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Total Artificial Heart Computational Fluid Dynamics: Modeling
of Stator Bore Design Effects on Journal-Bearing Performance
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Cleveland Clinic’s continuous-flow total artificial heart
(CFTAH) is a double-ended centrifugal blood pump that has
a single rotating assembly with an embedded magnet, which
is axially and radially suspended by a balance of magnetic
and hydrodynamic forces. The key to the radial suspension
is a radial offset between the stator bearing bore and the
magnet’s steel laminations. This offset applies a radial mag-
netic force, which is balanced by a hydrodynamic force as
the rotating assembly moves to a “force-balanced” radial
position. The journal-bearing blood passage is a narrow flow
path between the left and right impellers. The intent of this
study was to determine the impact of the stator-bearing bore
radius on the journal-bearing hydraulic performance while
satisfying the geometric design constraints imposed by the
pump and motor configuration. Electromagnetic forces on
the journal bearing were calculated using the ANSYS EMAG
program, Version 18 (ANSYS, Canonsburg, PA). ANSYS CFX
Version 19.2 was then used to model the journal-bearing
flow paths of the most recent design of the CFTAH. A tran-
sient, moving mesh approach was used to locate the steady
state, force-balanced position of the rotating assembly. The
blood was modeled as a non-Newtonian fluid. The compu-
tational fluid dynamics simulations showed that by increas-
ing stator bore radius, rotor power, stator wall average shear
stress, and blood residence time in journal-bearing decrease,
while blood net flow rate through the bearing increases. The
results were used to select a new bearing design that pro-
vides an improved performance compared with the baseline
design. The performance of the new CFTAH-bearing design
will be confirmed through upcoming in vitro and in vivo test-
ing. ASAIO Journal 2022; 68;655-662
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Heart failure (HF) is a serious healthcare issue, affecting more
than 20 million people worldwide,'* and is a primary contrib-
utor to cardiovascular mortality. In the United States alone, by
2030, > 8 million people (1 in every 33) are projected to have
HF. The prevalence of advanced-stage heart disease is rising
rapidly, affecting more of elderly Americans hospitalized for
HF than for any other medical condition.* Heart transplanta-
tion can provide a remarkable improvement in quality of life
and survival in selected patients with end-stage HFE*°> but a
shortage of donor hearts will always limit this option.

Technologies intended for durable mechanical circulatory
support (MCS) are considered as replacement therapy for
advanced-stage cardiac disease because of the lack of organ
donation. The recent success of continuous-flow (CF) circu-
latory support devices has led to the growing acceptance of
these devices as a viable therapeutic option for end-stage HF
patients who are not responsive to any existing drug or elec-
trophysiologic treatment.® The modern, CF MCS-based therapy
is realized as an implantation of a blood pump with a rotor
bearing necessary to ensure its reliability during extended
operation.” Due to their simple structure and low power con-
sumption, blood pumps with hydrodynamic bearings are mak-
ing their way into clinical applications. Such hydrodynamically
suspended rotary blood pumps with noncontact bearings are
particularly effective at enhancing blood compatibility.”8

Cleveland Clinic’s CF total artificial heart (CFTAH) is a dou-
ble-ended centrifugal blood pump and is composed of a single
rotating assembly. The right impeller sends the blood coming
from the body through the right atrium to the lungs. The left
impeller receives the oxygenated blood from the lungs through
the left atrium and pumps it throughout the body. The jour-
nal-bearing blood passage is a thin, cylindrical region with a
nominal radial clearance of 0.004 inches that connects the left
and right impeller regions (Figure 1). Its role is to support the
rotating assembly and to provide the hydraulic radial force for
the hydrodynamic bearing.?

The left impeller is composed of six primary and six smaller
splitter blades and provides a hydraulic pressure head of 60 to
110 mmHg over its operating range which is 3 to 8 L/min. The
right impeller has seven primary blades without splitters, and it
supplies a hydraulic pressure head of 20 to 40 mmHg.

The rotating assembly has an embedded magnet that is
shorter than the motor’s steel laminations.' This difference in
length allows a degree of free axial movement in the direction
of net axial force that is primarily caused by an imbalance of
pump inlet (atrial) pressures. The range of relatively free axial
movement is bounded by increasing magnetic axial stiffness,
which acts to restrain excess movement of the rotor. An aper-
ture that opens and closes with axial movement of the rotor
connects the right pump impeller section with the right volute.
The aperture allows the rotating assembly to move axially to a
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A Stator windings
steel laminations
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Journal-bearing blood
passage

Figure 1. CFTAH100 design. (A) Cross section showing main components; (B) blood passage including the thin connecting journal-bearing flow

path. CFTAH, continuous-flow total artificial heart.

magnetic/hydraulic “force-balanced” axial position."" This self-
pressure regulation of the pump through automatic adjustment
of the aperture has been reported previously.'

