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Abstract: This article describes a prototype continuous
flow pump (CFVAD2) fully supported in magnetic bear-
ings. The pump performance was measured in a simulated
adult human circulation system. The pump delivered 6
L/min of flow at 100 mm Hg of differential pressure head
operating at 2,400 rpm in water. The pump is totally sup-
ported in 4 magnetic bearings: 2 radial and 2 thrust. Mag-
netic bearings offer the advantages of no required lubri-
cation and large operating clearances. The geometry and
other properties of the bearings are described. Bearing
parameters such as load capacity and current gains are

discussed. Bearing coil currents were measured during
operation in air and water. The rotor was operated in
various orientations to determine the actuator current
gains. These values were then used to estimate the radial
and thrust forces acting on the rotor in both air and water.
Much lower levels of force were found than were ex-
pected, allowing for a very significant reduction in the
size of the next prototype. Hemolysis levels were mea-
sured in the prototype pump and found not to indicate
damage to the blood cells. Key Words: Ventricular as-
sist device—Continuous flow pump—Magnetic bearings.

Currently, commercially available continuous
flow centrifugal cxternal blood pumps are employed
routinely by heart surgeons for external use over a
period of hours. For example, Joyce et al. (1) and
Noon (2) describe one such external pump (the
Abiomed BVS 35000) for cardiac bypass situations
that has been employed routinely in postcardiotomy
settings and in other cardiogenic shock cascs.
These devices are not suitable for long-term use but
do indicate that the human body does not nced pul-
satility in the short term.

Therc are several potentially viable bearing
choices for continuous flow blood pumps: ball bear-
ings, fluid film bearings, and noncontacting mag-
netic bearings. Ball bearings cannot be lubricated
directly with blood because extensive damage to
the red blood cells is caused when the blood flows
through the ball-race clearances. Ball bearings can
only be used with a purged seal system. Seal fail-
ures have resulted in the failure of many continuous
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flow pumps. Additionally, seals accumulate protein
buildup and/or thrombosis (clotting). Blood-
lubricated bearings tend to be subject to high shear
because of the high rotational speeds and small
clearances used.

There are a number of prototype continuous axial
flow ventricular assist devices (VAD), with some of
the more prominent ones noted below. A cathcter-
mounted axial flow pump with a bearing-seal rinsing-
purge pump system is used widely in Europe but is
limited to intraoperative use in the United States
(3,4). Macris ct al. (5) discuss an example of a non-
magnetic bearing-supported electrically driven ax-
ial flow pump (the Jarvik 2000), which has evolved
over many prototypes, modified to solve particular
operational problems. Butler et al. (6) describe an-
other axial flow pump (the Nimbus Axipump) on
blood bearings that requires a purged seal upstream
of the impeller.

Akamatsu et al. (7-9) report a pump that has a
centrifugal impeller suspended magnetically. It is
not fully magnetically suspended because the pump
impeller is magnetically coupled to a brushless DC
motor supported on rolling element bearings.
O’Hara and Nosé (10) discuss a centrifugal pump
(the Baylor-Gyro pump) supported on blood bear-
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ings. The most recent pump of this type has been
supported on three impeller-based ball tips that ride
on the housing. To date, there has not been a fully
magnetically supported VAD reported in the litera-
ture.

Magnetic bearings offer the advantages of non-
contact suspension, thus there is no wear over time
and no friction effects (11). Additionally, large
clearances can be employed between the impeller
and the housing to minimize hemolysis and throm-
bosis. The potential for use in VAD systems was
first reported by Bramm and colleagues (12). A pro-
totype device was suspended magnetically. Olsen
and Bramm (13) reported further work related to the
device.

There is widespread industrial experience with
low viscosity fluid film bearings in pumps having
high bearing failure rates (14). Magnetic bearings
are now under development as replacements for the
conventional bearings to remove these failures
(14,15), and they should offer the same improve-
ment for VAD bearings (16). The large clearance
allows for high circulation rates around the rotating
impeller.

This article describes the development of a pro-
totype VAD consisting of a centrifugal pump sup-
ported in a S-axis, active, magnetic bearing system.
The prototype was successfully designed, con-
structed, levitated on the magnetic bearings, and
tested for pump performance in water and in blood.
The primary emphasis of this paper is on the active
magnetic bearing system rather than on pump or
motor performance.

