 Mitsui et al 1996;
Vollkron et al. 2002), textbook data (Neil 1979; Guyton 2005) &l and error by
running the program. A summary of the parametseduor healthy simulation is
given in Appendix 10.2, Table 10-1. This tablepafameters will be updated during
the validation process in the next chapter; howewgirovides an indication of the

parameters used for explanation purposes in tlpten

The valve action was achieved using an ‘if' statemevhich observed an
approximated value for the flow rate through thbv@as described earlier. This was
chosen over the pressure comparison as it wasvbdlidat the direction of the flow

would be the driving factor for opening or closioithe valves.
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A steady simulation result is shown in Figure Svit®ere the pressure profiles of the
atria, ventricles and main arteries are plottedvatand the inverse compliance below.

The time period for each cardiac cycle is 1 secand the systolic phase occupies

40% of this.
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Figure 5-22: Steady heart and arterial pressure prfile (above), and inverse compliance profiles
(bottom) for the LV and RV.

Note the phase difference between the peak systefitricular and arterial pressures.
This is due to the modelled inductance in the atremtricles and arteries. This will

be examined closely later.

When a simulation was initiated it took some tiroe ‘6tate settling’ to occur. This
was due to the ‘disturbance’ caused by the, esdbnérbitrary, initial states values
given for timet = 0. Once settled, the program provided a typpiasiological

waveform like that shown in Figure 5-22. Figur@®-shows a healthy simulation
duringt = 0 to 40 seconds. The ‘state settling’ see higictdiations in vessel

pressures and flow rates over the first 20 secoiitiés outlines the need for a robust

solution algorithm to cope with these fluctuations.
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Figure 5-23: Pressure (above) and flow through tharterial valve (below) through a healthy

simulation start up.

The linearA_x x = b type solution worked very well for the CV systemmualation.
Parametric adjustment was carried out until pressflow and inverse compliance

plots were comparable to textbook data. Verifamatwill wait until a comparison

with the MCL.

5.5.1.2Atrial Kick and the Volume Dependant Inertiance

Novel features within this first version are thastence of the ‘atrial kick’ or atrial
contraction as well as the inclusion of global dlunertiance. A brief examination
into these two features is presented in this sectidnfortunately the MCL does not
yet incorporate atrial systolic phases. The MCkseds are also rigid, so the two
forms of inertiance calculation cannot be comparétis means that neither of these
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features will be validated againist vitro simulation. However, a discussion will be

included at the end of this chapter.

An atrial systolic period is observed in the natoheulation Figure 2-4 beginning at
around 80% of the cardiac cycle and ending at aqmiately 10%. Atrial systole was
implemented in much the same way as ventriculatobs using a transient
compliance profile. A sinusoidal atrial complianmefile was used for the systolic
period and atrial diastole was modelled as a cohsigh compliance.

As would be expected, the effect of increasing dtr@al contractility was a rise in
peak systolic ventricular pressure. This is beeabe end diastolic volume in the

ventricle is sensitive to the atrial kick.

As mentioned earlier, in order to implement a nowptlated inertiance, either the
vessel diameter or vessel length must be assunmediact according to Equation 5-2
and Equation 5-3 respectively. Both methods westetl and it was found that the
linear system quickly became unstable when assuraingpnstant length using
Equation 5-2. It was assumed that since the ugddaikime was on the denominator
the LLJ1/V function would quickly destabilise th& matrix when volumes became
very small. So, a constant diameter assumptiamgusguation 5-3 was employed to

update the vessel fluid inertiance.

A study was then carried out into the use of th@finertiance parameter as a global
variable in the circuit model. It was found thhetallocated ventricular and atrial
diameters had a very strong bearing on global hdgnmamics. Variations in aorta
and pulmonary artery diameters held minor influersscel variations in central
systemic and pulmonary diameters were unfelt. Jéesitivity of the left ventricle,
LV, haemodynamics to local inertial parametersregpgically shown in Figure 5-24.
The figure shows results from simulations wherediaeneter of the LA ranges from
@45-@65 mm and the diameter of the LV ranges frd80-4846 mm.
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Figure 5-24: Array of settle LV haemodynamics witha varying LA and LV diameters.

Equation 5-4 shows that the pressure drop dueetfluid inertiancel is proportional
to the rate of change of local flow ra

ventricular and atrial inertiance carry such inflae over the circuit haemodynamics

as they experience the highest rates of chandewfréte.

Due to the variation in both ventricular geometnd aontractility between human

It is therefore not surprising that the

individuals, selection of the diameter of the vitdis and atria was difficult.

these parameters were chosen through comparisihie oésulting haemodynamics to

pressure profiles, like those in Figure 2-4, td {&eil 1979; Guyton 2005).
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5.5.2 Version 2: Circulation Model with Linear VAD Performance

Curves

Upon completion of the first version the secondsiaer was started to add the VADs
into the numerical model. As an intermediate stes version used linear VAD
performance curves. Once the linear performanoélgs were running smoothly
within the solution algorithm, characteristick nlimear performance profiles would
be used. To further simplify this version, theatiog assembly was restricted to
remain centrally located. Just like the experieahtsetup however, a total
translational range of 0.34 mm was included. Thisant that the clearance was

maintained as a constant 0.17 mm, (i.ey = 0.0 mm) for each pump.

Cannulation sites were added at the atria, veasjchorta and pulmonary artery as
well as the VADs themselves. This added statenpei@rs to thex vector as the
system required the determination of two more pness (the inlet pressures of the
VADs), and four flow rates, (the atrial and ventitar inlet cannula flow rates). The
system model was therefore the same as that sho®igure 5-21 except without the

passive interaction due to clearance changes.

As the speed or the clearance above the impebeleslwere changed the linear plots
were scaled as translations of the plot in Figub51p or down the HeadHj, or
vertical axis. The generalised equation for thedr pump curves is,

H=AQ+AN+AC+A,

Equation 5-13

whereA; to A, are the linear performance function constantseséhconstants were
not intended to be representative of the BiVAD pam@hey were selected by the
candidate to be approximately representative of psuiof similar size. This was
sufficient to ensure that the solution step hadorablems incorporation these extra

state variables.

Each VAD was assigned a linear performance fundtiaime form of Equation 5-13.

The LVAD performance curve was,
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H =AQ +AN_ +Ac, +A,

Equation 5-14

and the RVAD performance curve was,

He =BQg + B,Ng +BsCo + By,

Equation 5-15

wherecc, is the constant central hub position, (at centratated position¢ = ccL =
0.17 mm).

The constants were engineered to provide approripetformance curves for rotary
pumps with a @50 mm LVAD impeller and a @100 mm RYAnpeller rotating at
about 2300 RPM and 1200 RPM respectively. The eyeual coefficients along with
their respective units are provided in Table 5-6.

Table 5-6: Linear Coefficients for the Version 2 Lhear Pump Curve Simulation.

LVAD RVAD
A g (memHgLmin " 0.2|B 4 (rmmHgiL min " 0.2
Az immHg. RPM 0.1(|B82 (mmHg. RPM ) 0.02
A (mmHy.mm ™) 5|[Ba (mmHy.mm™) -3
A g (mmHg) -5a(| 84 (mmHg) 17

The values of\; andBs; were negative as an increasing clearance woulttand drop
in performance. Similarly, an increasing flow rafmdicating a drop in vascular

resistance), will correspond with a decreased press

The approximated linear performance functions hoeve in Figure 5-25. The figure
shows a range of simulated pump speeds where dezlspl, are given in RPM. A
red dot on each plot indicates the operation pelmn the VADs are providing total

support.
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Figure 5-25: Linear approximations of the VAD's peformance for Version 2 of the program.

The plot shows a constant pump speed and impellelearances.

Using this linear approximation the saex x = b type solution could be used. The
six added state parameters to theector required the addition of six new linear
equations. Four of these were of the Equationtyi® determining the pressure drop
due to the fluid resistance and inertiance withia inlet cannula. The final two were
of the form given in Equation 5-13 to relate thegsure increase across each VAD to
the flow rate. Note that there are no complianigonents to the cannulae and

VADs. Itis assumed that these were all rigid.

A five second trace from a 160s simulation of apgufed patient with Bi-Ventricular
Failure, BiVF, is shown in Figure 5-26. The sintida was built by specifying a
90% decrease in ventricular contractility and tlenp speeds were 2300 RPM and
1100 RPM for the LVAD and RVAD respectively.
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Pressure (mm.Hg)

Figure 5-26: Simulation of supported patient with BVF using the linear performance VADs.

Since the clearance and pump speeds were constanghout the simulation shown
in Figure 5-26, the transient pump operating poaikdie on the linear performance
profiles as shown in Figure 5-27. The red dotsciaie discrete transient states down-
sampled from the last 40s of the time-stepped wolutThe range of flow rates that

the transient states cover is an indication ofrdsdual pulsatility provided by the

ventricles

Pressure Head (mmHg)

Figure 5-27: Transient VAD states®,,= (H, Q),, where the pump speeds were 2300 RPM and
1100 RPM for the LVAD and RVAD respectively and theclearances maintained at 0.17 mm.
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Version 2 successfully saw the implementation & pumps and cannulation sites
into the original CV simulation. Simulated Bi-Veicular Support, BiVS, was
achieved with the flexibility to nominaftd, cand level of heart failure, (hf). The next

step will be to implement the passively respondiogting assembly.

5.5.3 Version 3: Implementing the Dynamic Passive C  ontroller

The third version was developed to incorporatedynreamic pusher plate action: the
essence of the passively controlled BiVAD. Thisvneersion had a new state
variable;y, the hub position. To prevent confusion it is thoreiterating that,
coupled clearance above the impeller blades, isclis@ance between the impeller
blades and the lower shroud. The varialylesidc therefore, are closely relatedyas
is the floating assembly, or hub, position. Foy a@iveny therefore, there will be
corresponding values for both the LVAD and the RVAD.

To include the hub positiony, the linear system needed to incorperate another
equation. This equation is the dynamic equationicivhrelated the floating
assembly’s position, velocity and acceleratiorht esultant force upon the assembly
from the VAD pressures as well as the forces aasegtiwith the Passive Controller’s
dynamic components. The free body diagram of tbatihg hub, as seen in the

previous chapter, is reiterated in Figure 5-28.
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E‘?VAD 24

Figure 5-28: Free body diagram of the floating assebly with the Passive Controller, where
FLvap p and Fryap p are the pressure forces from each VADy is the displacement of the hub from
its central position, m is the mass of the floating assembl¥, is the effective spring stiffness and

is the damping coefficient.

This single Degree Of Freedom, DOF, system’s eqoabf motion is an Odinary

Differential Equation, (ODE), where,

—dy-ky- FRVAD_P + FLVAD_P =my.
Equation 5-16

This was linearised in time by assuming that betweach time step the rate of

change of displacement was constant to give,

oyt Y 2y
- d(Tj -ky - FRVAD_P + FLVAD_P - n{ At? .

Equation 5-17
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In the physical prototype the forcdsvap p and Fivap p are, by definition, a
representative pressure functigo(r), integrated across the surface of the lower
shroud. As an example the LVAD pressure fof€gup p, IS given in its general

form,

Fivao p = J-mr Prvap (1) X 27dr .

Tinlet,mean

Equation 5-18

Since the pump is by nature a pressure sourcernwitieé system there is a non
constant pressure distribution within the pump.isTi& the same for the lower shroud
as there will be a pressure profile that increds®s inlet pressure at the eye of the
shroud to outlet pressure at the periphery of tinesl.

A review of a number of CFD simulations within nature blood pumps showed that
there seemed to be a largely linear pressure deweot profile across the radius of
the shroud (Chuat al. 2005; Miyazoeet al 1999; Burgreert al 2001; Zhanget al
2006). However, the nature of the pressure dewedop with respect to shroud radius
was not discussed directly in any of the articlé3o an assumption was made by
viewing static pressure plots within these articlds was assumed from the article
material that the pressure development is appraeimdinear. To illustrate the
pressure function, again the LVAD is used as amg@ The radius dependent

pressure function is,

r-r,
Prvap () = Psy +—mlet(pe - p37)’

outlet rinIet

Equation 5-19
where the pressure indexes can be found in Fig@k 5

A five second trace from a larger simulation isserged in Figure 5-29. The
simulation included a hub translation range yoE +1.5 mm, (therefore a total
translational range of 3.0 mm). Note this ranges weduced dramatically in later

simulations. Left and right ventricular functionasvdecreased by 90% and 50%
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respectively and the respective VADs operatedNat 2200 and 1050 RPM

respectively.
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Figure 5-29: Simulation of supported patient with BVF using the linear performance VADs with

a passively responding floating assembly.

The transient hub position is now shown on thetriggnd side of the figure and the

oscillatory inlet condition is causing slight pefiation in thec profile.

Figure 5-30 provides a similar plot to that shownFigure 5-27 although the VAD
performance profiles are shown@at 0 and 3.0 mm. These are the two extreme

positions of the floating assembly.
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Figure 5-30: Transient VAD states, [, Q, N, c), where the pump speeds were 2200 and 1050
RPM for the LVAD and RVAD respectively. Included ae the linear VAD performance profiles

ac=0.0 mm andc = 2xcg = 3.0 mm.
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At this point, the dynamics of the passive coné&moliad been successfully assimilated
into the program. Progress from this point reqlitbe incorporation of the
experimentally derived pump performance interpotatfunctions. Incorporating
these functions was the most time consuming patieotilevelopment of the program.

This is detailed in the next section.

5.5.4 Version 4: Circulation Model Using Experiment al VAD

Performance Curves

As discussed earlier, experimental testing of tiéAB rotary pumps highlighted
non-linear relationships between pump performanug e@earancec. Due to the
importance of this variable in this study, thes@-finear relationships could not be
ignored in the construction of the numerical sirtiola

Much effort was involved in constructing the sabmtialgorithm so that non-linear
pump performance functions could be used. To pm@te these functions into the
already linear system saw numerous attempts the¢ vemdered unstable. Because
the VAD inlets subjected the pumps to a pulsatperating environment, the high
rates of change of inlet pressure and pump flow eated a system with little
tolerance for solution fragility. All the failedttampts to create a robust linear
approximation have been documented in Appendix Qviged on the attached
compact disk. The Parabolic Performance Vertexustdpjent Method, the most
successful method, is documented in this sectibis. explained in a number of steps,
initially starting with explaining how the clearancdecrement functions are
incorporated into the performance function thenrtteans of linear approximation of

the performance functions.

5.5.4.1The Incorporation of the Decoupled Decrement Functns, &4
and &g

Ideally the function given in Equation 5-8 wouldvieabeen used to model the pump
performance curves. This function relates the qunes headH, to a product of a
second order flow rate polynomial, a second ordengp speed polynomial and an

exponential clearance function. However, this fiomcincorporates a number of non-
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linear features including th®* and expf) term and the associated products of flow
and clearance terms. This makes its use in theadiA_x x = b type solution

impossible unless additional functions can be smlifor each of these non-linear
terms. So, a robust method for linear approxinmatibthe performance function was

needed.

To begin with, the Decrement Functions were decamligfom the performance
function. This provided three functions, the parfance functiorH(Q,N) as given in
Equation 5-12, and the pressure and flow decrerhendtions; Equation 5-9 and
Equation 5-10.

An explanation of the use of these three functiomsarrive at a suitable linear
approximation of the performance function will begvith describing the use of the
decrement functions. Let us assume the prograboeirsy employed to run a BiVS
simulation. At some time' the operating points for each of the VADs from the
previous time step?, (i.e. @ vap and® *rvap), is known. Thus, for each VAD the

pressure head, flow and clearandi(H™,Q" ¢

), (note, the pump speed is constant
during an entire simulation). Since the solutiorogoesses through time, the
clearance is also known from two time steps d‘f)o With this in mind, a procedural
explanation follows which is carried out every timmgep to adjust the numerical

approximation of the VAD performance curves.
Now consider one VAD only. Figure 5-31 shows atckef the VAD performance

atc= 0 mm andc = c*. The operating point at= t is also shown with the

associated hydraulic coordinates.
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Performance curve at ci=10mm
- — — Performance curve for t"
b -

Q Q

Figure 5-31: Performance description of a VAD showig the performance curves at = 0 mm

and atc=c™. Also located is the VAD operating point®", at time t~.

Note that the performance curvetdtis below the performance curve@t 0 mm.
This is because &f' the VAD was operating at a clearargs® which incorporated a
degraded pressure and flow according to the decerefoactions Equation 5-9 and
Equation 5-10. It is assumed, provided the sotutitethod is reasonably accurate,
that the performance curve &t was correctly located and therefome™ is

representative of the VAD’s performance at thaaidace.
Now ‘grounding’ pressure and flow coordinates am@und, H'g and Q"'

respectively which will prevent the updated positad the performance function from
drifting. The locations of these coordinates dreven in Figure 5-32.

y

H b
@
d

Figure 5-32: Location of the 'grounding’ coordinates, H5 and Q"%5, with which the updated

performance function will be evaluated.

H"s is found by simply evaluating the quadratic perfance equation, Equation
5-12 atQ™. The grounding flow rateQ s, was evaluated by rearranging Equation

5-12 to form the quadratic,
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[le]z(DlN2 +D,N + D3)+
le:p,N2 + DN+ D)+
(D,N? +D,N+D, -H)=0
Equation 5-20

and solving for the roots, from which the maximuwotrwas selected.

Now, the program prepares to solve the linear sys$te timet =t Initially, a linear
approximation ot' is made using"™* andc™. This assumed value of whatwill be
is then used to evaluate the pressure and flowasiea decrement function§, and
&n for thei’'th time step. This provides a guess at what ttoggrtional reduction in

pressure and flow will be given a clearaate

Now an approximation for what the degraded presandeflow will be att =t' can be
evaluated. Using the new pressure and flow dearesndéhe magnitude of the
degraded pressure and flow are found by multiplyhrem by the grounded pressure
and flow,H*s andQ™s. The evaluation of the degraded pressure hegijshically

represented in Figure 5-33.

Hl

s — AH

5 i-1
EyHe

e

Figure 5-33: Sketch of the assumed degraded pressuhead fort = t' evaluated using the pressure

decrement and the grounded pressure head.