The focus of the current work is the radial suspension of
the rotating assembly. The rotating assembly derives lift from
its own motion, creating a hydrodynamic bearing force that
requires stabilization. The key to the radial stabilization is a
radial offset between the stator-bearing bore and the motor
winding’s steel laminations. This offset applies a radial mag-
netic force that counteracts the hydrodynamic force as the
rotating assembly moves to a “force-balanced” radial position
(Figure 2).

:direction of magnetic +7
load on rotor
AB: stator-lamination offset

AC: distance between steel
and magnet centers

center of rotating
assembly o

Cleveland Clinic has built and tested an earlier design, the
CFTAHO080, whose journal-bearing design was found accept-
able in terms of hydrodynamic stability and biocompatibility.'
However, the CFTAH080 had a lower-than-desired axial stiff-
ness and, correspondingly, higher-than-desired axial travel.
Therefore, a new design, the CFTAH100, which has a similar
bearing configuration as the CFTAH080, was proposed. The
CFTAH100 incorporates a new stacked magnet that offers an
increased axial magnetic stiffness. However, the radial mag-
netic stiffness of the CFTAH100 is reduced due to the gap
between the split magnets and an overall shorter total magnet
length.'> A lower radial magnetic stiffness increases the risk of

center of steel stator laminations

Fpae = Magnetic Force
acting on rotor

Fpyq= Hydraulic Force
acting on rotor

B
center of stator
bearing bore

Baseline nominal radial gap between rotor and stator surfaces= 0.004 inch
Baseline stator-lamination offset (AB)= 0.008 inch

Figure 2. lllustration of continuous-flow total artificial heart (CFTAH) journal-bearing force-balanced angular relationships.
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rotor instability (the rotor bouncing around within the bearing
clearance), causing reliability issues and potentially reduced
biocompatibility.

To improve the stability of the CFTAH100, two parameters
were identified: lamination-stator offset and bearing radial
clearance. A larger lamination-stator offset results in a higher
magnetic force, hence improved stability. Moreover, higher
radial clearance makes the rotor assembly more stable by
lowering the potential of the hydrodynamic lift surpassing the
magnetic load. Therefore, the goals of this study were to first
determine a lamination-stator offset to radially stabilize the
rotating assembly, and then to evaluate the impact of differ-
ent radial clearances on the bearing’s overall performance. As
the CFTAHO080 journal-bearing performance was radially stable
and provided the desired hydraulic performance and biocom-
patibility, it was used as a reference point for the current study.

Methods

Electromagnetics Model

The ANSYS EMAG Version 18 program (ANSYS, Canonsburg,
PA) was used to simulate the magnetic field in the CFTAH100
pump. The three-dimensional finite element model of the dual
rotor and stator motor allowed the rotor to rotate and to move
radially independent of the stator, which allowed us to deter-
mine the magnetic rotor stiffness. A mesh study was conducted
on a prior CFTAH design which had a longer magnet length
compared with CFTAH100."" This study showed that increas-
ing the number of elements from 148,188 elements to 541,902
resulted in less than 5% variation in force and torque. Based
on this study, a finite element model composed of 308,000
hexahedral elements was generated for CFTAH100. Due to
the strength of the rare earth magnets, the material model for
the permeable components (iron) accounted for the field satu-
ration in the iron. The rare earth magnets need only a linear

A rotor with magnetized,  stator lamination
alternating poles /
\ /
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material model. The direction of the modeled magnetization
corresponded to the parallel magnetization of the physical per-
manent magnet.

As the rotor was displaced, the magnet field was also shifted.
Sufficient air (free space) outside the pump was also modeled
to account for the effect of the magnetic field leakage at all the
faces of the pump that could most affect the radial stiffness cal-
culation. The finite element mesh in the air gap was composed
of hexahedral elements positioned in such a manner that the
rotor displacement (increasing the radial gap on one side of the
rotor while decreasing the gap on the opposite side) would not
result in distorted elements.

