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Abstract

Left Ventricular Assist Device (LVAD) is a pump tha designed
to provide life support to patients with end stagart failure. In
an effort to ensure the safety of LVAD, the pumpimgchanics
must not exert excessive stress on the blood oolysis would
occur. This study investigates the effects of chambvall's
elasticity (isotropic) from common materials on ddoflow in a
LVAD, especially the shear stress resulted therEire materials
considered are titanium, diamond-like carbon (DLQ);
methacryloyloxyethyl phosphorylcholine (MPC) polymer
segmented polyurethane (SPU), polyurethane (PEWQ) a
material with properties corresponding to bloodsets, which is
used as the reference. The study employs a FluidctBte
Interaction (FSI) simulation software suite to cleup
Computational Fluid Dynamics (CFD) with mechanical
simulation (ANSYS). The test system is a centrifyganp based
on a 2012-Jarvik Patent. The flow through the pusngriven by
an impeller rotating at set speed to achieve asptdslood flow-
rate. The results show that there is no signifiadifference in
turbulent dissipation rate among the different charwall
materials, with PEU giving closest figure to thedad vessels’. On
the other hand, regarding wall shear stress whicmiimportant
factor in hemolysis, titanium, DLC and SPU resultsimilar
maximum values, whereas MPC, PEU and blood vessirig@ia
give noticeably lower ones.

Introduction

End-stage (Stage D) Heart Failure is an incuraldeage which
plagues the population of developed worlds with adarming
estimated of 1 death every 12 minutes in Austrdlla LVAD
gives patients with end stage heart failure a seotance in the
event that organ transplantation is not a viabteapEven though
the device is designed to provide life support iamgrovement of
lifestyle for the patient, there are risks predarthe operation of
these device. Blood flow within the human body gty complex
as the fluid is of non-Newtonian nature and dutht&onumerous
types and number of particles present. An impoxtantponent of
the human blood includes haemoglobins which arengiss in
transporting oxygen to organs across the body. ldgesis is the
destruction of these haemoglobins which can comzesrorgans'
function. It is a common fact all types of pumpsrxsome degree
of stress on the fluid. In the case of human bldloel stress exerted
by the pump could cause haemolysis, resulting iaver
consequences to the patient and possibly heavijitiafor the
manufacturers of the particular LVAD system.

In an effort to ensure the safety of the LVAD, themping
mechanism must not exert excess amount of stresiseoblood
for haemolysis to occur [2]. At the same timesiimpractical and
potentially dangerous to perform medical trials fbe LVAD

without the proper calculations performed. Fluid @omation in
the form of Computerised Fluid Dynamics is a prowsgthod to

ensure pump designs operate within safe perimefdrs is
evident in studies conducted by Carswell [3], Lih §d Fraser
[5] which utilised CFD software to optimise the idgsof pumps
and developing blood damage models.

In this study, we will attempt to determine whichrfacing
material [6] can minimise the stress and turbulewi@in the
LVAD chamber through its surface compliant propeti7]. The
outcome of this project can help aid LVAD pump desand
material selection.

Methodology

Computation method is used; and the commercial sofw
package CFX of Ansys is employed. The nature ofiimeilation
is to observe the elastic response of the chandhbitomd flows
through. This is accomplished via a computationhoetcalled
Fluid Structure Interaction (FSI), which couplesadid structural
solver with a CFD specialised counterpart. Ansyskiench was
the software suite used to perform these compusititue to its
simplicity in operation, robustness and popularity.

The model of the Pump Chamber and Impeller weretaacted
in SolidWorks and its design was based on the Kaqraient [8].
The CAD model components can be seen in Figureole that
the inlet and outlet caps are fluid domains cors#d purely for
the purpose of filling the inside of the pump wiiids in Design
Modeller (DM).
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Figure 1. Exploded view of the pump chamber anceifepconstructed in
SolidWorks (right) Fluid body generated in Ansys Dlieft)

Ansys Workbench provides a variety of ways to cartstcustom
simulation systems, in this case of a 2-way FSIuktion was
used. The simulation for each chamber materigstet! over a 5
second period with times steps of 0.1s. The finedmof the fluid
domain consist of around 23,000 nodes and 110,080egts.
While the mesh generated for the solid domain (llapand pump
chamber) has roughly 39,000 nodes and 20,000 etsm&he
most notable addition in the system were the iimerof the
‘Fluid-Solid Interface’ (not to be confused with llF&hich is the
linking parameters for CFX to recognise which faseupdaries)
of the solid is touched by the fluid domain. Thamre 2 such
interfaces created: one for the pump chamber ssfand the
other for the impeller surfaces. The reason fostaration of the



2 interfaces are quite straight forward, the imgrels given an
angular velocity (2500 rpm) and rotates relativahe frame of
reference of pump chamber which remains statiottangughout
the simulation.