The difference between the grounded pressure heddflaw and the assumed
degraded pressure head and flow are now foahtl,and AQ respectively. By
definition, AH andAQ are the pressure and flow drop due to the assacegsumed

clearance'c
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Now that the assumed pressure head and flow drep haen quantified, a new
performance curve is found. This performance chia®exactly the same form as the
performance curve at= 0 mm. However, the vertex of the new performacioee
has been shifted bAH and-AQ as shown in Figure 5-34.

AQ

Performance curve at c=0mm
Performance curve for t!
e

% Q

Figure 5-34: Sketch of the vertex adjustment to fid the new performance curve given an

assumed clearance of'.

To evaluate a function that is representative ef mlew performance function, the
form of the parabolic function given in Equatiori84s manipulated to accommodate
the vertex adjustment. Let us consider a generhlgarabolic equation where a
variablez has a parabolic relationship with

z=d(x-e)* +f.

Equation 5-21
This can then be rearranged so that,

z=d(x? - 2xe+e?)+ f
= dx? — 2dex+ (de? + f ),

Equation 5-22

where z is a theoretical dependent variable,is the theoretical variable] is a
constante is a constant prescribing tlrecoordinate of the vertex arids a constant

prescribing the coordinate of the vertex.
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The form of Equation 5-21 allows the parabola veltte be explicitly positioned by
defininge andf. A small amount of manipulation provides Equatie@2 which is in

the same from as the parabolic performance funesogiven in Equation 5-12. This
allows us to define a new function used to find Hpmproximated performance

function atc= ¢,

H'(Q',N)=dQ? - 2deQ+ (de® + f ).

Equation 5-23

In this equationd is equivalent to th€?’ coefficient as given in Equation 5-12. Note,
it is reasonable that this coefficient doesn’'t d®ras this describes the second
derivative of the function and therefore the fuotiform’. Additionally, the position
of the vertex of performance functionat 0 mm is known as well as the magnitude
of the hydraulic degradation due¢e ¢, -AH and-AQ. With these it is possible to
evaluatee andf. Therefore, evaluating the new coefficients oti&tpn 5-23 can be

carried out every time step to update the perfooaduanction.

Now, a function which explicitly relates the devedaol pressure heaH, to the flow
rate Q is obtained whilst incorporating the decaying eleaf clearance on both the
pressure and the flow. However, the functionilsrsbn-linear asH is proportional to
Q°. Some linear approximation of this function, #fere, needs to be made. This is
done by formulating an approximating linear perfanoe function for the VAD

performance.

5.5.4.2Linear Approximations of the VAD Performance

In order to determine a linear approximation of tioa-linear performance function,
both a performance gradient and a ‘locating’ opegapoint were needed. It is called
a ‘locating’ operating point because, just like tt@nstantc in the generic linear

function y = mx + ¢, it positions the linear prefibn a two dimensional axis. Finding
the performance gradient was not a difficult taskowever, since the vertex of the
performance function is relocated every time stbp,previous time step’s operating
point (CI)i'l) was not a valid ‘locating’ point. So, a dummydtion operating point,
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®p, was required to be evaluated every time stepe liffear approximation of the

performance function was then defined using,

P oH (.
H(Q)Lin_HD+£(Q QD)'

Equation 5-24

It was important, of course, that the dummy opegatpoint lay on the updated
parabolic performance function. This is importemiensure that the integrity of the
‘grounding’ of the performance function to the permhance atc = 0 mm was
maintained; otherwise the performance would be &bldrift in a similar way to an
unearthed electric potential. So, the flow ratenfrthe previous time ste@™, was
used, and a new pressure head was evaluated upameth performance curve as

graphically illustrated in Figure 5-35.

Performance curve at c=0mm
Performance curve for t!
- — — Performance curve for i1

I|:1) Q

Figure 5-35: Location of the dummy 'locating' operding point used for evaluating the linear

performance approximation.

Now the approximated linear performance functietQ)'in, can be made using
Equation 5-24. The performance functions are tloemulated into theA x x = b

type solution and all the system states are salgaty the LU decomposition.
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5.5.4.3Issues with the Solution Method

There are, of course, a number of issues involudtie solution method. Aside from
the linear approximations in time, these issueseahrough the potential errors in the
linearization of the VAD performance functions ahd decoupled functions.

As discussed, in creating linear approximationghef VAD performance curves a
dummy pressure head and approximated clearanceremy@red. These two
approximations certainly have the highest potemtialause instability in the solution
particularly if the transient pressure head or reeee profile becomes highly
unsteady. Fortunately, in the case of the clearapproximations, high damping of
the floating assembly motion is considered advaedag to filter pulsatile pressure
signals. Given this damped motion, provided theetstep is sufficiently small, it is
likely that a linear prediction of the clearancdlWwe sufficiently robust. As for the
pressure head error, an analysis of this error bllcarried out in a ‘worst case
scenario’ simulation. This will be done later mstchapter once an appropriate time
step has been selected.

Another issue is the use of the decrement functioribeir present form to simulate
the effect of clearance on the developed pressemd And flow rate. Recall that for
each VAD, the decrement functions were based omrernpntal data taken at one
speedN, and a set circuit resistandg, In order to remove the effect of pump speed
on the pressure and flow drop, the decrements n@maalised. However, this linear
scaling will not completely remove the effect ofnmqu speed; after all, it was
considered that the pressure and flow have a Blightabolic relationship with pump
speed.

The effect of circuit resistance was not so easgntaimise. Consider Figure 5-36
where a pump is operating at some pump speaida clearance = c,. Depending on
the vascular resistance, eR. or R, the pump will operate at the corresponding

operating pointd = A or B respectively.

5-184



Figure 5-36: Sketch of a pump performance curve atvo different clearances,c = ¢, and ¢ = c,.

Now let the clearance be increased fromc, to ¢,. In doing so, the operating point
will follow down the profile of constant resistanaatil it lies upon the new decayed
performance curve at= ¢,. As can be seen from the figure, the changeow flate
and pressure head depends on the circuit resistdhtee resistance is high, e,
then there will be a comparatively high pressuradhgrop and low flow drop. If the

resistance is low, e.&;, the decay will affect the flow more than the gres.

Despite this discrepancy, the clearance decrenugictibns were kept in the solution
method. It is understood that this will make thedelled VAD performances less
representative. However, they allow an effectiveans of incorporating the effect of
clearance on both the pressure head and flow néteim the performance models

within the linear solution.

5.6 Convergence

It is, of course, important to realise the requitede step length to ensure that the
solution has converged. Using a time step tocelavidj induce errors incurred by the
linear approximation made in time using the pressilow relationship through
vessels, (Equation 5-5 and Equation 5-7) and th& @@ the floating assembly’s
equation of motion, (Equation 5-17). So an analydithe time step length and its

effect on the result was carried out.
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To do this, a 120 second BiVS simulation was set lugft and right heart failure was
simulated by scaling the inverse contractility dgrsystole, (XZ), of each ventricle
by 90%. Then the LVAD and RVAD pump speeds wereteeN = 4020 and
940 RPM respectively and the ventricular cannufasibes were opened.

The simulation was then run using a range of titep $engths. A coarse time step
length of4t = 0.64 seconds was used to begin with, then the step was halved

successively so that,

064
2n

At

Equation 5-25

wheren = 0, 1, 2....12, (therefore 13 simulations were runjhis provided a

minimum assessed time steptf= 1.5625x10 seconds when = 12.

The solution state vector for each successive sitioul was compared at
T = 120 seconds. This allowed sufficient time foitial condition induced
perturbations to settle. Recall that 47 systentestare evaluated every time step
which includes pressures, flow rates and the fhgatassembly hub position. A
normalised Euclidian norm,x|, was chosen to compare the state vectors from
successive simulations so as to include the eroon &ll 47 states. A Euclidian norm

effectively evaluated the length of a vector. émeral then, if a vectoris defined as,

X:[X1’X2’X3’m]1]mx47]’

Equation 5-26

then the ¥|| would be evaluated as,

=3

Equation 5-27
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For some value af, letj = At andj + 1 =4t/2. From the simulations with time stgps
and j+1, the solution vectors at T = 120s were extradtdcomparison. The

normalised errotE}, was then evaluated according to Equation 5-28.

Equation 5-28

Thus,E’ provides a scalar representation of the error &etvsubsequent refinements
of time step length. A plot of the scalar erfok vs. number of time steps per second

is shown in Figure 5-37.

Convergence Analysis of a BiVS Simulation
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Figure 5-37: Normalised error vs. number of time sps per second for a 90% BiVS simulation,

(above), with a reduced Ut scale (below).
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The above plot in the figure shows the resultingorerfor all the compared
simulations. Note, sinae= 0 to 12 (i.e. 13 simulations), and comparisoesenmade
between simulations, there were 12 comparisons raadetherefore 12 data points
plotted. For clarity, the below plot has been uield with a reduced scale showing
the last seven comparisons of state vectors. dpgrent that the difference between
solutions does not vary much after 200 time stegpsspcond,At = 0.005s, on = 7).
However, it is difficult to see using the absolateor and inverse time step lengths as
axis. Figure 5-38 compares the J¢i)’ and the time step exponent,see Equation
5-25.

. Convergence Analysis of a BiVS Simulation
b 5D FHE

Time Step Exponent, n

Figure 5-38: Normalised error (log scale), vs. timexponent,n.

The profile becomes approximately linear after 7. For future simulations it will
be considered that the solution will have convengexided that n > 7. A time step
of At = 0.0025s, om = 8, will be used from this point forward. Thisne step

incorporated an error of less than 5%16r 5x10%%.
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5.7 Examination of the Linear Performance Approxima  tion
Method with Clearance Decrements

Convergence criteria can now be met by settingithe step. This allows certainty
that successively smaller time steps will have atectable effect on the result. So,
now the program is tested to make sure the erroessaall from the linear

performance approximations using the Vertex AdjesttrtMethod.

5.7.1 Method

To test the hydraulic solution method, two supmamulations were carried out for
analysis. The first simulation was a ‘worst caseasio’ with respect to solution
stability. This lack of flow continuity was useadl tbserve how the VAD performance
equations would handle numerical discontinuitieshsas the arterial valves suddenly
opening. For this simulation the level of heariuf@ and BiVAD support was
adjusted such that there was fluid ejection throtlgh cannulation sites and heart
valves. The left heart was modelled with a 40%uctidn in systolic inverse
compliance and the right heart with a 30% reductidime LVAD and RVAD pump
speeds were set M= 3490 and 820 RPM respectively.

A second simulation was run using the same 90% lfefure simulation used in the
convergence study earlier. This will be used ®what the induced errors would be

for the type of simulation which will most commorig presented later in this thesis.

Both simulations aimed to restore the arterial guwes and flow rates to healthy levels.
An air spring was included in the ‘worst case sc@aimulation to ensure that the
hub did not reach thg = 0.15 mm limit. This was to stop any error frdhe
program’s forcing of the clearance position to stathin the hub translational limits,
(y = £0.15 mm).

For simulation, three transient error profiles wareasured. These were the LVAD
and RVAD pressure errors due to the use of the dymrassuresHp™, for each
VAD and the clearance error due to the linear axipration of the clearance for the

evaluation of the decrements. The error was etedudy taking the difference
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between the estimated values, (the dummy pressuragsproximated clearance), and
the resulting VAD pressure heads and clearance fremLU decomposition. The
errors were then normalised. Choosing the quanmtitih which to normalise the
errors was an issue. Initially, the formulationgeg in Equation 5-29 and Equation
5-30 were used to find the normalised errors. @raler a percentage error, the order

of the error was increase by two so that,

Hli:)_l_Hi y

Error,, = 100,

Equation 5-29
and,

oc C
Error, == x100.

Equation 5-30

However, when the simulation saw solution VAD pteesheads and clearances near
nil, the errors became excessively large. Theasgg larrors were not representative of
the solution strategy, but were a product of thmeucal scale on the denominator.

So, standard pressures, (MAP), and clearanggs),(were used on the denominators

of both error functions so that,

] H i-1 _ H i
Errory, \vao = DlT x100,
Equation 5-31
) H i-1 _ H i
Error), ryap = ————— %100,

Equation 5-32

and,
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i C;pprox - Ci C;pprox - Ci
Errory =——x100=——x100.
Yinax 015

Equation 5-33

5.7.2 Results

The transient haemodynamics over one second fofirdtesimulation are shown in
Figure 5-39. Also included are vertical black #rte indicate the opening and closing
of the mitral, aortic, tricuspid and pulmonary vedy (e.g. MC indicates the Mitral
valve Closing, PO indicates the Pulmonary valverdpg etc.). The plots show the
absolute ventricular and arterial pressures as agelbsolute arterial and VAD flow
rates. The VAD pressure head has been left asaa pressure so as to provide some
indication of the level of work done by the VADRecall, the absolute VAD pressure

is the difference between the absolute arterialhemdricular pressures.
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Figure 5-39: Modelled haemodynamics for the firstihear performance examination simulation

with annotated valve actions, (the ‘worst case scario’ simulation).

The transient errors over the same time range éas plotted for the LVAD dummy
pressure, the RVAD dummy pressure and the clear@msbown in Figure 5-40. The

valve has also been included.
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Figure 5-40: Transient errors for the first linear performance examination simulation with

annotated valve actions, (the ‘worst case scenarisimulation).

The haemodynamic and error results for the secondlation are shown in Figure
5-41 and Figure 5-42.
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Figure 5-41: Modelled haemodynamics for the secorlthear performance examination

simulation.

Note the different error scales used in Figure &A@ Figure 5-40.
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Figure 5-42: Transient errors for the second lineaperformance examination simulation.
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5.7.3 Discussion

The most obvious observation from these resulthas the worst case scenario did
incur significantly higher errors through the linegproximations associated with the
VAD performance functions. The next observatiothet the errors associated with
the dummy pressure estimatEstory, were significantly higher than the hub position
errors, Errory.  This is probably because some damping was usedh& hub’s

motion.

The arterial valves do not open in the second sitrarl. This is because the severity
of the heart failure, (and therefore reductionhe tnverse systolic compliance), is
high enough so that the ventricular pressure dbodmtome high enough to drive

fluid through the arterial valves.

It is interesting to see that the opening and olpsif the valves did not identify with
sudden increases in error magnitude. It seemsthleamagnitude of the error was
probably more dependent on the magnitude of themsederivative of transient
pressure head and hub position profiles. For imstaa high value of’c/at* would

increase the local error associated with makirigest approximation foc'.

A low level support simulation, therefore, providdg® most precarious hydraulic
environment for the linear approximations assodiatgth the Vertex Adjustment
method. Given that the first simulation is a ‘warase senario’ it can assume that the
maximum associated error will not exceed 2%. Tiki® moderately large error.
However, in terms of providing representative siiohs of a passively controlled
BiVAD, the solution method is still very effective.

5.8 Method of In Vitro Simulation; the MCL

Just like any model for simulation, the simulatedults are only reliable if the model
has been compared to either ‘real life’ result@mother validated model. Since the
passive controller BiVAD was tested in the Mock ddiation Loop (MCL) the

numerical model was validated against M@L vitro data. This aided in the

5-193



development of the device, particularly in the sgrimass, damper design, without

time-consuming redesign and machining of new depats.

5.8.1 Creating the Reduced MCL Circuit Structure

To simulate the MCL circuit structure in Figure S&rtain vascular sub-units were
made redundant so as to create an exclusive fldtv. fde associated resistances
within the redundant systemic branches were sdietovery high, thus preventing
flow. Similarly, fluid was restricted from residjnin these redundant branches by
allocating very low associated compliances. It vmasoncern that the redundant
systemic branclR andC parameters would induce instability through pamlieg of
the A matrix. However, this was not the case, and MABLRandled the solution
well. Figure 5-43 shows a number of flow rate ploterlayed over Figure 5-5 during
a healthy MCL simulation.
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Figure 5-43: Overlayed transient vessel flow ratelpts [Q, (L.min™) vs. Time (s)] for a Mock

Circulation in vitro simulation of healthy unsupported haemodynamics.

Flow around the circuit has been indicated usirdyaed blue lines. The red line,
indicating oxygenated blood, originates from the&gs venous vessels and runs
through the LH, into the aorta, and into the bodyen the deoxygenated blue flow
path takes the fluid back to the RH and into theaPd lungs.
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The figure shows pulsing flow through the head gkssw/hich are used as the MCL
‘body’ branch. Additionally, the remaining threedundant branches display zero
flow due to the imposed high resistances. Thesunitthe plot have been omitted for
clarity. They are @] = L.min™ on the vertical axis and [Time] = seconds on the
horizontal axis. A formal validation of the MCLnsulation will be carried out in the
following chapter. However, for now observe tha flow is isolated to one systemic

branch.

5.8.2 Issues Associated with Simulation of the MCL

The primary intended function of the numerical moae an investigation tool is to
simulate the Passive Controller BiVAD in a compretiee and flexible human
circulation model. This will allow a more compreise/e analysis of the device
performance, when compared to the experimentalyst@b, the vascular sub-unit is
specifically designed to model a flexible blood s&ls However, the MCL does not
incorporate flexible tubes to model the resistivel @ompliant chambers. Instead,
resistance is applied through inherent viscous tnagugh the plumbing and active
solenoid valves, (SR and PR), and compliance iseaetl using parallel upright
cylinders as shown in Figure 5-44. Note that tineation of flow is different to that

shown in the circuit structure in Figure 5-43.
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Figure 5-44: Schematic plan view of the MCL indicaihg parallel compliance chambers and
bification locations. Note that the compliant vesd, indicated as red and blue circles are upright

cylinders plumbed in parallel.

The global series circuit indicated by the red dhge arrows can be adequately
modelled using the vascular structure in Figurel5-2However, the parallel
compliance chambers and their associated inertsaguee resistances are not correctly

characterised using the vascular sub-unit showsiguare 5-8.