Figure 3A shows the magnetic flux density of the motor for the
centered position of the rotor. A detailed view of the field for the
rotor at the maximum 0.014 inches radial displacement is also
shown in Figure 3B (the range of flux density was adjusted in
order to clearly illustrate the differences of flux density between
the right and the left side of the figure). The radial displacement
allows the field on the side of the rotor with the decreased gap
to be increased, with an associated increase of force, while the
opposite side experiences a decreased field with a lower force.
Such a differential results in a net force pulling the rotor in the
direction to further decrease the gap. The radial displacement
does not significantly change the direction of the net force but
does result in an increase in net force. Since the magnetic proper-
ties remain basically linear, the net force is also essentially linear.
Using a radial displacement of 0.014 inches, the resulting mag-
netic radial stiffness is determined to be 680 N/inch (Figure 4).

Computational Fluid Dynamics Model

The ANSYS CFX Version 19.2 program (ANSYS, Canonsburg,
PA) was used to model the journal-bearing flow paths. In the
previous computational fluid dynamics (CFD) studies of the
entire CFTAH100 pump blood flow path, the forces acting
within the journal-bearing region accounted for more than

B increased flux
density on the side
with smaller gap

Flux density (T)

0

.13901
.27802
.41704
.55605
69506
.83407
.97309
1.1121

1.25111

gap increased gap decreased

Figure 3. Magnetic field of the motor. (A) Rotor at the centered position with respect to the stator; (B) rotor moved radially from the centered position

by 0.014 inches.
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Figure 4. Motor radial magnetic force vs. radial offset.

90% of the radial hydraulic forces. Leveraging this knowledge,
the journal-bearing fluid volume was extracted from the three-
dimensional geometry of CFTAH100 and modeled for these
studies. The ANSYS-Meshing program was used to create a
hexahedral mesh. A mesh study was required to ensure that
CFD results are independent of mesh refinement. Therefore, the
mesh was refined in the computational grids from mesh M1 to
mesh M4 by doubling the number of elements in each direction
(axial, radial, and circumferential) for every refinement step.

Table 1 presents the variation of hydraulic forces, average
stator wall shear stress and rotor displacement relative to bear-
ing bore axis at forced-balanced position with mesh refine-
ment. Based on this study, mesh M3 with 528,000 elements,
including 11 elements across the journal-bearing fluid gap,
was selected, as it provided the same force-balanced position
of the rotor as the most-refined mesh M4. The blood was mod-
eled as a non-Newtonian fluid,"*'® with a viscosity of 3.5 cP at
a shear strain rate of 40,000s". The density of the blood was
assumed to be 1,060kg/m*. A nominal pressure difference of
20 mmHg, based upon previous CFTAH100 full pump CFD
modeling results, was applied across the bearing."!

Table 1. Continuous-Flow Total Artificial Heart Journal-Bearing
Computational Fluid Dynamics Mesh Study

Mesh M1 Mesh M2 Mesh M3 Mesh M4

Number of elements 9,000 72,000 528,000 4,224,000

Hydraulic force-X 0.80 0.81 0.80 0.80
component (N)

Hydraulic force-Z 8.80 8.81 8.80 8.80
component (N)

Stator wall average wall 1,327 1,334 1,327 1,325

shear stress (dyne/cm?)

Rotor displacement
relative to bearing
bore axis at forced-
balanced position in X
direction (in)

Rotor displacement
relative to bearing
bore axis at forced-
balanced position in Z
direction (in)

0.00130 0.00119 0.00118 0.00118

0.000401 0.000352 0.000360 0.000360
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A Analytical Solution
—CFD Solution
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Figure 5. Circumferential velocity between two concentric cylinders

with inner cylinder rotating around the axis of the cylinder-analytical
solution vs. computational fluid dynamics (CFD).

The CFD model of journal bearing was verified by compar-
ing CFD results with an analytical solution of flow between
two long concentric rotating cylinders.'” The CFD model used
for analytical comparison was composed of two concentric
cylindrical walls with the inner wall rotating around the axis
of the cylinder. Symmetry boundary conditions were assigned
to both ends of the cylinders to prevent introducing end-wall
effects. The working fluid was set to blood with a constant vis-
cosity of 3.5 cP and a density of 1,060kg/m*. Mesh resolu-
tion, CFD solver parameters and convergence criteria of the
verification model were identical to those of CFTAH100 CFD
model. The CFD results for circumferential velocity in the gap
(Figure 5) as well as wall shear stresses and torques matched
very well with analytical solution (Table 2).