VENTRICULAR ASSIST DEVICE

The expected use of the Continuous Flow Ven-
tricular Assist Device Number 2 (CFVAD2) system
in an adult human is illustrated in Fig. 1. The pump
itself will be implanted in the abdominal cavity, but
the batteries and patient controller will be located
external to the body in a suspender/belt system.
The CFVAD?2 is a blood pump that will pump blood
directly to assist the left ventricle. It also could be
configured to assist the right ventricle. A continu-
ous flow VAD must be designed for long-term life,
that is, more than S years, at a high level of reliabil-
ity. It must be compatible with the anatomic space
available and be hemocompatible.

The CFVAD?2 has been constructed, and prelim-
inary performance tests have been conducted on a
simulated human cardiac test loop. The inlet to the
CFVAD?2 is a 14 mm internal diameter (ID) cannula
that collects blood from the apex of the left ventri-
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FIG. 1. This front view shows the ventricular assist pump
system as it would be used in an adult.

cle and returns it through the outlet near the root of
the aortic arch. The cardiac output will be in the
range of 6-10 L/min, and the differential pressure
will be approximately 100 mm Hg. The CFVAD?2
will vary its cardiac output physiologically by ad-
justing the motor speed in response to preload. A
pressure or other sensor will provide the feedback
signal to the electronic output control system. Fig-
ure 2 shows a block diagram of the system.

PROTOTYPE CFVAD

The CFVAD2 consists of 5 subsystems: pump,
magnetic bearings, motor, electronic control, and
biocompatible-contacting surfaces. This prototype
model was intended to demonstrate the concept of a
small pump fully suspended in a S-axis electromag-
netic bearing system. The overall dimensions of the
CFVAD2 were 175 mm (6.9 inches) in axial length
and 117 mm (4.6 inches) in outer diameter. The ro-
tor had an axial length of 105 mm (4.12 inches) and
weighed 365.5 gram force (gf) (1.57 pound force
[Ibf]). The larger diameter impeller section had an
axial length of 36 mm (1.42 inches).

A detailed drawing of the prototype is shown in
Fig. 3. Fluid flows along the axial inlet of the cen-
trifugal impeller and then outward radially into a
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FIG. 2. The CFVAD system is depicted as a functional diagram. C.0O., cardiac output; AoP, aortic pressure; LVP, left ventricular
pressure; AP, differential pressure across pump; P.O., pump output pressure; n, motor speed; V,,, |, and n,,, motor voltage,
current, and efficiency; m, motor mass; V,, l,, and P,, magnetic bearing voltage, current, and power consumption; G.(s),
controller transfer function; K;, actuator gain; K,, open loop stiffness; i (s), control current; x(s), rotor position; F,(s), external
force.

vaneless diffuser. The motor and magnetic bearings
are integrated with the pump impeller and housing
as shown. The motor stator and inlet radial mag-

rotor, outlet radial magnetic bearing rotor, and mag-
netic thrust bearing rotor all are located on the rigid
rotor of the pump.

netic bearing stator are located along the inlet sec-
tion. The outlet radial magnetic bearing stator and
thrust bearing stator are located behind the impel-
ler. The motor rotor, inlet radial magnetic bearing

THRUST BEARINGS

Magnetic bearings, when operated essentially
single sidedly, as in the case of this VAD, are non-
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FIG. 3. This drawing shows the structure of the CFVAD2 in detail (scale: inches).
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linear. The force is related to the square of the coil
currents, as described by Allaire et al. (11,17,18).
The force F, which attracts the rotor in a single-
sided stator, is given by

Fe BA, . oV IPA,

" i M

The term € represents the correction for leakage and
fringing, and it has a value of approximately 0.9 for
thrust bearings.

Then, F can be expressed as

F = Kyl 2
where the nonlinear current gain constant K, is
given by

oA N
4G}
for a single-sided thrust bearing. For a given bearing
configuration, all of these parameters are known. It
may be noted that this equation differs from the
normal practice in magnetic bearings, which models
the force as a linear actuator gain and a linear open
loop stiffness term (11), as indicated in Fig. 2. The
open loop stiffness term is assumed to be small in

the following and is neglected.

The thrust bearing was divided into 2 parts: thrust
bearing A located at the back of the impeller and
thrust bearing B located in front of the impeller. The
geometry for thrust bearing A is shown in Fig. 4.
The outer pole geometry has an outer diameter
(OD) of 33.0 mm (1.30 inches), an ID of 28.44 mm
(1.12 inches), and a length (L) of 22.9 mm (0.90
inches). The bearing magnetic material was silicon
iron with a saturation flux density of approximately
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FIG. 4. The geometry of thrust bearing A (located behind
impeller) is shown.

Outer Toroid
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N

1.3 Tesla (T). The thrust coliar was constructed of
material larger in diameter than the outer pole ge-
ometry, but the effective geometry is the same as
the dimensions given above. The details of thrust
bearing B are not given in this article. The design
RMS thrust force for thrust A was 908 gf (2.0 Ibf)
and for thrust B was 1,820 gf (4 1bf).