Calculation of fluid inertiance in the MCL simulati did not use the volume
dependent equation used in the human simulatiorggvas in Equation 5-3. Since
the plumbing is rigid, both the vessel lengths diaimeters stay constant. So, the
relationship given in Equation 5-1 was used. Havevhis can only model the
inertiance of the fluid moving through the horizainplumbing sections, (i.e. along
the paths indicated by the red and blue arrows iguré 5-44). However, the
inertiance of the fluid moving up and down the \egattcompliance chamber and heart
chambers is not negligible. In fact, it will beosim that the vessel inertiance could be
increased by around 400% when considering the ca¢rtnovements of the fluid
within these chambers. In the next chapter thadatbn step was used to
approximate the combined vessel inertiances of hibiezontal and vertical MCL

plumbing.
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5.9 Discussion of Numerical Program

The construction of the flexible model and numdratgorithm included a large body

of work which, when including the large number aeflédd attempts, consumed a
considerable portion of the candidature. The timag@r components of note were the
development of the circuit structures, constructibthe pump performance functions

and the solution algorithm.

Encompassed within the entire human CV model theze22 sub-units, 22 inertiance
parameters, 22 compliance parameters (4 of these tiarying), 26 resistance
parameters (8 of these binary valves of cannuldites), 18 vessel diameters and 18
vessel lengths. This provides a large amount aftrob upon the simulated
cardiovascular response. It also allows for laggers to be made in parametric

allocation.

This provided an issue for the program as thereery little literature providing
comprehensive dynamic human circulation parameterddowever, vascular
parameters vary substantially between people ofinvgrsizes, shapes and states of
health. So, like other numerical models the patdmallocation will be based on a
trial and error based method in the validation pssc These will be documented in
the next chapter.

The inclusion of a global inertiance was a noveltdee of the circuit models.
Calculation of the vessel fluid inertiance was agvbd using a volume dependent
function which has not been used in circulationudation. Numerical stability was
compromised when the inertiance was proportiondahéinverse volume — this was
the constant vessel length assumption. Howevergomstant vessel diameter
assumption allowed stable calculations of the iaece, even when the resident

vessel volume was low.
Table 5-2 and Table 5-3 indicate that previous rnsodave included no more than

aortic and/or pulmonary artery inertiance paransetedt was found that global

haemodynamics is most sensitive to the nominatediamce parameters in the atria
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and ventricles. After all, Equation 5-4 indicatest the pressure drop due to fluid
inertiance is proportional to the rate of changdl@f rate. The atria and ventricles
experience the highest rates of change of flowhayg are in close proximity to the
heart valves. It was found that increasing theneef left ventricular diameter, (thus
decreasing LV inertiance), decreased the differdretereen the peak LVP and peak
AoP. This was because more fluid was able to passugh the Aortic valve.

Similarly, increasing the diameter of the left atni increased the end diastolic
volume in the ventricle thus increasing the peadtdic ventricle pressure. These
results are intuitive when considering a simplifisdenario. It takes a smaller

pressure differential to push a volume of fluidotlgh a wider pipe.

Upon completion of the vascular circuit designg, YAD interpolating performance
functions and the solution algorithm were developddhese two tasks amounted to
95% of the workload sharing approximately equatipos. Due to the large amount
of overlap between these tasks’ development, sdrtiteealiscussion too will overlap.

Attempts were made to build a completely non-linsalution algorithm using a
Newton-Krylov decent method. This would have beeeful as all non-linear
relationships would have been fully coupled witthe solution reducing the need for
state approximation and convergence analysis. Meryéhe inherently stiff system
refused to cooperate with the non-linear solvehiwithe time-frame available for this
study. So, a lineaA_x x = b type solution was used and solved using an LU
Decomposition of thé matrix to minimise computational time. Given tlaalinear
solution method was incorporated, all non-linedatrenships were either decoupled

or approximated using updated linear performanpecqimations.

Just like any numerical simulation, its qualityrédlected in the representative nature
of the numerical relationships. The VADs themselaeeded to be included into the
model and so the performance functions needed tootie representative and stable

within the solution environment.

Pressure heaH, flow rate Q, pump speedN and also blade clearancaeeded to be

included in these performance functions as experiatdests suggested that these
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were performance sensitive parameters. However, phmp speed was to be
maintained constant throughout the simulation. efxpentation also indicated that
theH vs. Q andH vs. N both needed to be parabolic relationshipsthnd. c andQ

vS. ¢ needed to be exponential. These non-linear relstips demanded
development of the performance functions so they tould be incorporated into the

linear solution algorithm.

Due to the desired performance function in Equabiéhincorporating numerous non-
linear components, it was decided to decouple tfiecte of blade clearance
completely from the linear solution. So the parfance function now looked like
H(Q,N). The remaining non-linear variable componenttia function, aQ® term,
was included in the solution using a linear perfange approximation updated every
time step. The linear performance approximaticasherequired a partial derivative
oH/0Q and a ‘locating’ operating point. Both of thesepéoyed the decoupled
clearance decrement functions as well as the reldoedormance functiohi(Q,N).

An interesting effect was the ‘two flows one pressproblem when the interpolation
functions were first used. The inverted parabolanfof theH vs. Q relationship saw
a global maximum at some flow near zero. WhenMA® operating point moved
from positive flow rates to this maximum, it wa®pe to ‘slide’ down the left side of
the inverted parabola and induce high negative ftates through the VAD. In
practise, it is very difficult to induce negativew through a pump so this region of

the performance range was not tested.

To solve this issue, a piecewise performance fancivas used. The interpolating
performance function was used for flow rates greidien the function maximum, and
a steep linear function was used for flows loweamntkhis. This was a binary decision
made by the program, like the heart valves, usiligear interpolation to predict what
Q' would be before the LU decomposition solver was r&ince the VAD modelling

in these flow ranges is not interpolated, simutaithat employ the linear, low flow

performance function will be subject to qualitatavealysis only.
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Development of the solution algorithm started wsimulations of the unsupported
vascular system just through the resistance, am@ and compliance equations
given in Equation 5-5 and Equation 5-7. The tramscompliance profiles specified
for the atria and ventricles provided the pulseuinfo the system and a healthy
circulation simulation was achieved. This programas relatively simple to put

together as the linearised vascular equationsnme tivere stable and induced a low

error.

When the BiVAD was incorporated into the solutitime associated non-linearities
attributed to much instability in the program. Bgpment was then focused on ways

of including the non-linear VAD equations but solyithem in a linear environment.

Excluding the attempts to construct a fully noreéin solution algorithm, a number of
approximation techniques were used to predictQhéerm in the VAD performance
functions. These included a quadratic state apmation, prediction-correction-
observing functions, state preconditioning forialistability and decoupling th&?
term into aQ' x (Q"* + Qdiff) product. The methods either failed to settleittigal
system or lacked stability during worst case sderamulations of low level support.
The Vertex Adjustment Method, however, showed Htgbility and accuracy and so
was selected as the method to proceed throughetigation step.

The Vertex Adjustment Method allowed the effect lhbde clearance on the
developed pressure head and flow to be modelleditdethe coupled performance
function being independent of clearance. This wefirst evaluated the pressure and
flow decrements using a linear approximation of tiearance to determine the
corresponding degradation of the pumps’ outputbenTthe vertex of the parabolic
performance curve was shifted to account for tregrddation. The result was a
parabolic function located such that it representeel pump’s output given its

respective clearance. A linear approximation efglarabolic function was then made
based on the evaluated partial derivtoQ and a dummy operating point with

which to provide the function ‘location’.

Associated with the linear approximation of eachD/& performance are a number

of issues which have the potential to cause eimotise solution. These are the linear
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approximation of the clearance, the evaluatiorhefdummy operating point and the
use of the decrement functions to model the efiécdearance on the VAD outputs.
It was shown that in a worst case scenario sinaratihe errors associated with the
clearance and dummy operating point did not exce688% and 2% respectively.
Errors incurred through the use of the decrememitians stem from their derivation
from empirical performance data run at a singleedpgnd a single resistance. Efforts
were made to reduce errors from simulating diffepenmp speeds by normalising the
decrement losses. However, simulation error imzlrthrough using difference
vascular resistances could not be reduced. hnsidered however, not so important
as the BiVAD model will still incorporate a passiaetion and so aid in the
understanding of this control strategy. What isstmmportant is that the effect of
clearance on both the pressure and flow rate camduelled by the program. As
shown in Appendix C, (see attached compact diskjuding the degrading effect on

both parameters was something very difficult toudate using the linear model.

Convergence of the solution was analysed in a 90%% Bimulation using a time step
that was halved successively until the simulatioretexceeded 2 hours. Successive
solutions were compared by subtracting state swiatand a Euclidian norm was used
to normalise the error. An analysis of the nors&dierrors showed the characteristic
exponential decay which began to settle on a soludit time steps less thatt =
0.005s. So, a time step df = 0.0025s which had an associated error of less th

5x10* or 5x10%%, was chosen for future simulations.

5.10Conclusion

A flexible numerical model of the circulation wassigned as a parallel investigation
into passive control of cardiac support devices. pragram written in MATLAB
employs the model in a time-stepped linear soludilgorithm. The program is useful
for hydraulic simulations of healthy as well asedised circulation. Most importantly,
however, is the program’s ability to simulate suppievices augmenting circulation
in the form of a VAD, BiVAD or total support deviceThis chapter introduced the
model structure, program solution algorithm and mseaf employing experimental

pump performance data to simulate the heart punpe{$drmance.
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The model structure was designed so that it coeldused to simulate a complex
human cardiovascular system as well as more siigblif vitro testing rigs. The

model incorporates contracting atria and ventrielesvell as the four main arteries
and veins. Up to four systemic branches can Heded in circulation simulations so

as to model perfusion through different parts efody.

The atrial kick and inertial parameters in the aatand ventricles were found to
strongly dictate the global haemodynamics. Unfuately, neither feature can be

validated using tha vitro testing rig.

Simulation of the BiVAD prototype’s operation usadcombination of piecewise
performance functions derived from experimentsargdace decrement functions and
an ODE to model the floating assembly’s motion.e Terformance functions were
created from a product of polynomials and modellegth VAD’s hydraulic
performance with a blade clearancecef 0.0 mm. Experimental results were used as
boundary conditions (BCs) to construct the LVAD aml¥AD interpolating
performance functions. Forced, or engineered, B€re also used in the construction
of the RVAD performance function to ‘tame’ the ftion form to ensure it was

representative.

Finally, the solution algorithm itself was a lingarx x = b type solution solved using
an LU decomposition of thA matrix to increase solution time. A number of fion
linear relationships were included into the solatioethod through either decoupling
from the solution step or linear approximation. eTéffect of decoupling on the
solution error was analysed with a worst case saeisAowing a maximum error of
0.25%. It was found that the solution result coged at time stepst < 0.0025s.

An excellent means of numerical circulation simiglat has been developed to
validate againsin vitro results. The inclusion of cardiac support devicexlelled

with geometry specific performance functions meatiat the results are
representative of the prototype’s pump geometrurtiérmore, the program can be
used to compare individual support devices. Orabelated, the program will be used
to investigate the BiVAD prototype’s operation imm@re complex circulation model,

i.e. human circulation.

5-202



6 Numerical Program Validation and Results

6.1 Introduction

This chapter introduces the numerical model aslidatad investigation tool in order
to predict the behaviour of the BiVAD device withthe human circulation. To
expand the study of passive control beyond the rexpatal work in Chapter 4, a
more representative human vascular circuit is eggaovithin the numerical model.
Furthermore, since the BiVAD prototype was chanastel numerically, a number of
changes were made to increase the performanceeopdhksive controller such as
dynamics components, lower shroud radii and clemratecrement functions. This
chapter adds to the understanding gained from @€haptby offering a more

comprehensive analysis of the passive control afiga support devices in humans.

The validation step employed a simplified vascuiacuit in order to represent the
plumbing structure of the Mock Circulation Loop, MC The numerical model
simulated steady and unsteady MCL haemodynamicsdimparison to experimental
results. Vascular resistances and compliances meuified, as well as the VAD
speeds and dynamic PC parameters to achieve stynitetween the numerical and

experimental simulations.

The validated MCL simulation is then extended twoeplex human vascular circuit
model and compared to human circulation data frbenliterature. Following this
three supported circulation studies are presenidtk first simulates steady support
and the implications of the removal of the natiwésptile environment, and replacing
it with a constant flow supported environment watthmodified passively controlled
BIVAD. Then the effect of periodic vasoconstrictirom outside the arteries, such
as breathing or exercise, during BiVAD supportxarained. Finally a close analysis
of the BiVAD's passive response to reduced venetgrn is simulated. The latter
study was prompted by the occurrence of ventricslenkdown during hypertension
simulations from the experimental testing. Theéhstudies extend the understanding
of passively controlled support beyond what waseol&ble from the physical

experiments.
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6.2 Validation of the Numerical Program

As explained in Chapter 4 seven real time experiaiatata sets were recorded per
simulation when testing the BiVAD prototype usingetMCL data acquisition

hardware. These were the two ventricular presstinesaortic and pulmonary artery
pressures, the systemic and pulmonary flow ratéstla@ hub’s linear displacement
measurement. However, in order to validate the erical model more data were
needed to analyse the simulation performance.aditional steady simulation tests
were used for comparison which included atrial pues measurements without the
LVDT displacement. Atrial pressure traces alloweel CVP to be monitored as it is

indicative of the right atrial pressure (RAP).

The ventricular Ejection Fraction&K), and Pressure Volume loop plots, (PV loops),
were also derived from the numerical results anel mresented as part of the
validation. Since these relationships were notntjfiad experimentally they were

compared with textbook data or checked that theneg Wepresentative’.

Steady simulations include healthy and chronic thef@ilure (unsupported)
simulations. As discussed in the literature reyidve kidneys retain fluid when the
heart fails to increase the Central Venous Pres&W®. This increases end diastolic
ventricle volume in an attempt to increase Bte A chronic heart failure simulation
was chosen for the verification process so thaetfext of circuit fluid volume could

be tested more thoroughly.

Initially, these two simulations provided a mearfs checking that the solution
algorithm was functioning correctly. Furthermorawanber of simulation parameters
were quantified by analysing pressures, flow raks,and pressure-volume (PV)
loops. It is difficult to strictly define the anais as the model required many
parameters and the interdependence between theopa the hydraulics of the
system was very complex. However, an effort tola@rphis analysis has been made

in the steady simulation discussion.
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6.2.1 Quasi-Steady Simulation

The quasi-steady simulations included the health¢g ansupported chronic heart

failure simulations.

Both simulation methods were allowed to settle ftbminitial static conditions into a
guasi-steady operational state. The numerical mdde example simulated 80
seconds of circulation from start up. For clartlythe results however, only five
cardiac cycles are shown from the last 10 secohtlseosimulated circulation. This
introduced a time scale along the x axis that mlewisufficient resolution for
comparison. Once again, it should be noted tleegperimental results are set on a

white background and the numerical model result® laagrey background.

6.2.1.1Method

Experimental Method

Additional experimental tests were run recording #trial, ventricular and arterial
pressures as well as systemic and pulmonary flo@s rgdeight real time data traces).
The tests simulated healthy and unsupported chiwad failure.

Recall from the General MCL Operation Procedureudmented in Section 4.2.2, that
the collective displacement of the compliance chensibincluding the ventricles and
atria, is around 1-2 litres. Addition of this vole, once all the horizontal plumbing
has been filled and the pressure sensors set @p @eates the physiological CVP of
around 5mmHg. Due to error and drift in the pressensors as well as fluctuations
in the mains compressed air reservoir, the pressagings would vary during the

test. An error of £3 mmHg was assumed for the gus readings. This is

particularly important when referring to the RAPas indication of the CVP as the
error, 2 mmHg, is around 40% of the CVP.

Once the vascular compliances had been set, tHthheamulation was achieved
through active manipulation of the ventricular gantility and vascular resistance.
Chronic heart failure was then simulated by thimgtithe compressed air line to the

ventricle chambers and increasing the fluid volume.
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Numerical Set Up

The cannulation sites were closed by setting th®\idlet resistances to a very high
value, (900 mmHg.s.i). The simulation was started and allowed to settDnce
the solution was complete data was plotted for compn with the experimental
results. Plotted data included transient atriahtrreular and arterial pressures as well

as the systemic and pulmonary flow rates.

Tuning of the numerical model vascular parameteradhieve similarity involved
incremental parameter adjustment. No formal turpngcess was following due to
the large number of parameters. Instead tuningrbdel consisted of a ‘trial and
educated adjustment’ process. The vascular rasissa compliances and inertiances
were varied along with the fluid volume and upped dower limits of the transient
ventricular compliance profiles. Sensitivity of rpmeters to particular
haemodynamic characteristics will be commented rorthe following discussion.
Like the experimental tests, an air spring wasus®d and so the only proportional

response was the inherent clearance spring driyednges in VAD pressure head.

6.2.1.2Healthy Heart Function

Figure 6-1 shows the results of a healthy simutafrom the additional testing set.
The layout and scaling of the plots have been kapilar between the experimental

and numerical results for clarity and comparison.
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Figure 6-1: Simulated healthy haemodynamics usindghe Mock Circulation Loop.

This result was mimicked in Figure 6-2. The maisctepancies between the two
simulations are the RAP and the pulsatility in #ystemic flow profile. Note the
difference in the figure colour schemes indica@mgexperimental result in Figure 6-1

and a numerical simulation result in Figure 6-2.
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Figure 6-2: Simulated healthy haemodynamics usindghe Numerical Program.

The EF for the left and right ventricles per cardiac eyare given in Figure 6-3. As
discussed in the literature review, a healthyENis around 50%.
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Figure 6-3: EF per cardiac cycle from the healthy numerical modesimulation.
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Figure 6-4 shows that the LV volumes for the hgaltimerical model simulation

remain within the limits of 80 and 150 ml. Theet#ture review sourced textbook
data which documents that this volume range iscatdie of healthy adult LV

function (Guyton 2005).
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Figure 6-4: PV loops for the LV and RV during a hedthy simulation.

To achieve the numerical results shown in the previthree figures, the circuit
volume was set at 1340 ml and the vascular parametere defined as given in
Appendix 10.2, Table 10-2.

Note that resistive components are made redundambdking them very low, i.e.
equal to 0.18 mmHg.s.mf', the compliant components are made redundant by
making them very stiff, i.e. 0.1 ml.mmHand the redundant inertial components are

set to an inertiance of 0 mmHgmI™.