The journal-bearing model created in ANSYS consisted of
the rotor wall spinning around a fixed axis and radially moving
stator walls. This motion is opposite the actual bearing motion,
with fixed stator walls and spinning rotor walls moving inward/
outward. However, this approach simplified the CFD model-
ing, allowing for the computational domain to spin around
a fixed axis. A transient, moving mesh approach was used to
locate the steady state, force-balanced position of the rotating
assembly. A set of user-defined expressions using CFX expres-
sion language was used to update the radial position of stator
walls until a “force-balanced” position was reached.

To improve the performance of the CFTAH100 journal bear-
ing, the radial lamination-stator offset was modified so that the
main characteristics of the successful CFTAHO80 bearing, in
terms of pressure loads, wall shear stress, and flow residence
time, were replicated with the new CFTAH100 design. For
comparison with the previous CFTAH080-bearing simulation

Table 2. Flow Between Two Concentric Rotating Cylinders-
Comparison Between Analytical Solution and Computational Fluid
Dynamics

Inner Cylinder Outer Cylinder
Wall Shear Stress Wall Shear Stress Torque

(dyne/cm?) (dyne/cm?) (0z.in)
Analytical solution 1,408 1,429 7.5
CFD solution 1,408 1,429 7.5
Difference 0% 0% 0%

Copyright © ASAIO 2021
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results, the pump’s nominal rotational speed of 2,800 rpm and
peak rotational speed of 3,600 rpm were again selected for the
current models. Using the new lamination-stator offset, the
influence of bearing clearance on rotor power and the main
characteristics of the bearing blood flow were investigated.

Experimental measurements cannot be performed in the thin
blood flow path of journal bearing because of its configura-
tion and location. Therefore, to ensure equivalency of the bear-
ing parameters, the same CFD method was used to design the
bearings for the CFTAH080 and CFTAH100 pumps and their
prior designs. The coupled EMAG/CFD full pump model of a
precedent design of CFTAHO80 was verified against experi-
mental data."

Results

In this study, the lamination-stator offset of the CFTAH100
was increased from the original value of 0.008 inches in the
CFTAHO080 to 0.0133 inches. Further increases in the lam-
ination-stator offset are bounded by fabrication constraints.
Figure 6A shows the static pressures on the stator walls for the
CFTAHO080 and CFTAHT00 designs with the two aforemen-
tioned offset values. The CFTAH100 with the original CFTAH080
offset of 0.008 inches was too lightly loaded and therefore sus-
ceptible to radial instability. Increasing the lamination-stator

CFTAHO80
(1150 N/in,0.008” offset)

1
[mm Hg)

Wall Shear Stress Dynecm2
3319
2901
2663
2335
2007
1679
1350
1022
694
366
38

Tresk

[s]

Figure 6. CFTAH080 vs. CFTAH100. (

CFTAH100
(680 N/in, 0.008> offset)
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offset to 0.0133 inches resulted in an increased radial loading
on the stator, closely matching the original CFTAHO080 results,
and providing improved hydrodynamic stability.

Patterns in wall shear stress can indicate regions that are
susceptible to hemolysis or thrombus formation. The stator
wall shear stresses are compared for the three cases mod-
eled with differing lamination-stator offsets (Figure 6B).
This figure shows that wall shear stress distribution of the
CFTAH100 with the new, larger offset of 0.0133 inches
closely matches that of the CFTAH080 with its smaller 0.008
inches offset.

Likewise, Figure 6C compares the flow residence time for
the three simulated cases. By increasing the lamination-stator
offset to 0.0133 inches, residence time for the CFTAH100 was
reduced by 30% and closely matched that of the CFTAH080
design.

With the new lamination-stator offset of 0.0133 inches,
the radial clearance of the CFTAH100 was varied from 0.003
inches to 0.007 inches for the pump running at a rotational
speed of 2,800 rpm. The nominal clearance for the CFTAH080
design was 0.004 inches.

Bearing power loss is shown in Figure 7A. At a constant
pump rotational speed, the bearing power loss decreases with
the increase in the nominal radial clearance. This results in the
generation of less heat within the fluid film of blood.