The magnetic bearings support the pump rotor
and prevent it from contacting or coming close to
the stationary housing. An active control system Is
used for the thrust bearings with an analog propor-
tional-derivative-integral (PID) control system (15).
The position feedback control signal was provided
by an eddy current sensor, as illustrated in Fig. 2.

Magnetic bearings tend to have large clearances,
in the range of 0.3 to 1.0 mm (0.010 to 0.040 inches),
which is very good for high flow rates in the clear-
ances and for low shear. However, it should be
noted that the active control system keeps the ac-
tual shaft motions in the range of 0.03 to 0.05 mm
(0.001 to 0.002 inches) in amplitude.

Measurements were conducted on the rotor to
evaluate the bearing current gain constant. For the
double-acting bearing configuration, the governing
equation is

F = Mg = [Kpl% — Kpl) (4)

The bearing was placed in the configuration where
the gravitational load was along the axis of the
pump, as illustrated in Fig. 5. The rotor mass weight
was 365 gf (0.804 Ibf). Four cases were considered
(Table 1). The first two cases yield the results

K7y = 1.00 kg-f/A? and K7, = 0.721 kg-f/A?  (5)
whereas the second set of cases yields
z
]

Radial
Bearing B

/F

Thrust
Bearing 2

Radiat
Bearing A

Thrust
Bearing 1
g

FIG. 5. The orientation is shown for the thrust bearing tests.
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586 P.E.ALLAIRE ET AL.

TABLE 1. Measured thrust bearing currents

Bias Loading . | B
current conditions (mA) (mA)
No bias z parallel to g 597 0
No bias —z parallel to g 0 712
Bias Z parallel to g 785 596
Bias —z parallel to g 440 910

Ky = 0.979 kg-f/A? and K> = 0.670 kg-f/A’>  (6)

These results are reasonably close in value. The
average value was employed for further calcula-
tions.

RADIAL BEARINGS

The radial bearing (A) at the outlet side has a
16-pole, planar, radial bearing stator (Fig. 6). It has
an OD of 89.5 mm (3.52 inches), an ID of 43.4 mm
(1.71 inches), and a length of 8.2 mm (0.0322
inches). The journal had an OD of 42.4 mm (1.67
inches), an 1D of 3.30 mm (1.30 inches), and a radial
clearance of 0.406 mm (0.016 inches). The design
RMS load capacity was 2,270 gf (5 Ibf) as calculated
by the methods presented in Allaire et al. (11).

The inlet side radial bearing (B) stator (not shown
in Fig. 6) is placed at the OD of the impeller. It has
an OD of 79.4 mm (3.12 inches), an ID of 26.9 mm
(1.06 inches), and a length of 0.406 mm (0.322
inches). The rotor has an OD of 25.4 mm (1.00
inches), an ID of 15.6 mm (0.611 inches), and a
clearance of 0.406 mm (0.016 inches). The design
RMS load capacity is 907 gf (4 Ibf). The control
system was analog PID, and the sensors were eddy
current sensors with the locations indicated in
Fig. 3.

The rotor was placed in the horizontal orientation
{with the Z axis perpendicular to gravity). The force
balance in the Y direction is

16 Poles

i

J L B.18

FIG. 6. The geometry of radial bearing A (located Behind the
Impeller) is shown.
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Ja + fo = Mg (7

Let the angle 6 represent the angular position of the
rotor in the X-Y plane. Figure 7 shows the orienta-
tions. Here, for bearing A, 8, is the angle of the
magnetic gap, where 6, = 0 for S4B at + X and S2B
at +Y. Similarly 65 represents the angle of mag-
netic gaps for bearing B where 8, = 0 corresponds
to the magnetic gap S4B isat + X and S3Bisat +Y.
Both 6,4 and 65 have positive values in the counter-
clockwise direction. The two bearing are oriented
so that the angle between the magnetic gaps is 8, —
8, = 20 degrees between the bearings.