The resistive components of the PA and PV accoontHe pulmonary pipe flow
losses just as the Higher Aorta and Vena Cavataesiss account for systemic pipe
flow losses. These arterial and venous pipe lesistances were set at a ratio of 1:1.8
respectively due to approximate ratios of pipe fengThey were then scaled to
provide appropriate haemodynamics. Note also that simulated pulmonary
resistance applied by the pinch valve (the artergaisels in the lungs) is zero. The

MCL too applies a minimal pulmonary resistance wtk pinch valve as the pipe
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losses are approximately sufficient. The systgmmch valve resistance was applied

at the arterial vessel in the head.

6.2.1.3Chronic Heart Failure

The experimental chronic heart failure simulatienshown in Figure 6-5. The

increased CVP is indicated by the elevated RAP.
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Figure 6-5: Simulated heart failure haemodynamics sing the Mock Circulation Loop.

To simulate chronic heart failure in the numeripabgram, the inverse compliance
profiles for both ventricles during systole weralsd down to reduce contractility.
Therefore, the reduction saw increases in the ggatolic compliances for the left
and right ventricles from 1.08 and 4.07 ml.mmHg 12.04 and 18.45 ml.mmHg
respectively. These reductions corresponded tb% &d 78% decrease in the peak
inverse compliances respectively. Furthermore,rémal response to increase CVP
was simulated by increasing the fluid volume. Tiuéd volume was increased by
250% from 1340 to 2300 ml. The resulting haemodyna from the numerical

simulation are shown in Figure 6-6.
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Figure 6-6: Simulated heart failure haemodynamics sing the Numerical Program.

Figure 6-7 shows a dramatic drop in EF for bothtreles and Figure 6-8 shows that
the increased CVP has caused the LV, and to arlestent the RV, to become highly
distended.
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Figure 6-7: EF per cardiac cycle from the heart fdure numerical model simulation.
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Note the difference in volume and pressure scaldSigure 6-8 when compared to
Figure 6-4.

Ventricular PV Loops
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Figure 6-8: PV loops for the LV and RV during a heat failure simulation.

6.2.2 Unsteady Simulation

At the very least a comprehensive verification psscrequires testing both the steady
state response and the response to some unstesdgpdnce. A classic example of
an unsteady disturbance is a singular step inptitetesystem. The numerical program
will therefore be compared to a sudden resistam@nge as seen in the sudden

hypertension tests in Chapter 4.

The resulting haemodynamics from a sudden pulmohgpertension simulation is
shown in Figure 6-9. A total clearance yf +0.17 mm was used and the VAD
speeds werdl yap= 3870 RPM andNryap= 920 RPM. Note, that with the inclusion
of the LVDT displacement data, the atrial presswesld not be read. However,
since the simulation is a total support simulattha atrial pressures and ventricle

pressure will be very similar.
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Figure 6-9: Unsteady pulmonary hypertension simuldabn from the experimental MCL tests.

Numerical simulation of the sudden pulmonary hygesion was applied simply by
increasing the arterial resistance of the lungseduo simulate the pulmonary circuit

proportional pinch valve in the MCL), from 0 to E0mmHg.s.mf".

The experimental result in Figure 6-10 shows gogte@ment between the two
simulations. Considerably higher pump speeds wegaired asN,vap = 4080 RPM
andNRVADz 1000 RPM.

LH Haemodynamic RH Haemodynamic Hub Linear Displacement
e S R 5 e e ey S T S
N B N B B Lo RvP PooEow g a
i AT m—PAR | R S R S
P MRVADP | B — oo
= = — 015
B e = P11 E
£ = (]
E £ g 0.1
£ ' £ % o
2 B LvP 2 e
LA i EECEEERE R o . ©
2 : : — 0P H = 0
= [ o
o MLYAD P | Il <t mmmdremmsfo oot oo e oo =
B T 005
=
D ___________________________________
e e e e -
B0 100 120 140 160 180 B0 100 120 140 160 180 =
— o = — S — S N B
E i £ =
E : E e e
4 | J
o ok : : : P o ol P : : : g5l ; : ; ; ;
B0 100 120 140 160 180 B0 100 120 140 160 180 B0 100 120 140 160 180
Time (s) Time (s) Time (s)

Figure 6-10: Unsteady pulmonary hypertension simuldgon using the numerical program.
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The damping coefficient was approximated as 50nMNré. This provides an
approximate figure with which to continue simulatio The mass of the floating
assembly was approximateiy = 160 g. This was used as the mass term in the
dynamic equations.

6.2.3 Discussion

In order to quantify the vascular parameters giveAppendix 10.2, Table 10-2, a
gradual tuning process was carried out in whichaipgters were adjusted so that
similarity was observed between the experimentdlrammerical tests. A number of
bullet points have been compiled to provide a broatication of haemodynamic

states which are highly sensitive to particularapagters. The bullet points are
intended to indicate some of the tuning processes, well as outline the

interdependence of the parameter selection.

Tuning process bullet points:

« The Central Venous Pressure, CVP, or Right AtriedsBure, RAP, was
dependent on the fluid volume and the global coamgié values.

* The peak systolic pressure was heavily dependerth@minimum transient
ventricular compliance and the arterial resistance.

* Decreasing the peak systolic ventricular compliamzereases the End
Systolic Volume (ESV), (i.e. increases the Strokduvhe, SV)

* Increasing the diastolic ventricular complianceréases the End Distolic
Volume (EDV).

* The arterial pulse pressure was heavily dependerh® arterial compliance
as well as the ventricular inertiance.

* The end diastolic ventricular volume depended an drastolic ventricular
compliance, the atrial inertiance, the open/closedteria of the
atrial/ventricular valve and the atrial pressure.

* The peak systolic pressure phase difference bettheerentricle and artery
depended heavily on the ventricular inertiance &mdh lesser extent the

arterial inertiance.
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* Mean vascular flow was dependent on the differeneaveen the Mean
Arterial Pressure (MAP) and the venous pressure,d@vnstream atrial
pressure), and the vascular resistance.

* The pulsatility of the vascular flow was affecteddsterial compliance as well

as ventricular, arterial and, to a lesser extegripus inertiance.

It is important to note that there are also haemadyc states which are weakly
sensitive to other parameters, (e.g. arterial presso venous resistances). The
interdependent nature of all the haemodynamic state the defined global vascular

parameter meant that the tuning process was acom&ming and repetitive process.

A good agreement was seen between the experimamdahumerical simulations of
healthy haemodynamics. Replicating the ratio amasp difference of peak ventricle
pressures to arterial pressures was a time conguexarcise. It required careful
selection of the atrial, ventricular and arteri@rtiances along with peak ventricular
systolic compliances, total fluid volume and adkresistances. Maintaining an LV
EF = 50% and an ED\W 150 ml aided in this tuning as, although experitaken
volume data were not gathered, the MCL had beemgmes to simulate healthy

haemodynamics at these volumes.

The renal response to decreased arterial pres@ureheart failure), is to increase
total blood volume and therefore CVP. The incrdasee-load increased EDV, (as
shown in Figure 6-8), and the strain dependentraotlity of the native heart

responds by increasing EF. Neither the MCL norrtbmerical model incorporates
the volume dependent heart chamber compliance.s frteans that comparisons
between the two will be unaffected. However, ib@d be realised that the silico

human simulations will be without this feature.

Simulated renal function in chronic heart failunereased the fluid volume by 250%
which raised the atrial pressures in both simufetio A good agreement was seen
between the experimental and numerical simulatibogjever, the numerical model

displayed a slightly higher flow pulsatility andaaver peak systolic RVP.
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High similarity between the unsteady simulationdiéated the modelling of the
passive action was representative of that of tieéopype. An approximate damping
coefficient ofd = 50 N.s.mrit was found. This may be varied in tire vivo
simulations but the order of magnitude, at leasis established.

Perhaps the most encouraging result from the umgtsamulation was that the
numerical simulation of the RVAD pressure head stdid to counter the elevated
PAP. Similarly, the LVAD head increased due to tiegative translation of the hub
indicating that the linear solution using the palabperformance vertex adjustment

method provides a representative response of tb&aController BiVAD.

The LVAD and RVAD running speeds were both aroufd ligher in the numerical
simulations when compared to the experimental strarls when running the device
in total support mode. Attempts were made to Wy vascular parameters to
decrease the numerical simulation pump speeds, ificeease blood volume and
decrease vascular resistances). However, theasedeblood volume increased the
CVP beyond 20mmHg thus creating a non-represeetatmulation. It was assumed
that the reason for this discrepancy was in theiceh@f the locations of the
experimental BCs used to define the interpolatiolyqpomials. So as to increase the
interpolating range of the polynomials the definiB@€s were selected from the
maximum and minimum flow rates from each test. sT¢an be seen by locating the
employed BCs in Figure 5-13 and Figure 5-16. Huk bf resolution in the mid flow
ranges may have decreased the function’s accur&towever, for the purpose of
investigating the implications of passive contfostis not a serious issue.

6.2.4 Validation Comments

Excellent agreement was seen between the expeam@&fEL results and the
numerical simulations. Both the simulated vascutaponses and BiVAD prototype
responses were very similar. The MCL circuit modald numerical simulation

method was considered representative and therefticated.

The validation process, however, outlined a nunatb@arameters that are particularly

sensitive to global haemodynamics. These are flmdume, the ventricular
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contractility, arterial resistance and complianaad ahe inertiance of the atria,
ventricles and arteries. It was found that analgéitheEF and PV loops was just as

important as an analysis of the haemodynamicsdreaound the heart and VADs.

For thein vivo simulations, healthy haemodynamics will be simedateflecting those
described as healthy in the literature review. ilamy the EF and PV loops will
imitate those described in the literature revielhis way, heart failure and supported
circulation can be simulated simply by adjustingntvieular contractility and VAD

pump speeds.

6.3 Numerical Simulation in the Human Circuit Model

So far, the experimental and numerical simulatioage employed a simplified dual
circuit circulation model defined as the MCL circui These studies have
complemented each other through comparison of thmilated hydraulics and
dynamics of the floating hub.In silico simulations using a circuit model more
representative of a human’s are now presented tendxthe understanding of the

interactions between the circulation and the pygit

The experimental data demonstrated the passiveotiomg action of the BiVAD
prototype. It was shown that the floating assendsigouraged the stabilisation of
arterial pressures during sudden haemodynamic £wehich have been shown in
literature to compromise the safety of cardiacstasce. Numerical simulations of
the MCL were then used as a validation tool for gbkition algorithm, the vascular
sub-unit and the user-defined parameterisationgohae. Now the validated MCL
model will be extended to the human circulation BlodTo be confident that this
extension of the model is still verified; healthyinan circulation will first be
compared to text book haemodynamics. Furthermoleied analysis of th&F and

PV loops will be employed to increase confidencthanchanges made to the model.
Following this, the BiVAD’s operation will be obs&d during steady support. The

implications of continuous flow dual support wilkekexamined with reference to
published clinical BiVS data.
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Finally, an analysis of ventricular suckdown duriBiy AD support will be carried
out using the numerical model. This is becauseeperimental testing outlined this

as an issue with the employed means of providisgipga control.

6.3.1 Simulated Healthy Human Circulation

To extend the validated model's vascular circuitdeidrom the MCL circuit to the
human circuit, a comparison to representative huni@a was needed. Detailed
clinical data for healthy circulation was not rdgdivailable without ethics approval.
So, textbook data was used as a means of comparison

A multiplot of the haemodynamics within the hearaswpresented in Figure 2-4
however; this was not used for comparison as ib'tlichclude flow data. A more
comprehensive multiplot of healthy adult human uaton is shown in Figure 6-11
from text (Milnor 1982). Although the figure doest detail clinical experimental
data, it illustrates the ‘diagram of events in {tleardiac cycle of a man’ and was

therefore assumed to be sufficiently representative

The figure includes atrial, ventricular and artepaessure traces as well as flow
through the Aortic and Pulmonic valves. Additidgalthe time of opening and
closing of the Mitral Valve, (MO and MC), Aortic e, (AO and AC), Tricuspid
Valve, (TO and TC) and Pulmonic Valve, (PO and B@)shown.
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Figure 6-12: Numerical model of human cardiac haemaynamics.
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Figure 6-12 shows a numerical simulation of healthyman circulation. The
simulation was run for 40seconds to allow settlimigh a time step resolution of
At = 2.5E°. The DOM pressure for both the pulmonary andesyit systems were
prescribed as the mean subcutaneous pleural peggseir3 mmHg, (Guyton 2005).
The density of blood was taken Asooq = 1050 kg.m and this was used in the
updated calculations of each vascular sub-unigstimnce Equation 5-3. Recall that
the inertiance for the human circulation was updiaeery time step as a function of
nominated vessel diameter and the resident vesé@ine. The vascular parameters
are given in Appendix 10.2, Table 10-3. To giveidera of the resulting inertiances
updated every time step for the human model, afseascular parameters are given
in Appendix 10.2, Table 10-4. The inertiance paetars are for the healthy
simulation in Figure 6-12 at the end of systole.

Note that the format and layout of the plots diffierm other presented simulations.
This has been done for ease of comparison. Netethé difference in magnitude of
flow scales, (a L.mifl scale was added to the right hand side of thécalimlata for

ease of comparison). The time scale for the teath dvas also changed as it

documented a cardiac cycle of time perigdD.8 seconds.

It is true that there are differences in the dymamétail between the modelled
haemodynamics and the text data. In particularetlage notable differences in the
peak flow through the aortic valve, the form of tRAP wave, the absence of the
dicrotic notch and the delay between the arte@es closing (AC and PC), and the
atrial ventricular valves opening (MO and TO).

Besides the fact the text data is a ‘diagram ofnts’eonly (Milnor 1982), it is

important to discuss reasons for the differencesamparison. The discrepancies
were attributed to two main factors. The firstthait the form of the pressure and
atrial and ventricular transient compliance prafilare indicative of the resulting
pressure and flow wave forms. Figure 5-22 shows ttie form of the employed RV
compliance profile is quite triangular with a nde&lpex every cycle. So too is the
RVP in Figure 6-12. This also offers an explanatfor the differences in valve

actions as the rate of change of ventricular pressii the beginning and end of

systole is partially governed by the ventriculamgdiance profile.
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The second attributed factor causing differencéladack of modelling detail paid to
the heart valves themselves. Without accurate thuogleof the fluid-structure
interaction around the compliant valves, as well thg elastic nature of the

downstream vasculature the dicrotic notch cannafteetively emulated.

No serious concern was raised by the discrepahaidighted from the comparison.
The text data is representative but not experinhetitsical data and the numerical
model simulation showed that it provides a goodspiiggical likeness. Furthermore,
texts readily admit the high variability in haemaodynics between people depending
on body size, lifestyle, health, vascular geomedgtjvity etc (Milnor 1982; Guyton
2005). However, to be sure that the model isaot, fproviding a good physiological
likeness, the simulation was compared to quantifeedlbook data such as defined in
the Chapter 1. These are displayedgsand PV loops in Figure 6-13. The figure
shows that the L\EF is approximately the nominated 47% and the EDV BX& are
around 150 and 80 mls respectively.
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Figure 6-13: Healthy human circulation simulation,LH and RH ejection fraction (left), PV loop

for one cardiac cycle at T = 79-80 seconds (right).

Following the presented human circulation resut® model is considered to be
validated for the human model. The replicationtlod text data saw a MAoOP of
100 mmHg, a MPAP of 16 mmHg, (note, these meanspres were not added to
Figure 6-12 for clarity in comparison), and meamflrates of 5 L.mil. They are
essentially identical to those outlined in Sect®8.1. From this point on, these will
be the target healthy pressures and flow rateBiids.
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6.3.2 Steady BiVAD Support with Modified RVAD Chara  cteristics

Until this point, all experimental simulation hasen restricted to the physical limits
of the MCL and the Passive Controller BiVAD protogy Still, this has provided a
clear insight into the ability of the rotary progpe to provide steady support and cope
with sudden changes to CV haemodynamics. Alsa) tms point, all numerical
simulation has been to replicate experimental gtbtwok circulation data with the
aim to validate the solution algorithm and modgjliof the vasculature and assist
devices. In this section, the concept of passwv@rol of a BiVAD is simulatedn
silico in what the candidate considers to be the mosteseptative human heart

failure model available to this project.

Running a numerical investigation alongside an arpmtal study allows changes to
the experimental rig to be simulated that wouldeothse be costly and time

consuming. In this section, adjustments to the DVpassive response and the
RVAD hydraulic response were made in an attemphfwove the performance of the
passive controller. This was achieved by simplystthg the user input parameters
which describe the BiVAD performance and respond@e numerical program.

Without comprehensive data from chronic clinicalilg, it is difficult to identify the
pressing issues associated with rotary Bi-Ventac@upport, BiVS. However, it is
known that poor flow balancing between the VADs flafected the success of
chronic trials and that pulmonary hypertension sedm be an associated vice,
(Nonakaet al 2002). Additionally, the results shown in thexcgon will show that
there is a notable change in ventricle volumes tuthe differing flow dynamics
between the native pulsatile circulation and thestant flow support circulation. It

will be argued that this may also be attributeth®spoorly balanced circuits.

6.3.2.1Method

Up until now, the RVAD to LVAD impeller radii ratilas been 2:1 as described in
Chapter 3. This caused a lower shroud area raticghl. However, the MAOP to
MPAP ratio for steady state circulation of an aduliman is 1:5. For this reason,

experimental and numerical results of supportedukition, (without employing an

6-222



air spring, i.ekyr = 0), have had a steady state hub position on th&[Rside of the

central hub location, (typically arouryd= +0.15 mm). To centrally locate the floating
assembly during steady state support, the raditiseof VAD was reduced from 25 to
20.90 mm. The resulting reduction in area of tMAD lower shroud decreased the

pressure force from the LVAD sidE,vap.

Additionally the RVAD decrement functiongy and &g, were redefined so as to
reduce the high negative gradient at low clearandé® reason for this was to make
the numerical simulation of the RVAD performancereneensitive to clearance over
the whole translational range. As seen in Chaptehe existing RVAD decrement
functions saw 83% and 79% of the pressure and dlap respectively, over the first
0.02 mm of clearance from the RVAD impelley,£ +0.17 to +0.15 mm). So, the
LVAD decrement functions were used for both RVADwnad| as the LVAD.

Healthy, Bi-Ventricular Failure (BiVF), and BiVSmulations were then run using a
time step of4t = 2.5E° s for 80 seconds to allow settling. BiVF was siatetl by

scaling the transient ventricular and atrial compdie profiles down by 90%. The
vascular parameters were maintained from the pusvsection, including the heart

rate of 1 Hz.