CFTAH100
(680 N/in,0.0133” offset)

A

A) static pressures on the stator walls; (B) wall shear stress on the stator walls; and (C) blood flow residence

time on a surface offset from the stator waII CFTAH, continuous-flow total artificial heart.
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Figure 7. Effect of nominal radial clearance and pump rotational speed, Part 1 of 2: (A) journal-bearing power loss (P

dence time in journal bearing (Tr); and (C) net blood flow rate through journal

Figure 7B shows that at a constant pump rotational speed
with increasing nominal radial clearance, maximum residence
time decreases. This is advantageous, because the blood is
exposed to the elevated bearing shear stress levels for a shorter
duration, thus reducing the likelihood of hemolysis.'®

Figure 7C illustrates that at a constant pump rotational speed,
bearing axial shunt flow increases as nominal radial clearance
increases. Flow rate in the bearing is small, but increased flow

>
B
3

T ave (dyne/cm?)
=]
8

(B) blood maximum resi-

Ioss) ’

bearing (Q).

rate is good for improved bearing washout and reducing the
potential for thrombus formation.

Stator wall average and maximum shear stresses are illus-
trated in Figure 8. The average wall shear stress decreases with
increasing nominal radial clearance. However, the maximum
wall shear is minimized with a nominal radial clearance of
0.004 inches at 2,800rpm. A higher wall shear stress could
increase the potential of hemolysis.

-~ CFTAH100-2800rpm-0.0133in-680N/in
=&~ CFTAH100-3600rpm-0.0133in-680N/in
= CFTAHO080-2800rpm-0.008in-1150N/in
== CFTAHO080-3600rpm-0.008in-1150N/in

600
0.003 0.004 0.005 0.006 0.007
B 4000
<
g. 3600
g5
A
3200
0.003 0.004 0.005 0.006 0.007

Radial Clearance (inch)

Figure 8. Effect of nominal radial clearance and pump rotational speed, Part 2 of 2: (A) stator wall average shear stress (T, ) and (B) stator wall

maximum shear stress (T,

max) :
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Figures 7 and 8 also compare performance of the CFTAH100
with 0.0133 inches lamination-stator offset at 0.004, 0.005,
and 0.006 inches clearance with that of CFTAHO080. This com-
parison confirms that the CFTAH100 with the new lamination-
stator offset presents a similar performance, in terms of bearing
power loss, blood residence time, bearing axial shunt flow,
and stator wall shear stress, as the CFTAH080.

As mentioned earlier, we intend to further improve the radial
stability of the CFTAH100 journal bearing by increasing radial
clearance. However, excessively opening up the radial clear-
ance can itself cause instability, as the rotor will have more
room to bounce around. Therefore, although based on the
radial clearance study at 2,800rpm, a higher radial clearance
presents lower power loss, blood residence time and aver-
age wall shear stress, a radial clearance of 0.005 inches was
selected for further analysis. This radial clearance provides an
overall improved performance compared with that of 0.004
inches while maintaining a desirable opening for journal-bear-
ing radial clearance.

The performance of the CFTAH100 journal bearing with the
new lamination-stator offset was also investigated at the maxi-
mum intended rotational speed of 3,600rpm for both 0.004
and 0.005 inches radial clearances. The CFTAH100 results
were compared with CFTAH080’s performance at 0.004 and
0.005 inches radial clearance and 3,600 rpm to ensure that at
an elevated rotational speed, the performance of the two bear-
ings was comparable (Figures 7 and 8).

Figure 7A shows that increasing rotational speed of
CFTAH100 from 2,800rpm to 3,600rpm results in a 60%
increase in bearing power loss. Blood maximum residence
time in the journal bearing increases by 18% at 0.004 inches
and remains almost the same at 0.005 inches (Figure 7B).
Increasing rotational speed does not significantly impact the
blood net flow rate through journal bearing (Figure 7C). Both
stator wall average and maximum shear stresses increase by
increasing rotational speed (Figure 8). However, all of the
aforementioned performance parameters of journal bearing for
CFTAH100 with the new lamination-stator offset were similar
to those of CFTAHO080 at 3,600 rpm.