Figure 3. Boundaries defined in CFX

The main simulation is prepared in CFX, this inckidie
generation of the fluid mesh, CFX-pre setup. Thampaters of
Fluid Domain are defined within the CFX-pre whiclclirdes the
initial conditions, boundaries locations (Figure, 3nesh
deformation of the impeller FSI (set to match thens angular
velocity of 2500rpm, which corresponds to the sapeed the
impeller is set to in the Ansys Solver), turbulemeedel and FSI
coupling settings. Global initial conditions for lweity and
relative pressure is set to 0 while the inlet baugds given a
0.106kg/s flow rate (6L/min, assuming blood hasahthe same
density as water) to simulate nominal blood flow. [The
turbulence model used for this simulation is Si8teess Transport
which is a combination of k-omega for close watbtuence and
k-epsilon for open space turbulence [10]. The mqutelides
more flexibility and robustness than simply usinggsilon or k-
omega exclusively. FSI coupling is set to complyhwhAnsys
Multi-field matches the appropriate FSI definedthe Ansys
Solver which completes the coupling of the sol¥er. validation,
a convergence criteria with residual target of Was applied to
ensure the results are valid.

Choice of materials is based on Sin’s review artjée which
presented a comprehensive list of popular VAD nigteused in
contemporary devices. The material data comes ljarijem
academic sources, specifically journal articlesohhinvestigated
the properties of the material or have used thatetd performed
CFD computations. Other data which are missing famademic
sources are gathered from online source wherelgesBiue to the
general lack of elastic data for materials like DUGPC and
specific types of PEU, only isotropic elastic data inputted into
the simulation. For consistency, only the mater@ahposition for
the pump chamber was interchanged, while the irpedimained
titanium throughout the simulation. This is donedese we are
only interested in the effects of the different emitls of the
chamber wall and not the impeller. Additionallyrteén materials
such as the polymers may not be mechanically daifabthe role
of the impeller. The material data used for thisidation are
shown below.

Property Value Unit
Density 4.506 glch
Young's Modulus 1.16E+05 MPa
Poisson's Ratio 0.32 n/a

Table 1. Elastic properties of titanium used fonsiation[11]

Property Value Unit

Density 2.6 g/crh
Young's Modulus 7.59E+05 MPa
Poisson's Ratio 0.17 n/a

Table 2. Elastic properties of DLC used for simolaf12, 13]

Property Value Unit

Density 1.2 glcrh
Young's Modulus 125 MPa
Poisson's Ratio 0.48 n/a

Table 3. Elastic properties of MPC used for simaref14]

Property Value Unit

Density 1.2252 g/cin
Young's Modulus 3.17 MPa
Poisson's Ratio 0.49 n/a

Table 4. Elastic properties of PEU used for sinaieft1 5]

Property Value Unit

Density 1.2252 glcin
Young's Modulus 50 MPa
Poisson's Ratio 0.49 n/a

Table 5. Elastic properties of SPU used for siniteffL 6]

Property Value Unit
Density 1.05 g/ch
Young's Modulus 0.4 MPa
Poisson's Ratio 0.49 n/a

Table 6. Elastic properties of blood vessels usedifnulation9]
Turbulence Eddy Dissipation Rate

Eddy Dissipation is a measure of the rate wheretiyutent kinetic

energy is reduced and transferred into other bogiesh as the
chamber material) or dissipated into heat in nothisrmal flow

as the fluid flows through the pump. This particut'asurement
can imply how well a material is at absorbing thibulent energy,
returning the fluid flow to a less turbulent stalerefore the
higher the dissipation rate, the better the mdtexifor reducing

turbulence, creating a more steady flow.
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Figure 4. Maximum turbulence Eddy dissipation ofimas materials
(higher the better)
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Figure 5. The Eddy Dissipation percentage diffeeetacblood vessel
(lower means behaving closer to a blood vessel)

To allow for a better level of comparison, the mate were
compared to the human blood vessel where the pagen
difference is calculated. From the results of theugation, we



can see that there is not a huge difference betteedissipation
rates of the various materials (figure 5). Unswsipgly, blood
vessel exhibited the higher rate of dissipatiogu(fe 4). In this
simulation we also see that all the materials ctaiy close to
exhibiting the same quality as the blood vessetjqaarly PEU
tends to be the closest to blood vessels at dissjpurbulence
with a difference of 3.8%.

Relationship between Bulk Modulus of Elasticity and
Turbulent Dissipation Rate

Using the relationship the between the Young MosgluRoisson’s
ratio and Bulk Modulus of Elasticity:

E =3K(1 - 2v) 1)

Where E is Young’'s Modulus, v is Poisson Ratio anstagids for
the Bulk Modulus. We can express the various maserdastic
behaviour as Bulk Modulus, which represents the rad$e
resistance to compression which is expressed bgtieq?.

dP
K=-vZ @)

Where P is pressure and V is volume. The compriégsitsf the
material means that external pressure or forcealt@merbed by the
material which may affect the turbulence dissipatate. Through
the conversion to bulk modulus and graphing it @sfaithe
turbulent dissipation of various materials, we abée to examine
the trend the modulus has on the turbulence dissipeate.