Numerically applying BiVS involved reducing the higesistances at the cannulation
sites of the ventricles to allow flow through t@tWADs. Then the VADs’ speeds
were increased until the mean arterial pressurdscaauit flow rates were restored.
The LVAD and RVAD speeds for the BiVS simulationeer@ N = 3760 and
2060 RPM respectively. The dynamic damping andsnadsthe hub were set to
d = 50 N.s.mrit andm = 160 g respectively. No air spring was emplogedthe
proportional response was given by the inhererdratece spring only. The cardiac
and VAD haemodynamics were observed as well aBYhdiagrams.

6.3.2.2Results

As has been shown bi-ventricular heart failure ceduhe EF of both ventricles. This
in turn distends both ventricles and reduces the €EQure 6-14 shows simulations of
the shift in the PV loops, (once allowed to settefore and after BiVF.
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Figure 6-14: PV loops from human simulations of hdéhy circulation and BiVF.

The healthy EDV and ESV are around the levels pitest in the literature as
representative of healthy for an adult, approxityaiesO0 and 80 ml respectively.
Then, acute bi-ventricular failure sees severeedsbn of the heart due to the
reduced CO and continued diastolic filling. Theftsbf the PV loops from BiVF

haemodynamics to BiVS are shown in Figure 6-15.
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Figure 6-15: PV loops from human simulations of Bi¥ and BiVS.

The haemodynamics of the supported system have teséored to the new target
pressures of MAoP = 100 mmHg, MPAP = 16 mmHg andammdlows
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MQ = 5 L.min* as shown in Figure 6-16. The modified LVAD lovsroud radius
of the floating assembly has allowed the hub toupgcthe central position during
stable support, (i.ef = 0.0 mm). Observe that the modified numerical nhad¢he
BiVAD prototype provides adequate BiVS with a cafiyrlocated hub.
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Figure 6-16: BiVS for human simulation with a modifed RVAD and LVAD radius.

6.3.2.3Discussion

The new LVAD radius and selected VAD speeds havsitipoed the floating
assembly in the central position. Use of the niucaémodel has allowed design
adjustments to the BiVAD without the costly and @¢imonsuming task of changing

the experimental setup.

An interesting result was the volume staggeringtled BiVS and the healthy
simulation PV plots. It could be assumed that led there was no change to the
vascular parameters, the mean volumes should bexapately the same. The result
therefore, is due to reduced vascular impedantieeBiVS simulation from the lack
of pulsatility. With a zero rate of change of fldlae inertiance of the vessels cannot
contribute any pressure loss. Therefore, witheddt inertial parameters in either
circuit, the lack of pulsatility induces a diffeteaffective resistance thus slightly
unbalancing the circuits. The result is a sligldilstended LV.
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This effect is dependent on the relative impedaaitebuted to each circuit, and
therefore the associated diameters and residenined (the latter is a function of the
associated compliances). Since the validation wiepcompared to text data only, it
is unfounded to conclude outright that LV congestiall result from continuous flow

BiVS. Perhaps if the model were compared to dihidata allowing higher

confidence in the resulting inertiance parametez, RV would be distended and the
LV nearing suckdown. Either way it is importantrealise that this effect may very
likely cause an imbalance in ventricle volumes.isTdould increase the likelihood of

chronic distension of the ventricle or even suckdow

Considering clinical reports ah vivo BiVS, where pulmonary hypertension was
common accounted, it may be concluded that the lateal volumes were correctly

modelled. Perhaps a nervous response via theséages the low right atrial volume
and high left atrial volume and consequently cocistrthe pulmonary vessels. In

doing do, the PAP will rise and the RV volume wiitrease. Similarly, the venous
return to the LH will decrease unloading the LVhisThypertension of the pulmonary
circuit would satisfy the claims from clinical rep® This study cannot prove such a

claim; however, it offers a theory and could beghbbject of future work.

6.3.3 Periodic Vascular Constriction, i.e. Deep Bre  athing

The circulation cannot be treated as an isolatstesy with one energy input at its
heart. It is affected by numerous systems of thdylin a complex interdependent
network. For example, exercise causes the muactesd the arteries and veins to
contract. This causes immediate increased venstusnt Furthermore, increased
oxygen take-up by the muscles promotes localiseteg8en of Bradykinins to dilate
capillary networks to decrease vascular resistaamogé increase flow. Another
example is the effect of breathing on the vascutatmiound the heart. Depending on
the depth of the breath, the induced pressurearbiel upper torso can drive blood out
of the low pressure venous system into their rdspecatria affecting the
haemodynamics. The effect of deep breathing wilékamined in this section.

Pleural pressure is the static potential of thefhetween the outer lung wall, (lung

pleura), and the chest wall. During respiratidme tibs and diaphragm move to
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increase and decrease the pleural pressure whiciinmmoves the lung pleura. This
induces a pressure gradient from the tracheal giadlathe way to the lung alveolar

where gas exchange takes place.

Normal, or resting, respiration sees the pleuraésgure oscillating between
DOMp = -5 to -7.5 mmHO with a time period of around 5 seconds, (meanes)l

Deep breathing can extend these limits by a largegm during a sigh, yawn or
exercise. In fact, a resting breath has amplinfd@pproximately 250 ml in an adult

lung with a maximum capacity of around 6 L, (GuyRf05).

The added effects of deep breathing were simulaienbserve respiration’s affect

upon the device’s operation.

6.3.3.1Method

A sinusoidal resting pleural pressure function wsed so that,

271t

DOM, (t) = P, sin[ j— 625,

breath

Equation 6-1

wherePpieural is the pleural pressure amplitude afgtan is the time period of breath.
For resting breaths, the amplitude and the meaurgdi@ressure was set to 1.25 and
-6.25 mmHO respectively. This recreated the textbook pleprassure limits as
given above. When a deep breath was simulatednipditude was increased tenfold
t0 Ppleura= 12.5 mmHO. This amplitude was an arbitrary choice in oridecreate a
noticeable increase in pressure. The time pefmdsoth the resting and deep breaths
were kept constant at 5 seconds. The pleural resgaveform, including two deeps

breaths, is shown in Figure 6-17.
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Figure 6-17: Pleural pressure waveform for human B/S simulation.

Note, 1 mmHO is equivalent to 7.35E mmHg. So, amplitudes of
Poewrar = 1.25 and 12.5 mmi@ correspond to pressures of 9.379&nd
9.319E* mmHg.

The vascular, BiVAD, passive controller and timegpaeters were kept as those used

in the steady BiVS simulations.

6.3.3.2Results

The resulting supported haemodynamics are showkigare 6-18. Note that the
arterial pressure traces have not been given as naaes in the figure. This is to
show the simulated effect of breathing on artgrralssure. Boxes have been drawn
around some of the transient data in the top pldiese are the sections of the plot

which have been magnified in the lower plot.
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Figure 6-18: Supported human haemodynamics with siulated resting and deep breathing,

(above), and with reduced time and hydraulic scale@elow).

The reduced time and hydraulic scale plot in ttgureé has three time lengths
dimensioned on the hub displacement plot. Thedieate (a), the residual ventricular
function time period, (b), the resting breath tipegiod and (c), the two deep breaths.

6.3.3.3Discussion

Deep breaths have some impact on the passive mspointhe BiVAD. The
deflections for breaths of this size are minimadl @o it can be concluded that the
spring stiffness and damping are sufficient to cedthe deflection and damp the

disturbances.
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6.3.4 Venous Return and Ventricular Suckdown during BiVS

Ventricular suckdown is an issue exclusive to @rdsupport using devices with
suction at the inlet(s). This damaging event iparfticular concern for designers of
rotary devices and has received a lot of attentionessence, suckdown occurs when
venous return is insufficient to supply the reqdiflew at the VAD’s operating point.
There are a number of reasons why venous return beayoo low including

pulmonary embolism and hypertension as describ&hapter 1.

The BiVAD prototype was designed to respond tophessure fluctuations between
the pulmonary and systemic circuits. The desigrthef controller is such that it
responds to a decrease in blood pressure aroundABbewith an increase in output
down stream of the VAD. This is advantageous imntaaing arterial pressure at a
set systemic to pulmonary ratio. These advantages demonstrated in a number of
experimental simulations in Chapter 4. Howeverthbpulmonary embolism and
hypertension induce a decreasing LVAD inlet pressiue to the decreased venous

return.

In theory, ventricular suckdown is surely the passtontroller concept’s greatest
challenge. Sensing the decrease in pressure duewtosentricular volume, the
floating assembly will translate toward the VAD ithiag that ventricle in an attempt
to increase flow. From this viewpoint, therefotiee passive controller is actually

encouraging the collapse of the ventricle.

This idea was hinted at in the discussion of thpeerental testing. Ventricle

collapse was observed in the form of all fluid mavbeen sucked out of the ventricle
by the VAD in simulations where venous return waduced. These were the
hypertension simulations. An increased vasculsistance reduced circuit flow rate
and thus decreased venous return as shown in HglBe Experimental results were
not shown as no volume data was collected. Thererpntal ventricle pressure data,
however, could indicate collapse in the form ofdemy unstable pressure readings.
So, the numerical model was used to investigatgé#ssive controller’'s response to

reduced venous return and the incidence of vemari@ollapse.
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6.3.4.1Method

Solution and vascular parameters were maintaineth@se defined in the steady
BiVS and deep breathing simulations. Then thetsmiuwvas allowed to settle. At

t = 86.5 seconds the user defined Pulmonary Veirsteggie was increased from
R = 15 to 135 mmHg.s.ill This resistance change was selected as it was th
smallest resistance increase in the PV that wowddde a left ventricular suckdown.

It should be noted, however, that this is a vergdaresistance increase. Data in
Appendix 10.2, Table 10-3, shows that the totalnmmrary circuit resistance was
120 mmHg.s.mt, thus, this increase doubles the pulmonary resista This
simulated a sudden hypertension in the pulmonamuitiand therefore decreased

venous return into the left heart.

In order to assess whether the passive responseirages ventricular collapse two
separate simulations were run. These comparedeipwnse of a BiVAD with and
without the passive response. To do this, thersksimulation incorporated a near
infinite air spring, i.e.kyr = . This ensured that the hub remains in the central

position.

Haemodynamic data as well as PV loops were usedgdess when the ventricles had
collapsed. Then the VAD performance curves wesdysed with transient operating
points plotted on them. From this the range ofrateg point could be viewed before

and after the application of the sudden hypertensio

6.3.4.2Results

The haemodynamics of the sudden pulmonary hypeotersmulation actuating a
passive response are shown in Figure 6-19. Natethle mean and absolute flow
rates have been included. It is important to tabie of both these flow traces as they

will be referred to closely later.
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Figure 6-19: Simulation of sudden hypertension intte pulmonary vein with an incorporated

passive response from the BiVAD.

Figure 6-20 shows a small plot of VAD performanceves at their associated pump
speeds as well as the transient operating poirtien, the main body of the figure is a
reduced scale plot of the transient states of MAL. The plotted transient states
were down-sampled before they were plotted, eviftty time step’s operating point

was used. Note the black profiles are the perfonegrofiles at a clearance of zero.

The annotations on the main body of the plot shwevrange of flows, and the mean
flow att = 80 seconds, (before the resistance increase)},ad60 seconds, (after the

resistance increase and after the system hasdjettlehese should be compared by
eye to theQ andMQ data in the systemic flow plot in Figure 6-19. rthermore, the

direction of the change in mean flow is given vatlgrey arrow.

During the steady BiVS, (a), the flow is oscillaihetweerQ = 3.78 and 6.83 L.mih
with a mean flow, (@ea), of MQ = 4.86 L.min*. Then after the sudden hypertension,
(b), the flow oscillation is reduced © = 4.62 to 4.65 L.mii with a mean flow,
(Bmea), of MQ = 4.64 L.min*. When considering just the mean flows, there was

decrease in flow of 0.22 L.min
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subsequent LV suckdown, (left). Note, for claritypnly every fifth transient operating point was pldted.
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The PV loops in Figure 6-21 show the transient n@a of both ventricles before and
after the simulated sudden pulmonary hypertensksmhas been seen in the previous
sections, the LV PV loop is centred dh= 170 ml and the RV PV loops on

V = 120 ml. Arrows have been added to indicatedm&nge in ESV from steady

BiVS to after the sudden hypertension.
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Figure 6-21: The PV loops before and after the suddh hypertension from the simulation with the

passive response showing the reduction in LV volumand subsequent suckdown.

As would be expected, the LV volume decreases Hfteresistance increase. This is
confirmed by the dropping LV pressure seen in FagbHl9. The simulation shows
ventricular collapse as the small black dot in Itlegtom left of the figure show that
the simulated LV volume is slightly negative. Timereased pulmonary resistance

decreases flow out of the RV for a time which calsé distend.
The haemodynamics of the simulation without a passesponse are shown in Figure

6-22. As required for this simulation, the flogtiassembly starts, and remains in the

central position.
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Figure 6-22: Simulation of sudden hypertension intte pulmonary vein with no passive response

from the BiVAD.

The mean flow rates without a passive response viemmh MQ = 4.85 to
4.36 L.min'. This is a total reduction in flow of 0.49 L.rifin

The associated PV loops are shown in Figure 6-Riite that there is a smaller

reduction in the LV volume and no subsequent veular collapse for this resistance

change.
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Ventricular PV Loops
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Figure 6-23: The PV loops before and after the sudh hypertension from the simulation with no

passive response.

6.3.4.3Discussion

This was a comparative study, not to see if thesipaly controlled BiVAD could
induce ventricular suckdown, but whether the pa&ssistion accelerated the onset of
collapse. The two simulations were successfullustrating the effect of the passive

controller.

The PV was selected for the resistance increasaubecit is very hard to induce
suckdown in the ventricle by increased arteriaistaace. The reason for this is that
arterial compliance is low and so only a small waduof fluid is required to congest
this part of the vasculature. Increased venoustaexe allows fluid to congest
throughout the whole pulmonary circuit and therefatlow sufficient time of low

venous return to exhaust the ventricle volume.

The reduced venous return into the LV is immedyatglparent as the LVP quickly
drops below OmmHg at around 145 seconds signadlimggative ventricle volume
and therefore collapse. The collapsed ventricleosfirmed in the PV loops with

sub-zero pressures and volumes in the LV. The noaienodel has furthered the
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understanding of the prototype’s response to atepsive vascular circuit. This was
permitted through increased observabilty in the eh@d ventricle volumes could be

observed in a repeatable testing regeime.

The results show that the action of the passivércler increases the flow rate out of
a ventricle suffering from decreased venous retullthis effect can be quantified
through comparing the decrease in mean LVAD flowe rbetween the two
simulations. The passively controlled BiVAD sawlecrease of 0.22 L.mifn where
no passive response saw a decrease of 0.49 L.minis worth reiterating that the
increase in pulmonary resistance of 120 mmHg$.edbubles the total circuit
resistance. According to the numerical simulatitimn, the resistance change
imitates a supported patient with severe hypertensidditional simulations were
run to find out what resistance increase would éguired to make the BiVAD
simulationwithout the passive response cause ventricular collappseas found that
the resistance increase needed to be 210 mmHg.ahith is 163% of the resistance
increase required to suckdown the LV supportechbyplassively controlled BiVAD.

However, as has been pointed out from the expetmhesimulations, the passive
controller is able to reduce arterial pressure edusy hypertension. The numerical
simulation showed that a translation of the flogtassembly away from the RVAD
impeller meant that the PAP increased by only aldoBmimmHg byt = 160 s. The

simulated BiVAD without the passive action, howeveaw an increase in PAP of
around 6 mmHg. The passive controlling actiorhef BiVAD, therefore, imitates the

native baroreceptor response.

Numerical simulation in this study provided a moigservable investigation of the
haemodynamics of hypertension. Using the progm@sirhulate hypertension while
supported by the BiVAD has extended the understandf the use of the passive
action as a control strategy. It illustrated hdve tdevice can reduce pathological
pulmonary vascular pressures. However, it alsovedohow the passive action
increases suction out of, and decreases flow théoleft atrium encouraging the onset
of suckdown. It is clear therefore that hypertensi particularly pulmonary

hypertension due to low venous fluid reserve, dmagerous condition for any rotary

BiVAD control strategy.
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6.4 Numerical Simulation Discussion

The validation processes for both the MCL and hummaxalel were very successful.
Good agreement was observed between the companmotisularly between the
MCL simulations. The validation process was adyuedrried out a number of times
as it brought up a number of issues that requiesbrking the algorithm before the
validation could be attempted again. However, ihi®f course, why a validation is

done.

The most notable reworking of the program was nyadlif the Planar Functions with
Pressure and Flow Decrements method to model the pérformance, (detailed in
Appendix C in the attached compact disk), to forteilthe Parabolic Performance
Vertex Adjustment method as described in ChapterCm top of this, the gradual
adjustment of the 58 vascular parameters givenppefdix 10.2, Table 10-2 and

Appendix 10.2, Table 10-3 was a slow procedure.

Parametric adjustment of the vascular parametassyéll as the BiVAD parameters),
was an invaluable task in the development of thedickte’s understanding of the
circulation. Tuning such a comprehensive dynamggtesn provided insight into the
interaction of integral, proportional and derivatigcontrollers. Furthermore, it was
interesting to identify parameters that have glaftdcts and others which only really
induce localised effects.

The inclusion of global inertiance was a novel dieatof the model. As mentioned in
the previous chapter regions of high rates of chaaf flow, such as the atria,
ventricle and arteries are particularly sensitigettis parameter. For example the
validation process revealed that a variation iereat vessel diameter of only 1mm
would heavily impact the ratio and delay of thekppeessures between the ventricle

and the corresponding artery.
The unsteady MCL simulation showed that the ParabBlerformance Vertex

Adjustment method was representative of the palssivontrolled BiVAD’s

operation. This was very encouraging as six metheere tried in total, (therefore
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five failed attempts), in order to model the namelr VAD performance along with

the effect of clearance.