Discussion

Hydrodynamic bearings are low-clearance, purely passive-
type bearings, and their bearing gap is designed to be dependent
on the bearing load. The bearing film requires a dynamic pres-
sure buildup that is usually generated by means of a decreasing
gap. Different types of bearings provide this pressure buildup in
different ways. For example, in journal bearings, this is gener-
ally caused by an eccentric shaft, while in Mitchell-type thrust
bearings, multiple wedges fulfill this task. Disadvantages are the
very small gaps, which lead to high fluid friction and high shear
stresses that may initiate hemolysis. Also, due to reduced gaps,
high precision machining is required."®

Minor manufacturing inconsistencies can play a large role in
unstable journal-bearing operations.?® Unlike their rolling ele-
ment counterparts (i.e., ball bearings), there is an optimal size
for a journal bearing under a given application. If the bearing is
too small for its application, the journal may experience bearing
rub due to inadequate radial clearance between the journal and
the bearing. If the bearing is too large for its application, unsta-
ble orbital motion can cause the journal to move progressively
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off-center until it contacts the bearing. Regardless of the cause,
bearing rub increases friction and heat generation between the
moving parts, eventually presenting as a transient or permanent
increase in the electric current drawn by the motor.

Through speed modulation, the CFTAH is intended to provide
pulsatile characteristics in the actual clinical application, which
may affect the suspension performance of the journal bearing
under various hemodynamic conditions. In our work, the effects
of pulsatile flow pattern on suspension force from the CFTAH
was not specifically explored due to the unlimited number of
potential pulsatile flow conditions. However, the performance
of the two bearing designs was evaluated and was very com-
parable at nominal and maximum rotational speed conditions.

The CFTAHO080, an earlier design of the Cleveland Clinic
CFTAH, showed more than desired axial movement of the
rotating assembly during extreme operating conditions, typi-
cally encountered during implantation surgery. Therefore, a
new design, CFTAH100, was proposed, with a stacked mag-
net to provide increased axial stiffness. However, this stacked
motor design, with its shorter overall total magnet length, has a
lower radial stiffness compared with the CFTAH080. The main
goals of this study were to 1) find a lamination-stator offset that
increases the bearing loading and improves the radial stability
of the CFTAH100 design; and 2) select a nominal radial clear-
ance for the CFTAH100 design that reduces the potential of
blood damage in the journal bearing by mimicking the perfor-
mance of the successful CFTAHO080 design.

The existing work on performance of the journal bearing is
primarily focused on the suspension performance under CF
conditions, where hydrodynamic bearing models were tested
with given constant flow rate, speed, and bearing differential
pressure representing the expected nominal for clinical opera-
tion. However, in the actual clinical application, the inlet
and outlet pressures of the CFTAH would vary according to
the periodic pressure change of the entire atrial balance and
pressure distributions within the device-vasculature system
and would also be affected by compliances of the connected
aorta and pulmonary tree. Thus, the characteristics on the sus-
pension performance of the proposed journal bearing will be
dynamically adjusted. Because the scales of lubrication films
and groove depths are on the order of micrometers, the blood
in the gap should be updated continuously, and the corre-
sponding flow rate should be as large as possible in order to
improve washout.?"?? The selection of radial clearance for the
CFTAH has been made to minimize peak shear stress and not
to maximize bearing net flow.

A coupled EMAG/CFD approach was used to find the force
balance position for each design iteration. A sensitivity study
was performed in an EMAG simulation to predict how radial
magnetic force varies with rotor displacement. This relation
was then used in an iterative CFD simulation that calculated
the hydraulic forces and determined the force-balanced posi-
tion of the rotor. A set of CFD simulations were carried out to
compare a range of journal-bearing designs with respect to dif-
ferent performance parameters, such as power loss, blood resi-
dence time, flow rate, and shear stress. A final design that offers
the most suitable compromise between different performance
parameters and fabrication constraints was selected. However,
the effects of hemolysis and thrombotic formations within the
pump gaps or blood-contacting surfaces are still to be verified
using the advanced CFD techniques and validated in vivo.
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Conclusions

Based on the results of this study, a lamination-stator offset of
0.0133 inches was selected for the CFTAH100. This offset offers
a larger bearing load, increased radial stability and similar per-
formance with regard to shear stress and residence time to that
of the CFTAHO080 that was tested and found acceptable in terms
of stability and biocompatibility. With the new lamination-stator
offset, a radial clearance of 0.005 inches was selected for the
CFTAH100. This radial clearance offers lower power loss, lower
average residence time, increased bearing flow rate, lower aver-
age stator wall shear stress, and comparable peak stator wall shear
stress compared with the CFTAHO080 design. It is also anticipated
that the CFTAH100 bearing design will offer the desired radial
stability as that provided by the CFTAH080 design. In vitro hemo-
lysis testing and in vivo animal evaluations of the CFTAH100 with
the new bearing design are ongoing to demonstrate its overall per-
formance, including stability and hemocompatibility.
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