Materials Young's Modulus Poi;son Bulk Modulus

(E, MPa) Ratio (v) (K, MPa)
Pure titanium 116000 0.32 107407.41
DLC 759000 0.17 383333.03
MPC 125 0.48 1041.67
PEU S1 grade 3.17 0.49 52.83
SPU 50 0.49 833.33
Blood vessel 0.4 0.49 6.67

Table 7. The Bulk modulus of each material

According to the graph in Figure 6, we see thatetlie a general
trend where the lower the bulk modulus, the higtiesipation rate
was experienced by the pump chamber. However fiferefice
between the highest and lowest dissipation raté the order of
roughly 0.4% which could be below the computatiarabdrs. This
could indicate that there are hardly any differenagarding the
effects of the bulk modulus of elasticity on thegipation rate of
turbulence (and if there are any, they would bg genall).
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Figure 6. Comparing Bulk modulus to the max eddgigiation rate
Wall Shear Stress

Wall Shear Stress is an indication of how much steteess
(expressed in Pascals) is developed as the flaictls along the
wall of the impeller chamber. Higher stresses anetbped when
fluid flows at an angle to the chamber wall rattien travelling
in parallel path. Although there are many factolsclv can lead
to Wall Shear being developed, in this simulatioa are only

concerned if the elasticity of the material canphetduce this
stress due to its ability to reduce turbulent flow.
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Figure 7. Area of highest wall shear stress

Wall Shear Stress is an important factor associatgth
haemolysis. As blood cells travels inside the pustgar stress
which is too high can cause the blood cells toutgptesulting in
the destruction of the cells and lowering the capaat which
oxygen can be transported and distributed across bibdy.
According to the contour render from the resultthefsimulation,
the concentration of wall shear stress appearb@nvall nearest
to the impeller blade (indicated in Figure 7), whis an expected
result as shear stress should be highest in theaoofned spaces
between the impeller blade and the wall. Using rttredering
results we were able to record and compare the mari wall
shear stresses (Figure 8) of the various chambéerima and
display them as graphs. Based on the data compaf@on
Maximum Wall Shear Stresses, Titanium, DLC and SRU a
exhibited similar stress levels, while MPC, PEU Bitabd Vessel
are noticeably lower at 61.96, 61.89 and 61.69 é3aactively.
Again, this demonstrates that there is a genesabtwhere wall
shear stress decreases in response to a lower rbodlulus
(excluding SPU), however it should be noted thatrtinfluence
is rather small. It should be taken into accouat these figures
are based solely on the Chamber Wall (where théngpataterial
usually lies) and excludes the wall shear stresshenimpeller
surfaces, which is considerably higher at rougléi§ Pa across all
simulations.

The data generated in the FSI simulation, whiclk iot account
of the effects of elasticity shows that all matisriare well above
the threshold cell damage of 30 Pa [17] but wellowethe

occurrence of haemolysis at roughly 150 - 400 Fa However
if you take into account of the shear stress preduby the
impeller, it will most definitely cause haemolysis the long run.
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Figure 8. Maximum wall shear in pump chamber (lotherbetter)



In comparison to a study done by Day [18], who piztl
stresses near the impeller to be around 300 Pelaedhere in
the pump to be roughly 30 Pa. Our results weredright within
the same significant figures. This could be attelto the
different blade design and a lower impeller’s natatspeed in
their work (2100RPM versus our 2500RPM).

Conclusions

This investigation demonstrates that the elastip@rties of wall
materials have only a small effect on the turbudenod shear
stresses in the flow through an LVAD. Across thadations,
there are indications that as the blood travelgtbe walls of the
centrifugal pump, no substantial damage occurs. é¥ew the
results do not take into account of wall shearsstien the surface
of the impeller; impeller-induced shear stressairgé and would
cause haemolysis. The high impeller-induced sheesssis most
likely caused by the design of the impeller anddrgeems very
little the elasticity of a material can alter that.

The investigation indicates that turbulent dissgratate increases
with lower bulk modulus of elasticity of wall maia; however
the changes are small. It has also been foundjtimegrally a lower
bulk modulus also results in a lower wall sheaessr Again,
overall changes are marginal and may not causegrafisant
difference in reducing damage to blood cells.

The findings in this study can hopefully point freéuesearch in
the right direction; showing that as elasticity bal/ a small effect
on dissipation rate and wall shear stress, othmpgsties such as
viscoelasticity should be considered. That is,reistudies should
concentrate more on the effects of materials’ \atastic
properties, especially with more recent materiathsas DLC and
MPC. However, a potential issue would be the gérlack of
relevant data on such materials.
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Nomenclature

CAD  Computer Aided Drawings
CFD Computational Fluid Dynamics
DLC Diamond-Like Carbon

DM Design Modeller (of Ansys)
FSI Fluid—Structure interaction
LVAD Left Ventricular Assist Device

MPC  2-Methacryloyloxyethyl Phosphorylcholine Polyme
PEU Polyurethane
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