Despite the success of the Vertex Adjustment methtbé numerical model
overestimated the required VAD speeds for BiVS #yf6r both VADs. This was an
issue with the construction of the interpolatingdtions generated in Chapter 5. This
is not a serious concern for the purpose of thidysas the important feature which is
being assessed is the response of the passivelentr

Unfortunately, the comparison for the human simafatvas made to ‘diagrammatic’

textbook data. Steady healthy data could not Kaimdd because of its scarcity,
(there would rarely be a reason to place pressilogy and imaging sensors

throughout a healthy human heart), and requiregtsthipproval. Furthermore, the
model was not compared to an unsteady haemodynawsnt, (such as sudden
hypertension), to validate the dynamic responsesudden changes in vascular
parameters. For this reason, the human simulatier® assessed with a heavier

weight on qualitative analysis.

Further simulations were then carried out using tbhenerical model to extend the
understanding gained from the experimental studggmted in Chapter 4. This began
with steady simulations comparing the ventriclewés before and after heart failure
and subsequent BiVS. Simulation of healthy cirtatasaw virtually identical EDV
and EVS for both ventricles. Then once the pulss wemoved and the diseased
ventricles were supported with BiVS, poor volumdabaing was observed once
arterial pressures and flows had been restore@& RMwas sufficiently unloaded but
the LV remained moderately distended. This wasbated to the difference in
inertial components in each circuit’s total impeckan However, due to the lack of
certainty in the dynamic parameters in the humadehdahis result should be viewed
as a potential threat to the stability of the LMloe RV during BiVS.

On the other hand, assuming the inertial parametere indicative of the human
vasculature, the result may provide an explanadiodlinical observations. Clinical

tests have observed subsequent pulmonary hypentedsring rotary BiVS. The low
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blood pressure in the right heart and the highsumesin the left heart, caused by
deflated and distended ventricles respectively, beagensed by the Vagi via the S-A
and the A-V nodes. In an attempt to balance tihheuits, a sympathetic nervous
response could induce a narrowing of the pulmoneegsels thus increasing
pulmonary resistance. The resulting pulmonary hgosion would increase the
resident volume in the RH by increasing the RV r&dted. Furthermore, the LV
volume would decrease due to a decreased venaus.reAs mentioned earlier, this
theory is not proven by these tests; however,avigles a hypothesis for subsequent

pulmonary hypertension during rotary BiVS.

The numerical representation of the VADs was thieanged so as to make them
more responsive to changes in haemodynamics. ifdtehange involved removing
the RVAD pressure and flow decrement functions repdiacing them with the LVAD
decrement functions. It was thought that becahseliVAD decrement functions
were not as steep at low clearances, the perforemamigh sensitivity to clearance
could be maintained over the whole simulated clea@arangec = 0 to 0.34 mm,
(y = £0.17 mm). It should be noted that the forntlef RVAD decrement functions
might be a function of the 50 mm diameter impelldf.this is the case, then the
decrement functions may not be representative o tmpeller geometry.
Unfortunately further investigations into ways oammpulating theH vs.candQvs.c
profiles through changes in geometry were not edrout. The second change was to
the lower shroud radius on the LVAD side of theaflng assembly. It was reduced
from 25.00 to 20.90 mm. This allowed the floatingsembly to be positioned
approximately central during stable BiVS. It wdsought that this would be
beneficial as from the central position it can cepth the widest range of vascular
pressure variations. It could be that possiblarticlinical testing sees the need for
the hub to be positioned off-centre to cope withrenbkely CV events such as
pulmonary hypertension etc.

Breathing was simulated as an example of an extemagy input to the CV system
haemodynamics. Its effect on the passive contreles assessed to determine if it
has the potential to destabilise the passive actidntransient sinusoidal pleural
pressure function was employed to affect the camnplresponse of the pulmonary

vasculature. It was shown that an oscillatory g@epressure amplitude of around
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12.5 mmHO, (ten times that of resting tidal breaths), cduseimal deflection of the
hub. Obviously this would be magnified if the khresawere much higher. The result
added to the confidence in the device’s abilityptovide inherently stable operation
in the human CV system.

Results form the experimental testing in Chaptaflidded to difficulties experienced
when simulating pulmonary hypertension. It was gwn for the simulation to result
in ventricle suckdown depending on how much fluadl theen put in the MCL prior to
calibrating the pressure sensors, (and therefdexerecing a zero pressure level).
Gathering effective experimental data to documiistwas difficult. For this reason,
this part of the investigation was left to the nuiced simulations. The venous return
and ventricular suckdown study compared BiVS sitmtg subjected to sudden

pulmonary hypertension with and without a passesponse.

Pulmonary hypertension was induced by increasiegotiimonary vein resistance by
120 mmHg.s.mt. This doubled the vascular resistance in the detagulmonary
circuit. The induced hypertension increased PAdtlpressure and decreased venous
return to the left heart for both simulations. Slecauses a drop in LVP as the LV

volume drops.

Without the passive response the LV did not suckdas venous return was
sufficient at the resistance to keep fluid in thé Un the passively controlled BiVAD
simulation, however, the increased PAP caused ltsairfig assembly to translate
away from the RVAD impeller decreasing RVAD outpotio the pulmonary circuit.
At the same time the LVAD output increased as thie imoved towards its impeller.
The decreased venous return to the left heart lmmnéhtreased LVAD output rapidly
decreased the LV volume until the ventricle col&gps

When the two simulations were compared it was fotlnad the LVAD flow for the
simulation without a passive response decreasef.4§ L.min® as the operating
point moved to the left of the performance curve do increased global vascular
resistance. The LVAD flow for the simulation withe passive response however,

only decreased by 0.22 L.miin A pathogenic response to hypertension was obderv
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from the passive action in the form of reduced wsnieeturn encouraging ventricular

suckdown.

However, at the same time, the passive action eztlitie elevated PAP caused by the
hypertensive pulmonary circuit. This was the obagon also seen in the
experimental studies. Therefore, the passive mcatso provides a positive

therapeutic response to hypertension in the formaihtained arterial pressure.

The numerical investigation has shown that theipalyscontrolled BiVAD increased
as well as decreased the safety of the supporgardkess of the apparent positive and
negative aspects of this response, this study stholz decreased venous return, for
whatever physiological reason, is a major vicetl@r prototype. Ventricular collapse
is associated with serious complications such esmrthus formation, damage to the
cannulation site and damage to the myocardiumfitséh order to continue the
development of the passive controller this probleith need to be addressed either
through a design alteration or in the incorporatibractive speed control to decrease
LVAD output.

6.5 Conclusion

This chapter has seen the validation of two cirmotlels, and from these two sets of
vascular parameter data have been defined. Thelmbdve been useful in gaining a
deeper understanding into the mechanism of BiVADBt@ both with and without a
passive controller. BiVAD support is a new sciemdth a number of very serious
concerns. The numerical model has provided a setool for this project with

which to examine a way to overcome these concerns.

A new concept was identified which may be parthaf teason rotary BiVS has been
identified as a treatment fraught with so many clicapons. When the circulation is
weened away from a pulsatile environment to onecafistant flow, there are
potentially dramatic changes to the effective tasise. This is due to different levels
of inertiance in the pulmonary and systemic cikuitt is very possible that nervous
responses soon after BiVF or even cardiac and laseemodelling in the following
weeks to month will have some impact on this efldsb. As to whether they will
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help or hinder the balance in ventricular volumeceorBiVS has been provided

remains uncertain.

Concern raised earlier in this thesis over the ipassontroller BiVAD’s ability to
stabilise and respond safely to a decreasing vergtus1 was studied in this chapter.
It was found that the passive response was not ayrapc to ventricular collapse.
The passive response actually advances the onsatkdown by increasing flow out
of the endangered ventricle and at the same tidecneg flow into it. This is an
unfortunate effect of the passive response inrigsgnt physical form in the BiVAD
prototype. Still, the controller does act to restpathogenic arterial pressures during
hypertension. It outlines how hypertension is a ®dged sword when considering
rotary support. Output needs to be decreasedairitgpertensive circuit to drop the
arterial pressure, but it must also be increase@dssto maintain adequate venous
return through the increased resistance. ThetragliCates that active control of the

VAD impeller speeds will be important in treatirigs condition.

The ability of the passive controller to sense arahage a number of hydraulic CV
events has been outlined in this chapter as welllegpter 4. The results have seen
the assessment of the prototype designed to beeinttye stable in its operation to
respond passively to the dynamic CV system. Faldar experimental and
numerical results have provided an encouragingtisgarpoint from which to

investigate passively controlled cardiac suppoviakes.
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7 Discussion

Left ventricular support using rotary Ventriculars#dst Devices, VADs, is
complicated by a range of issues including bloamalge, miniaturisation and control.
Rotary Bi-Ventricular Support is affected by thessane issues too; however, recent
clinical studies report that poor balancing of gitosolumes is a particular concern.
Like the native heart, the Passive Controller BiVARs designed to take pressure
signals from the circulation and passively adjtsbutput in order to provide volume
balance. Two comprehensive studies provided aestiyation into the interaction
between the Passive Controller BiVAD and the suggabcirculation to assess the

viability of such a device.

In the preceding chapters, experimental and nuiesitidies have been presented.
Individual discussions provided commentaries spetif the works of each chapter.
This section offers a broader discussion of thé&eproject as an investigation into
passive control of artificial hearts. To begin lwithe implications of providing
passive control in a BiVS are discussed beforesfiexific aims of the project are
examined in light of the prototype’s viability assafe treatment for heart failure.
Following this a number of findings from the prdjece highlighted which are not
specifically involved in the project aims. A dission documenting issues and
problems encountered throughout the project coreslide chapter. Shortcomings in
the investigation methodology are included alontipwheir assumed repercussions on

the results from this study.

7.1 Implications and Benefits of a Passive Response in BiVS

A BiVAD that is exclusively passively responding shdake its control signals from
its environment to maintain safe cardiac suppothevit intervening active signalling.

In order for this to be possible, the operating imment needs to be able to
communicate its hydraulic requirements. The catah is quite capable of

communicating these signals as they are naturatlyigied to the native heart, and in
turn the body’s haemodynamics are regulated. 8o fur reflection on the findings

from this study, it is important to discuss whahdae gained from a passively
controlled BiVS system and what would be requiedtke such a system viable.
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Rotary VADs are available to the commercial matketvever, there have been few
efforts to try and make these devices passivellastaSo what benefits are there in a

BiVAD emulating this device-vascular interdependshc

To begin with, it is reasonable to assume that BiS additional control issues when
compared to single VAD control. After all, a CVssgm supported by a single rotary
VAD still enjoys the stability offered by the remaig functional ventricle providing
a Frank Starling (Starling and Visscher 1926) retethip between preload and CO.
This will inherently allow some balancing of vasaulcircuit volumes. If both
vascular circuit pumps do not passively fill, sasha rotary BiVAD, there will not be
any contributed Frank Starling balancing. Perh&ps imperative, therefore, to
incorporate some inherent stability into the supmystem to prevent inevitable
volume imbalance. At this point in the developmehtotary BiVADSs, there is not
enough evidence to say. However, from the fewiadinreports available, it can be
said that flow balancing and suckdown managementddficult issues for rotary
BiVADs.

Maintaining adequate circulation is crucial. Clgarthe repercussion of device

failure is likely to be fatal. If a circulation gport device incorporates inherent
stability in its operation then it relies less artige maintenance. Another benefit in
the passive communication between the circulatiwh the device, therefore, is that
the device relies less on active control systemistwaire subject to sensor, computer

or actuator failure.

Finally, the human circulation operates over a eanf) pressures and flow rates as
well as vascular properties. It is difficult tostruct active systems how to sense and
then provide support for exercise, rest, physicalement, hypo- and hypertension
etc. An artificial heart which can sense haemodynarequirements from the
circulation and passively respond appropriatelydnaet rely on pre-programmed

responses.

Given the benefits in a passive responding syst®hat would make a BiVAD
viable? The circulation can adequately signal relymamic imbalance, however if

the mechanical support device isn’t sensitive sg¢hsignals then it cannot regulate
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effectively. A viable device needs to be suffitigrsensitive to these circulation
signals such that imbalance is not ignored. Fumbee a viable device needs to be
tuned such that the mechanical response to cironlambalance doesn’t over, or
under compensate. Provided the device, theref®fgoth sensitive and stable in its

ability to respond and control then it is potefyiaiable as a cardiac support device.

7.2 Is the Passively Controlled Rotary BiVAD Prototype
Viable?

Although both studies were initiated at the sammetithe numerical investigation was
very much a progression from the findings obselivetthe experimental works. This
resulted in a progressive analysis rather thantickntests through two testing
mediums. Detailed discussion of both the individerperimental and numerical
results can be found at the end of Chapters 4 anéi®wever, the results of both
studies will be summarised specifically in lighttok thesis aim which was to assess
the viability of the rotary BiVAD prototype.

First of all, it was important to establish whethlee floating assembly configuration
actuated an output change duringvitro simulation. This was confirmed in the first
presented experimental result of a supported stmulawhere severe systemic
hypertension was simulated. Two simulations wexgied out, one with and the
other without, a passive movement of the floatisgembly. This result showed that
the passive controller was effective at respondimgpressure signals from the

vascular system.

Following this, a number of experimental simulaioshowed that the passive
controller responded constructively to restore pgémic arterial pressures. On top of
this, the magnitude of the passively adjusted VAtpats was approximately
equivalent to the level of pressure destabilisatidinis response emulated the native
baroreceptor response in which the sympatheticpandsympathetic nerves regulate
arterial pressure by affecting the heart’s contligcand heart rate. It was concluded,
therefore, that the passive controller action itedethe native barorecpetor response.

7-246



Once the experimentation was complete, the nuniermiodel set about simulating the
interaction between the supported circulation halymamics and the ventricular
volumes. This study was encouraged by observeddsuwan duringin vitro
hypertension simulations which were unquantifie@ tluthe lack of observability in
the MCL. The last presented numerical simulattberefore, was sudden pulmonary
hypertension during supported circulation. Twddesere carried out; the first with
and the second without a passive response. Tiee tast provided a control data set

for comparison.

As seen in the experimental tests, the increasgdtaace induced by the pulmonary
hypertension increased the PAP and decreasedawerdite through the lungs. The
passive action, as also seen in the experimersiml, teaw the hub translate away from
the RVAD impeller toward the LVAD impeller. Thisedreased the RVAD output
and in doing so reduced the PAP providing the lemeptor response mentioned
earlier. However, what was not quantified in theeximental tests was that the
reduced flow through the pulmonary circuit togethwth the pooling of blood in the
pulmonary venous system decreased the venous reiutime LV. This response
endangered the LV as the LVAD’s suction inlet wébbllapse the LV when the
ventricular volume is exhausted. To add to thiscprious supported state, the
translation of the hub toward the LVAD impeller ieased the LVAD output. This
reduces the safety of the LV further as the LVADsvadtempting to increase the rate
of fluid evacuation from the ventricle. It was falithat an increase in the Pulmonary
Vein resistance fronR = 15 to 135 mmHg.s.nll was the minimum resistance
increase to induce LV suckdown when supported byptssively controlled BiVAD.

The second test without passive control was sulijeid the same resistance increase
and, although the LV volume was reduced, suckdowh rebt occur. In fact,
simulated LV collapse was not achieved until thémmmary vein resistance was
increased fronR = 15 to 210 mmHg.s.ill This is 163% of the threshold resistance
for the passively controlled BiVAD. A closer ingpien of this result showed that the
passively controlled BiVAD saw an LVAD flow decreasf 0.22 L.mift after the
induced hypertension. The simulated BiVAD withpassive response, however, saw
an LVAD flow decrease of 0.49 L.nifn The difference between flow reductions can

be wholly accounted for by the passive controlacti It can therefore be concluded
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that the passively controlled BiVAD accelerates treset of ventricular collapse

when venous return is reduced.

So, is the rotary BiVAD passively controlled by gakar pressure a viable means of
bi-ventricular support? Viability, in this sensgas defined earlier as being both
sensitive to input signals from the circulation ae to respond constructively. Its
performance during simulated hypertension showsthgapassive controller response
accelerates the onset of ventricular collapse.s Threason enough to conclude that

the control system, as it standsnat viable.

The Passive Controller BiVAD prototype, howevem\pdes the design basis for an
inherently stable support device. The safety of tievice could be vastly improved
by incorporating a means of increasing its sengitio venous return. This could be
as simple as incorporating collapsible inlet caaaulvhich suckdown before the
ventricle. Alternatively an active suckdown pretien control system, such as
observations of the current waveform, could be ripoated like many commercially
available LVADs. From this point of view furtheewklopment of the device could
render a BiVS system which is not only viable bafes than other fully active cardiac
support systems. With a suitable suckdown preganglystem, the self balancing
nature of the Passive Controller BiVAD prototypé&eos the potential to overcome the

issues seen in early clinical trials.

7.3 Additional Research Findings

There were a number of additional findings from tesearch that were not
exclusively assessing the passive controller’siliigh They are however, important
outcomes from the research. This section has heeed to the discussion in order to
highlight these additional findings. These inclute effect of steady state BiVS on
ventricle volumes, the importance of modelling timertiance of the atria and

ventricles and the performance of the mechanicaipas.
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7.3.1 Complications in Steady State Rotary BiVS

Clinical reports documenting attempts to providamng BiVS have highlighted poor
flow balancing, pulmonary hypertension and ventacucollapse as common
complications. The numerical model showed thatrw¥escular parameters are kept
constant, the mean ventricular volumes during hgattrculation and then supported
diseased circulation are not the same. This ibeicéhat in weaning the vascular
system away from a pulsatile environment into astam flow environment each
circuit experiences a non-proportional change endfiective resistance. The result is
not such a surprise, without a pulse, the presdume associated with accelerating the
fluid, (inertial response), will be nil. Furthermep the contributions from the fluid
inertia to the impedance of either circuit will no¢ the same due to differences in
vascular volume and length. This implies that wtteere is no pulse, the resistance
of each circuit becomes imbalanced, and in ordendmtain the same mean pressures
and flow rates, circuit volumes will change. THere, by default, non-pulsatile

BiVS will be operating in a poorly balanced envinoent.

The numerical result showed that during healthycutation, both ventricles
maintained a mean volume of around 125 ml. Aft&ffBand then the application of
BiVS restoring healthy haemodynamics, the meanmehkiof the RV and LV were
around 115 ml and 170 ml respectively. This agweiéis the clinical reports of poor
flow balancing. Perhaps then, the sympatheticmes\system senses the imbalance
and constricts the pulmonary vessels. This pulmohgpertension will increase RV
afterload and decrease venous return into the L'xécting the respective ventricular
volumes. This too agrees with the clinical repasserving subsequent pulmonary
hypertension. Then, as seen in the numerical sitiouls, the decreased venous return
along with a low pulmonary fluid reserve can make LV susceptible to suckdown.
This includes the final observation made by clihstadies into rotary BiVS. Note,
this theory was not proved by the numerical studlyithout the necessary nervous
response to restrict vessels along with represeatatertial parameters this idea
cannot be tested. However, it provides a hypaoshefir future clinical

experimentation.
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7.3.2 Inertiance Modelling in the Heart Chambers

Many of the reviewed articles documenting circalatmodels seemed to be hesitant
to include inertial parameters. Many of them edeld the effect of fluid inertia
completely; others included it exclusively in theim arteries. One recent article
included global vascular inertial parameters butlwded those for the atria and
ventricles. The candidate found this surprisiigpe inertial effects of the blood flow
are greatest in long blood vessels and/or vessighshigh rates of change of flow,
(i.,e. main arteries and heart chambers). Why th&ve previous studies been so

reluctant to include the ventricular and atria fraace?

Both the human and the MCL models included globattial parameters. Defining
the inertiance in the validation step, especiallyhie ventricles and main arteries, was
a particularly difficult task. Small changes ineithinertiance could completely
destabilise the solution. Undoubtedly, this wasabse the fluid acceleration in the
vessels either side of the heart valves was vagly. hiPerhaps, then, ventricular and
atrial inertiance has not traditionally been in@dddn these models because of the
induced instability and therefore high demand om ¢bmputational algorithm. Or
perhaps it is because the flow rate through thdriedes and atria is very hard to
physically measure. As it is very hard to expernitaly approximate the inertiance,
research employing experimental vascular data meyude this. For whatever
reason, the numerical model showed that modellinthese parameters was very
important in order to obtain representative haemadyics. The characteristic
systolic pressure peak delay between the ventriguissure and the arterial pressure
cannot be modelled without ventricular and artanaftiance terms. It is also thought
by the candidate that a representative dichroticlnoannot be effectively emulated

without modelling the fluid inertia around the aor pulmonary valves.

7.3.3 Mechanical Damper

It was required for the functionality of the protpé that the floating assembly should
be unaffected by residual ventricular function.eThechanical damper was a custom
designed feature of the prototype to restrict thi®city of the floating assembly. Its
job was to provide a means of mechanical dampirfgtés out the higher frequency

pulses from the ventricles. This was a very swsfaéslesign feature of the device.
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The damping was not quantified, however, the hudillason Amplitude Ratio AR,
was decreased by up 94% when the damping was settdeom a ‘low’ to a ‘high’
level. Hub motion damping was particularly apprag for this prototype’s
geometry as the resonant frequency was found toraound 30 BMP. This beat
frequency should be expected as quite possible hieaat failure patient as it is a

frequency between approximately normal and filiriig

7.4 Issues with the Investigation and Comparison

Although the two studies were initiated togethée tompletion and testing of the
numerical program followed the completion of thepesmental study. This was
necessary to ensure that the numerical BiVAD maoslas representative of the
experimental device. Furthermore, it providedd@omprehensive validation process
which proved to be a valuable step in refining tharacterisation of the non-linear
performance functions into the linear solution. isTeequence of events made for a
progressional study where the numerical progranersléd upon the simulations

carried out in the experimental work.

There were a number of issues during the resedrcimost cases, these issues have
been highlighted in the discussion sections thus faome were simply a case of
problems which were resolved in time, and othermaieed shortcomings in the
project methodology. Fortunately, none of thesees compromised the assessment
of the viability of the prototype as a BiVAD, anketefore the primary aim of this
investigation. Since the experimental and numestadies formed a progressional

study, the issues raised in this project are pteddn their separate studies.

7.4.1 Experimental Device Construction and Testing

After conceptualising the aims for this thesis thiéial task was to design a device
which incorporated some kind of passively actuatedtroller. This was a time
consuming problem as not only was the prototypeired to be sensitive to pressure
signals from the CV system, but it needed to redpmnstructively to these signals.
Additionally the magnitude and dynamics of the oesge needed to be such that the

system could be as inherently stable as possiseshown in Chapter 3, the concept
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of the floating assembly was taken on early indbeelopment of the device. In fact,
this concept was conceived concurrently with thejgmt aims. The candidate
recognises, however, that there are other waysli®ee a passive response. Future
research into this concept could investigate dffiermechanical configurations to

achieve passive control.

The primary concern in the experimental setup was the physical prototype was
responsive to pressure signals. The candidate awasinced the device was
functional on paper, however, it was recognised tha complex design left many
possibilities for unforseen complications. Forstineason, it was important that the

prototype be manufactured with high geometric amcyr

The overall translational range used in most of testing was 0.34 mm,
(y = £0.17 mm). Considering that this range is deieed by the axial length
between the VAD impeller shafts this was a difficslanufacturing problem. This
length is defined by the length of the floatingeambly and the combined height of
the stacked BiVAD components. The eight stackedAB components include the
VAD casings, the passive controller body componants the gaskets (see Appendix
10.1, drawing 1.7). To achieve this clearancentiaehinist manufactured the floating
assembly shaft last. This meant that the toleraricine stacked components was

relaxed and the shaft could be customised durimeg eissembly.

Another fine tolerance was the location and conagtyt of the impellers. With such
small clearance adjustments providing the passespanse the impellers were
required to be concentric with the floating assgmahd therefore the corresponding
lower shroud. Much credit must be given to the Imradist who exceeded expectation
in the precision in the manufacture of this comgikcl prototype. As the
experimental results show, with very small hub elgtfbns the device was responsive.

The manufactured prototype was an appropriate ddwitest the project aims.

A requirement for the functionality of the protogygvas that it should be unaffected
by residual ventricular function. A quasi-steabbnf regime may never be reached if
the floating assembly was subjected to periodit lEmplitude deflections. For this

reason, manually adjustable mechanical dampindgeffloating assembly’s motion
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was applied. This was a difficult design problesspecially including a means of
manual adjustment. The final design of the duanubered passive controller body
with the adjustable occluder worked very well. Reless of the fact that the
damping was unquantified, the micrometer head atbwepeatability through fine

adjustment of the protruding spindle length andefoee fluid gap, see Figure 3-29.

Two resources were made available for this prdjech its outset which proved to be
invaluable. These were the Mock Circulation LodCL) and the 3D prototyping
machine. The MCL’s ability to simulate a pulsatiEnvironment which is
representative of human circulation allowed a cahpnsive analysis of the physical
device. Not having to procure am vitro testing rig not only allowed time for the
device development, but it permitted an entire mirak study to be carried out in
addition to the experimental study. Similarly, tt@mplicated forms of the mixed
flow impellers as well as the casing volutes weoé manufacturing complications
using the 3D prototyping machine. The VAD compdeewere able to be

manufactured quickly and at a low cost.

The largest issue met taking the prototype fromwthekshop and getting it running in
the MCL was fluid leakage. Early testing saw highkage from the LVAD, into the
controller body and then into the RVAD. This begamiterative search for a means
of isolating fluid between either VAD and the caflier body while still enabling

relatively free translation of the hub.

A custom cut out butyl rubber gasket was made &mheVAD. This was used in
conjunction with a thin latex sheet commerciallyaidable for dental surgery called
Dental Dam. The combined sealing arrangement alioadequate sealing once the
stacked components were drawn together as wellragiding very little axial

deflection stiffness to restrict the hub motion.

On top of this water leakage issue, was the proldéair leaks. O rings and O ring
grease were used to seal the passive controller pads; however, these were used
with limited success. Air would leak in or out d¢iie controller body when
sufficiently substantial negative or positive stgbressures were experienced inside

the controller body respectively. This made ityeifficult to maintain a constant air
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spring. Hence, many of the tests were carried ay employing the inherent
clearance spring and with the controller cavitipgroto air, i.ekyr = 0. The main
consequence of the air leakage problem was thastdealy support position of the
hub could not be altered using an air spring. €quently the experimental tests had
a steady support hub position of around= +0.15 mm dictated by the resultant

pressure force across the floating assembly.

The use of the latex Dental Dam sheets as flexi@enbranes within the prototype
were able to maintain the seal between VADs andcth@roller body while still
allowing hub translation. Flexible material insi@dlood pump however is not ideal.
Even though pulsatile devices commonly employ pathane diaphragms with
which to create a variable volume reservoir, trek of fatigue failure of flexing
components reduces their expected life. Howewerrange and frequency of flexure
of the prototype diaphragms are comparatively lewihe hub translates a maximum
of 0.17 mm and only when the local haemodynamicangh. In terms of the
reliability of the prototype the use of twin diapgms is still a cause for concern as

they provide potential modes of failure for the BiN.

In the candidate’s opinion, the poorest result frone whole study was the
characterising of the inherent clearance sprinigerd are a number of reasons for this
poor characterisation. The first was that theterise of this inherent spring effect
was not foreseen during testing and therefore mettlly tested. The second was a
consequence of the first, as spring rates weredfasing a number of hypertension
simulations which were carried out on differentslayhese hypertension simulations
often translated over a large clearance range laew Wwere used to characterise the
spring rate at the mean translation position. Mw@s a very crude approximation
method. Furthermore, the selected parabolic fancivas not representative of the
clearance spring response especially at the ttaosdh extremities, (i.e.

y = +0.17 mm ang = -0.17 mm). The final reason for a poor chamésagion of this
parameter was a lack of time. In hind-sight, tbatimuous clearance vs. pressure
head tests would have been far more suitable erpatal data sets to characterise
the clearance spring. However, this test was date in the research and the
numerical model development held more pressingsut should be noted that this

poor result did not carry any bearing on meeting #ims of this project. The
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intention of characterising this spring responss waly to indicate the magnitude of

this response. The numerical relationship wasengployed in the numerical model

as the inherent clearance spring was applied imela¢éionship between clearance and
pressure head; the Clearance Decrement Functions.

It was unfortunate that the mechanical damping mesquantified. This would have
been a difficult undertaking with the configuratiohthe prototype. Methods for a
basic quantification of this parameter have beemiated although require work
and experimentation. For the purpose of this stitdyas found that the inclusion of
the mechanical damping was important if the deisd®e be used as a support device
as opposed to a total support device. Compargtinamtities were used to conclude
that a ‘high’ level of damping reduced much of ting oscillation observed when

‘low’ damping was used.

Due to the nature of the prototype, restrainingftbating assembly from its passive
response was very difficult. This was a particidancern when trying to obtain
individual pump performance profiles. It was imjamit that these were each tested at
a constant speed and a constant clearance. Muangaithe pump speed was a
relatively simple task. A constant voltage wasvpted to the DC motor and the
pump speed was observed from the motor encodeingeadRestraining the floating

assembly however, was very difficult.

Initially tests were run with both passive conteoltavities filled with water and no
air bubble. Due to the incompressibility of watémas hoped that there would be no
deflection, (i.ekar = ). The linear displacement transducer was useatktect any
deflection. It was found that deflections in tHexible Dental Dam around the
periphery of the lower shrouds caused sufficieningltance within the passive
controller body for the hub to deflect during edekt. The next attempt saw the
removal of the VADnot participating in the test from the prototype. §inevealed
the corresponding lower shroud protruding from {bertially exposed floating
assembly. The protruding end of the floating asdgnmvas then physically restrained
during each performance test. Physical restraéiihblowed a slight deflection. This
is not surprising considering the range of pres$orees on the hub over an entire

performance test. However, the deflections weficgently small to be neglected.
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7.4.2 Numerical Model Construction and Simulation

The numerical study was a cheap, but time consumitigity. The bulk of this time

was spent in the characterisation of the non-linpamp responses and their
incorporation into the solution method. Two attésngt rewriting the program using
a non-linear Newton-Decent algorithm failed maidlye to a lack of time in which to
implement a robust solution. However creating final linear model, as well as
attempting the non-linear models, was a valuableniag experience for the

candidate.

Perhaps the most important interaction within theol numerical program is the
effect of varying the clearance, ¢, on the pumgqgoerance. This is, after all, the
passive mechanism through which passive control tvaged to be achieved.
However, integrating the VADs’ performance funcgBointo the linear model was a
difficult task. Experimental testing of the effeafta clearance increase showed two
important characteristics. The first is that aacdece adjustment impacted on both
the pressure head and flow rate significantly ehahgt neither can be ignored. This
meant that within the performance function, theadace term needed to be coupled
to both the pressure and flow terms. The secorsdthaa the pressure and flow decay
could only be representative if modelled as expbaky related to clearance. This
encouraged the complete decoupling of the clearasoe from the performance
functions themselves. Appendix C, (see the attadwdpact disk), documents a
number of numerical methods used to try and creaitable linear approximations of

non-linear performance functions.

Finally, satisfactory solution convergence was g through a method which
redefined the parabolic performance function$(Q), every time step. The
redefinition first considered the effect of the egfed clearance on the pressure and
flow rate. This effect was then quantified usihg Clearance Decrement Functions.
Then the parabolic vertex was shifted accordintheoconsidered decay in pressure
and flow. This was the Vertex Adjustment Metho@lhe new shifted performance
function was then approximated with an updatedalingeerformance function for

application into the linear equation set for saaoti Most importantly, this method
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incorporates the effect of clearance changes oh passure and flow despite the

linear solution environment. More detail on thisthod can be found in Chapter 5.

The presented validation study provided confidemtethe model's simulation
accuracy. A number of numerical simulations ingéththe MCL results to ensure that
the modelling of both the vascular circuits and B®&AD were representative.
Initially unsupported simulations of healthy andartic heart failure were presented.
This provided the candidate with experience inirsgtthe vascular parameters, and

then making changes to the CVP through fluid voluim@nges respectively.

It was considered important to also validate n@ady numerical simulations. A
numerical simulation of sudden pulmonary hypertemsias therefore compared to
the unsteady experimental result. It provided @pootunity to approximate the
spring, mass, damper parameters for the model impadng the hub motion induced
by the sudden pressure rise in the PA. The mechladamping was approximately
quantified as 50 N.s.mmthrough comparison of the experimental and nurakhiob
response. A validation of the air spring formwdatiwas not carried out due to the
inconsistencies caused by the air leakage duripgrarentation. Only the inherent
clearance spring response provided a proporticgsglanse to clearance changes in
both investigations. The measured floating assgmmbass ofm = 160g was

maintained for this test.

It was unfortunate that the numerical model wasuatiiated against clinical human
data. This was primarily because the device habeen physically tested in a human
or animal model for comparison. Even obtainingupmorted human clinical data
required communications and approval from ethiasrogtees which the candidate
did not have. Regardless of the lack of clinicatag the model still needed to be
compared to something beyond the MCL data beforaamusimulations could be
initiated. Characteristic circulation diagrams gepurced from literature and used as
comparative human circulation data. At the vermystethis provided a basis from
which to approximate the vascular parameters as$ agelthe total circuit blood

volume.
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Once the solution algorithm was validated and tin@dmn circuit parameters had been
defined, two changes were made to the passive mespolt was thought that these
changes would optimise the operation of the BiVAih@gh due to time restraints
the effects of these changes could only be qudlifiehe first change was to decrease
the radius of the LVAD lower shroud from 25.00 .20 mm. This reduced the
pressure force from the LVAD and allowed the flogtiassembly to be centrally
located during steady support. The second change to redefine the RVAD
Clearance Decrement Functions. The original fomstj derived from experiments,
saw 83% and 79% of the pressure and flow drop otisdy over the first 0.02 mm
of blade clearancey(= +0.17 to +0.15 mm). The RVAD, therefore, wadyon
responsive to clearance when the hub was very tbodgs impeller blades, (as it was
for most of the experimental testing with a LVADMer shroud radius of 25.00 mm).
In order to make the RVAD performance responsiver elre whole hub translational

range, the LVAD decrement functions were used @ih/ADs.

The numerical simulation overestimated the requpedp speeds to support the
failed heart by 14% for both VADs. Careful revisiof the pump characterisation
found that this was very likely due to an oversighthe clearance parameter used to
obtain the experimental pump performance curvescaR that in obtaining the
individual VAD performance curves one end of theafing assembly was physically
restrained in order to keep an approximately conisteearance. In order to prevent
the lower shroud from coming in contact with thepatier blades during the test, a
very small clearance was introduced during the. teasowever, within the Vertex
Adjustment Method, this performance curve was usaéference the performance at
a clearance of = 0.0 mm. In actual fact, it was very likely thats clearance was
aroundc = 0.05 mm at least. Let us consider the performaneves in Section 4.3.2.
The running speeds for the VADs in tHevs. c andQ vs. c tests wereN yap = 3400
RPM andNgryap= 1100 RPM. Comparing these plots to the perfoceamurve at that
speed, one can determine the clearance at whicbotitéhuous clearance tests were
carried out. These were approximatelyap~ 1.0 mmcgryvap~ 0.25 mm. For both
VADs the output at these clearances has alreadyaége decay. It is unsurprising
then that the program has to overestimate the mpapd since the output it assumes

is at zero clearance is actually already substintacayed.
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This could have been accounted for using the demmeriunctions. The decrement
functions should have been normalised using thespre and flow at the clearance
used in the continuous clearance test rather tameximum pressure and flow. In
this case, the decrements would be greater thayg anilow clearances in order to
magnify the pump output. This was an oversighhandevelopment of the numerical
model of the performance curves. Although a migsgntation of the pump speed
did not hinder the aims of this project, future Wwamvolving the program shouldn’t

be carried out before the decrement functionsedefined.

In an attempt to increase the representative natusemulation, models such as the
MCL and the numerical simulation are often undenstant development. The
candidate found it difficult to cease the developmef the numerical model and
begin the validation process as there was a listingfrovements still to be
implemented. Eventually time restrictions signéltee end of the development to
begin validation and the BiVAD simulations. Asiflem redefining the clearance
decrement functions the next development was pthartnebe implementing the
volume dependent compliances of the ventriclesaana. This would model the non-
linear stress-strain relationship as well as tteestal limit of the ventricle. It was
decided it was not a necessary feature for thidyshecause the ventricle volumes
during supported simulation did not approach trested limits of the myocardium.
However, the PV loop for the bi-ventricular failusemulation in Figure 6-14 and
Figure 6-15 is probably not representative of se\®NVF PV loops as the diastolic

pressures are too low.

It should be noted that even when using the nurmlemodel to simulate steady BiVS,
ventricular suckdown was very sensitive to the pusppeds. Consider a set of
vascular parameters. Given the described systeene tis a narrow range of safe
LVAD and RVAD speeds where no vessel volumes wekdme negative within the
model, (hence suckdown). The candidate found tth@fprogram would have to be
run numerous times gradually tuning the VAD speiedsrder to simulate steady
support without suckdown. This alone indicatesgrexarious nature of rotary BiVS.
The candidate believes that single rotary VAD suppw@y be less dangerous as there

is still one functional passively filling ventricleo balance circuit volumes. A
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comparison of the stability of single and bi-vetfar rotary support could be carried

out as an indication of the relative difficultytime two forms of cardiac assistance.

It was envisioned at the outset of the program ldgweent that the inclusion of
multiple parallel branches in the human circuit mlodould be useful. It was hoped
that a vascular baroreceptor response would badedlin the final model in order to
regulate cerebral blood flow. This was not implated due to time restraints as well
as lack of access to clinical data with which tarelcterise human vessel properties.

The validated numerical program is a valuable resothat can be used beyond this
study. It is particularly useful for supported ctilation simulation. The novel
method of characterising pump performance coulédydied to a range of devices.
In silico simulations such as these are especially valuabhkn modelling patients
with serious illness such as heart failure. Testiwhich would otherwise see
euthanasia or device failure in a clinical setticay be carried out and repeated on the

computer.
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8 Conclusions and Future Research

8.1 Conclusion

A rotary Bi-Ventricular Assist Device (BiVAD) protgpe was developed and tested
to assess its viability as a completely self retyudgartificial heart. Two methods of
assessment were used. The first, an experimdntiyf saw the construction and then
testing of the prototype in mock circulation. Téerond was a numerical simulation
where the human circulation, BiVAD pumps and passigontroller were
characterisedh silico. Passively controlled through blood pressureasonly, the
BiVAD regulated VAD flow rates to passively balancecuit volumes through a
baroreceptor-like response. However, in its predenrm the device’'s lack of
sensitivity to venous return makes it unable tobiise imminent ventricular

suckdown.

The use of both tests was advantageous for the ftecause each of them offered
insight into the device’s operation. The experitaktests, although less observable
due to sensing limitations, provided a means withictv to validate the numerical
model and characterising the BiVAD and controlleBn top of this, testing the
physical prototype provided an initial indicatiof the interaction between the CV
system and the device passive controller. Thesdtsewere valuable as they didn’t
have the associated error through numerical cheraation of the physical BiVAD

parameters such as the dynamic mechanical comoogtite controller.

Once validated, the numerical model was used tdysthe interaction between
ventricle volume and the supported circulation hagynamics. Initially, the
baroreceptor-like response of the controller wasfiomed in the numerical
simulations. However, the device accelerated tgeof left ventricular collapse
during simulated pulmonary hypertension. This vib&sause on top of reduced
pulmonary venous return, the resulting passiveoacincreased LVAD output
encouraging further evacuation of fluid from the .LWithout the numerical model,

the incidence of ventricular suckdown could notédhbeen quantified.
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Throughout the study there were a number of aduitidindings. Perhaps the most
significant was in an investigation into steady testaotary BiVAD support.
Simulating the reduction in flow pulsatility as thealthy circulation was affected by
heart failure and then received subsequent BiV$, wéntricle volumes became
unbalanced. It was thought that the differenceantributions of fluid inertia to each
vascular circuit's impedance unbalanced the cirmsistances during constant flow
support. The consequences of this inherent voiombalance could not be simulated
as it would depend on the native circulation’s agulatory response. However, in
light of the few documenteith vivo studies of rotary BiVS, volume imbalance could
explain clinically observed poor flow balancing,lponary hypertension and LV

collapse.

The result encourages further development of thesipa control system. In its
present form it provides an inherently stable supgygstem provided venous return is
maintained. It is suggested that the use of ceiltd@ inlet cannulae as sacrificial
hardware be investigated to complete the complgbelssively controlled system.
Otherwise the incorporation of an active systemobserve the transient current
supply, similar to existing VAD control protocolhauld be employed to prevent

ventricular suckdown.

8.2 Future Research

Throughout this thesis, there have been numeromioned opportunities for further
research. Below are briefly documented areas wéstigation which could add
further understanding to the study of providingargt BiVS through a passively

controlled mechanical device:

8.2.1 The Passively Controlled BiVAD

» Clinical testing of the device to observe the iattion of the auto regulating
vascular system with the dynamic passive controllétowever, this will
require:

o0 Miniaturisation of the device
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o0 Redesign of the blood contacting areas to remogi®me of potential
stagnation
0 Adequate material selection to reduce platelevatitin
o Quantifying the effect of clinically induced vasaul pressure
fluctuations and what the desired performance aujeist should be.
This study will essentially allow a relationshiptiween lower shroud
areas, passive controller spring stiffness and ohf@essure and flow
decay with blade clearance.
Development of a magnetically coupled impeller drand suspension system.
This will allow the removal of the impeller drivéaft, lip seals and impeller
mounting bearings so as to minimise blood damagedisical device.
Development of suitable cannulae. Cannulation lkdgweent could include
the incorporation of collapsible inlet cannulaeptovide a BiVS sensitive to
low inlet pressures caused by decreased venousretu
Experimental testing into the effect of impelledites on the blade clearance
vs. pressure head and flow rate profiles. This mgylain the difference in
the decay rate of the pressure and flow with cleagdetween the LVAD and
the RVAD.
Development of a robust means of providing a stestdie bias force of the
floating assembly. This will allow the ratio ofwer shroud areas to be
selected based on assumed pressure fluctuatieacinvascular circuit rather
than the ratio of static pressure within each VAD.
An investigation into the development of a fullytinse magnetic levitation
system to locate the floating assembly. A PID tggsponse to blood pressure
could then implemented, similar to the spring, maksmper configuration.
Although being reliant on an active control systénwould allow the BiVS
system to enjoy the flexibility to override the Pi&sponse if needed.
Investigate different ways of providing a passigsponse. This would ideally
reveal a controller configuration that is sensitiee pressure and ventricle
volume.
Redesign of both VADs to increase hydraulic efficig.  Following this, a
CFD and/or flow visualisation study of pulsing flalwrough both VADs to

isolate any areas of low flow. This may be pattdy necessary for the
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region between the upper shroud and the pump casiathaps this study will
recommend the removal of the upper shroud so tigaimpeller becomes fully

open.

8.2.2 Clinical Testing of the Vascular System

It is understood that many of the investigationghis section are complicated by

ethical issues. Since the modelling attempted dordpresentative of the human

circulation, accurate models will need clinical lamdata. Obtaining such data

would require highly intrusive and probably fataperimentation. Regardless of this,

future work has been listed in this section asnalication of the lack of knowledge

available regarding cardiac support — particulaskary BiVS.

Observations of mean ventricle volumes during hgattiirculation and then
after heart failure and subsequent rotary BiVS.isMill provide a clinical
study to repeat the numerical findings that inhereslume imbalance is
associated with the reduction in pulse.

Quantification of likely vascular pressure fluctoas during hypertension,
oedema, further failing of the left and right veeclgs, standing up and lying
down as well as breathing and the Valsalva maneaeuvr

Quantification of the vascular resistance, comgiamand geometry of the
human vasculature in both circuits. It is impotttrat testing be carried out
on a subject with heart failure as opposed to otk & healthy circulation
system as this will be representative of an appaippatient.

Selection of the inlet cannulation sites. Thi®igarticular concern for the
right heart as there are significant dangers i bght ventricular and right
atrial cannulation. The distance between the Rirowall and the septum is
small leaving little room for the cannula tip tcadr blood increasing the risk
of suction events. However, cannulation of thehtrigtrium also poses a
problem as device failure will result in the RVADRopiding a shunt between

the arterial system and the venous system.
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8.2.3 The Numerical Simulation

Development of the linear system

o Redefine the Clearance Decrement Functions sdltbgtreference the
clearance used during the experimental pump pedocamtests

o Employ the experimental LVAD and RVAD clearance psessure
head relationships to redefine the clearance sgpuinction.

0 Integrate the volume dependent ventricular andalattompliance
profiles into the system. This will simulate thenAlinear stress-strain
relationship as well as the elastic limit of theaogrdium.

0 Integrate the volume dependent compliance of attexnd venous
vessels into the model.

o Remodelling of the heart valves to include theinaiyic opening and
closing actions. This should allow the dicrotictaio to be more
accurately modelled in the healthy simulation.

Development of a robust non-linear solution aldgont This will allow the
non-linear pump performance curves and the effeictclearance on
performance to be fully coupled into the solutidgoathm.

The incorporation of a discretised heart modelstoasimulate the movement
of fluid through the ventricles and atria more aately. This will allow a
more accurate representation of the inertiancéerheart as well as allowing
simulations of the cannulation sites to be caraed

Carry out a comparative study of single VAD suppamt BiVAD support
using rotary pumps to quantify the relative susbdpy of suction events.
Due to the lack of data in the field of rotary BiW8s study will be useful as a

warning for groups beginning to develop such system
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10 Appendix

10.1Prototype Assembly, Component List and Assembly
Detail
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Bill of Parts

>

RVAD inlet A

RVAD bearing housing

RVAD pump casing *IE
— RVAD impeller EAE

RVAD lower shroud ERE

RVAD membrane mount A
RVYAD membrane mount B
Passive confroller shaft (con rod)
Pasive controller body 2

10 Passive controller body 1

11 Pump casing mount 2

12 LVAD membrane mount B

13 LVAD membrane mount A

NVCONO-UTAWRY —

— 14 LVAD lower shroud A
15 LVAD impeller *NE
16 LVAD pump casing HOE
17 LVAD bedaring housing
18 LYAD inlet EAF

c| 19 Pump casing mount 1

20 Passive controller inecr beaing
21 RVAD Impeller bearing

22 LVAD Impeller bearing

23 Impeller shaft female

24 Impeller shaft male

25 Position sensor location

*/\*
Manufactured with Rapid Prototyper

Notel: See drawing 1.2a for numbered part direction
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e Bill of Parts
APPV'D
F MG
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1 ‘ 2 ‘ 3 ‘ 4

b2

The Fuid Damper comprises of o modiﬁed micrometer with a non—+otating
spindle. The Micrometer is mounted to face, [*), machined on the side of part
10. (see Drawing 1.2, or part drawing P 10). The spindle then provides a means
of occluding a friangular section slot machined near the peripheral of the majol
circular face of part 10 SebeRe

A3 (%)
; I )
] Ol [o]
amilk < ||\\ [ )
A sl Micrometer f
spindle /
A3 7
= ' L DETAIL A s]
L SCALET:1

Triangular section slot

@10 counter-
/ bored hole for

m

Micrometer spindie -
A micrometer
[ spindle sedl

g
Nezzrzs2rt

DETAIL A_s2
SCALET 1

SECTION A3-A3

Notel: The micrometer spindle provides an adjustabkle occlusion
to regulate fluid flow through the triangular section ‘Damper’ hole.
Spindle occluder is shown in the partially open position

Note2: The micrometer will need to be located, [and sealed), so that the flat
face of the machined spindle prevents water legkgge around ifs side
l&o’regz /mocqﬂng Qleve o be r%onut%c’rureg fo |xﬂ’(r:}e m{crometfer ?o %he (*)
face and to hold the seal in place and
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LINEAF;

ANGULAR:

NARE SIGNATURE DATE TME
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Damper Assembly
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= %

I A5
g =1

Radially supported LT T H T2
rotating impeller Q “7 ?’é @ SECTION A5-A5
SCALE1.5:1

g B e

11 11
Part of floating assemb

Physical stop which limits
floating assembly from
hitting the impeller blades

a

Notel: Much of the floating assembly depicted in drawing 1.4 has been
-—lomitted for clarity

Note2: The machining of the lower shroud to obtdin this clearance between
the lower shroud and the impeller blade is the same for both VADs. This detail
shows only cne VAD for simplicity

Note3: Impellers are driven by the shaft by way of a forque fransmitting

washer between part 24 and the impeller. The washer is grips the plastic
impeller hub as the impeller shaft pieces are screwed together

m

UMLESS OTHER WISE SFECFIED: FINISH DEBUR AND
DIFENSIONS ARE IN RAILLMAETERS BREAK SHARP BORCTEEA LEDRAWING REVSION !
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SECTION A7-A7
) Cg;%gﬁ SCALE 1:2
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|| Circular exit rim of impeller
shroud
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SECTION A&-Ab

SCALE1:1
—|Notel: Either of the dimension marked with a (**) maybe adjusted to allow for
the cledarance indicated. The cledarance is between the upper rim of the
volute entrance of part P3 (RVAD), or P14 (LVAD), and the circular exit rim of
the impeller shroud, see detail (A7-A7).(not to be confused with the protruding
exit edge of the impeller blade).

Note2: This clearance specification is the same for pumps
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Notel: DImensions (**) are to be adjusted by the machinists from that given
in drawing P2 so as to all for the given clearances between the heads of the
impeller shaft male parts, (see P24), and the machined flats of the lower
shrouds, [see P5 and P14). Drawings P24, P5 and P14 give reference to this nots,.
— To be carried out once dll the parts have been made and assembled once
the detail on drawings 1.5 and 1.6 is added

Note2: Once this is achieved, 0.5 or 1.0mm shims can be used to space the
passive controller body components apart (parts 2 and 10) so as to increase
the clearances on either side from 0.5mm to 0.75mm or 1.0mm

m
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10.2Tables of Vascular Parameters

Table 10-1: Early Vascular Parameters from GeneraCirculation Model.

Numerical Program Vascular Parameters Prior to Validation

Cardiovascular Sub-unit

10-280

FA R PA Lungs [PV LA, LW H. Aorta  |L Aaorta  [Head Arms  |Body Legs Vena Cava
Resistance ~1000 | Ararial 40 750 9a0 a75 975
(rmm Hy siml) [venaus | —- | | " 80 B TR | =8 2300 | 2000 | 1950 [ 1980 =8
Compliance  |Aderial 3.2 16 1.8 15 1.8
mimm Hg)  [Vanaus 76860 (7524 56 = 30 |80-11.1({ 8016 1.45 13 2 E T e G 100
Inductance Arterial UpDtd UpDtd UpDtd | UpDtd | UpDtd
UpDtd | UpDtd | UpDtd UpDtd | UpDtd | UpDtd | UpDtd LpDitd
(mm.Hg.'2/ml) [Venous | ~" i P pota | P i i i UpDtd | UpDtd | UpDtd | UpDtd | ¢
Ciameter +1000 |Arerial 150 g0 40 40 50
() “enous - =8 = 150 = i 40 = an 40 40 50 -
Key: “ascular sub-unit not recognised
UpDtd Updated every time step
Table 10-2: Employed Vascular Parameters for the MC Simulations.
Numerical Program Vascular Parameters for MCL Simulation
Cardiovascular Sub-unit
LwiaD and |RVAD and
R, R PA, Lungs |PY LA LY H. Aorta  [L Aorta |Head Arns. |Body Legs “ena Cava [Cannulae |Cannulae
Resistance = 1000 |Arnerial 1] i | 890 |9.0E+D5[9.0E+05[9.0E+HIS
(rarm.Hg.siml) |Wenous BS o - 0.1 - B ] i 0.1 9.0E+D5(9.0E+D5(8.0E+D5 - i
Compliance Arterial 4.07- 0.1 1.08- 0.1 0.1 0.1 01
(rmlfram.Hyl  |Wenous 56.25 86.25 4 0.1 ® el 50.00 18 0.1 0.1 0.1 0.1 - 01 0
Inductance = 1000 |Arterial 0 0 0 0 0
(mm.Hg.=2/ml) [Venous 59 6B 67 .5 ] 22 54 7.1 a7 i ] 0 i 263 44 .4 444
|Key: Vascular sub-unit not recognised




Table 10-3: Employed Vascular Parameters for the Homan Simulations.

Numerical Program Vascular Parameters for Human Simulation

Cardiovascular Sub-unit

LvAD and [RWAD and
R4, Ry P& Lungs  [PY LA, Ly H. Aorta [L Aorta |Head Arrms Body Legs “ena Cava [Cannulae |Cannulae
Resistance = 1000 )Areral 40 314 270 158 173
T e— 15 158 25 a0 15 15 15 7ad =0 450 EoE E3E 150 0.1-9.0E5 | 0.1-2.0E5
Compliance  |Arerial a0- 3.00- 18 ] 4 20- 0.73- 15 72 78 78 78 18 a4 01
imémm.Hgy  |Wenous | 57 60 | 72.00 ; 12 5760 | 72.00 : 132 18.5 215 235 i :
Arterial 100 g0 40 40 g0
D {mm) e B0 B0 25 180 25 BO BO 22 a0 a0 a0 = 25 10 10
|Key: :]Vascular sub-unit not recognised

Table 10-4: Employed Vascular Parameters for Health Human Simulations Including the Example Inertiane Calculated at the End of Systole.
Numerical Program Vascular Parameters for Human Circulation
Cardiovascular Sub-unit

A R PA Lungs [PV LA, [ H. Aorta  |L. Aorta  |Head Arms  |Body Legs “ena Cava

O e [ | 5 ] @ ||| m I
frsl':,”nf'r'naﬁcg'j ﬂgﬁ;‘:'s 7560 | 7524 | £6 3'52 30 [8011.1|80-16 | 145 212 ;ig ;ig ;ig 100
(m'rTIjZ‘_asfgfm” ﬂgrf;'ua's 0.0002 | 0.0002 | 4E-05 ?:?SE:SE 0.0013|0.0002 | 0.0001| 00083 g:gggl g:gg;g g:gg;j g:gg?g 0012
Dunes 0 [ | 5 | 5 | % |2 | v |0 |0 | = EE R EE oy
‘Key: [ ]vascular sub-unit not recognised

10-281