Applying the force balance condition to all of the
magnetic gaps yields the equation

Kiali,sin8, — Kipligsindy — Koul3,c088, +
K231§BC059A — K3AI§ACOSBB + K3BI§BCOSQB
— Kyal3,sin0p + Kyplisiny = M,g 8)
This equation is employed for each n measurement.
In general, this set of n equations can be written as
[FFIK] = [M,g] 9)

where [Felis n X 1, [K] is 8 X 1, and [M,g] 1s
n x 1.
The moment balance equation is

kfa — (1 = kifg = 0 (10)

and k is the distance between the A bearing force
and the center of gravity. For this rotor, £ = 0.3.
The moment balance is applied in the same manner
as the force balance with the result

K[Kiali45in0, — Kigligsing, — Kyal34c0864 +
Kapl3peosty] — (1 — k) [~ K3al3,c0885
— Kygligcosty — Kyull,sinfg
+ Kupligsindg] = 0 (1

FIG. 7. The angular positions of the radial bearings are

shown.
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VENTRICULAR ASSIST DEVICE 587

Again, this equation is applied to each n measure-
ment. In general, this set of n equations is written as

[FullK] = [0] (12)

where [F,Jisn x 1, [K]is 8 X I, and the right-hand
side is n X 1.

Measurements of currents were made with 8 =
0, 45,90, —45, —90, and — 135 degrees, and 6, =
05 —20. Also, measurements of current were made
with 6, = 0, 45, —45, —90, —135, — 180 degrees
and 65 = 6, + 20 degrees. The data are not pre-
sented.

The set of simultaneous equations for the nonlin-
ear current gains has the general form

(FIK] = [M] (13)

F] B [FF] and []W] _ {Mrg] (14)
| [Fum | 0]

The least squares estimation of the {K] matrix is
given by

where

(K] = ((F)LF) ' [F1IM] (15)

The final results are

[Kia| [o0.653]
Kis 0.522
Koa 0.581
(K] = Zj = gjj: (kgf/AY)  (16)
Ksp 0.795
K 0.486
K _0.715J

These values are employed in the determination of
the bearing forces for which the coefficient matrix is
2n x 8, the [K] matrix is 8 X 1, and the right-hand
side is 2n X 1.

FORCES ACTING ON THE ROTOR

In this first fully electromagnetic bearing sup-
ported prototype, a number of external forces act-
ing on the impeller were unknown. These included
fluid forces (19), unbalance forces, motor eccentric-
ity magnetic forces, and others. Thus, the magnetic
bearings were significantly overdesigned compared
to the actual measured forces. One of the primary
purposes for the development of CFVAD?2 was the
ability to measure the imposed forces on the pump
rotor.

static in
water —0—  F2B{gf)
l 38 —e— F1Blg
200 2, —e— F36iofl |
S18 —S1A ———  F4AjgY
) S4A —e—  FTigf
S3A Q FT1
200 ——
S2A f

100 4

Bearing Force [gram-force}

* running at
natc i {0
the air

200

AoP [mm Hg]

FIG. 8. The experimentally measured forces exerted by the magnetic bearings are shown.

RIGHTS LI

Artif Organs, Vol. 20, No. 6, 1996

Abbott v. Miracor, IPR2025-00115
Abbott Ex. 1028, p. 6 of 9

ASUROI'T suowwo)) aanear)) s[qearidde ayy £q pauIdA0S are SA[ONIE V() 9N JO SI[NI 10§ AIeIqI] dUI[UQ AJ[IA\ UO (SUOHIPUOI-PUB-SULI}/W0D" A 1M AIRIqIaUI[Uo//:SdNy) SUONIPUO)) PUE SULIS ] Y} 33 “[$207/01/1] U0 Areiqry auruQ K3ip < JouSem el £q X 98540019661 46S 1-STST /111 1°01/10p/wod" Kd[im°KIeiqi[aur[uo//:sdny woiy papeoumo( S ‘9661 ‘+6S1STST



588 P.E. ALLAIRE ET AL.

The bearing coil currents were measured, and 10
forces, that is, 8 radial and 2 axial that act on the
rotor, were calculated based on the actuator current
gains given in Eqs. 5 and 6 (16). The radial forces
plotted were the forces F1B and F2B, at the impel-
ler end of the rotor; F3B and F4A, at the inlet end
of the rotor, were plotted in Fig. 8 relative to the
aortic pressure (AoP), which ranged from 55 mm
Hg to 160 mm Hg.

The initial static forces in air, with the rotor ori-
ented horizontally, are shown in the first set of data
points. It may be noted that the measured static
vertical force, F2B = 350 gf (1.54 Ibf) is relatively
near the center of gravity whereas the weight of the
rotor is 365 gf (1.61 Ibf). At the impeller end, the
radial force was 150 gf (0.66 1bf), and the other
forces were small. The next set of data points
shown is the rotor running at 2,400 rpm in air, and
the radial forces are shown to drop somewhat be-
cause of the rotation effects.

Results with the impeller in water are shown in
Fig. 8. The measured static forces in water are sim-
ilar to the static forces in air. As the pump rotor
started rotating and pumping, the forces were mea-
sured. Al of the forces dropped to approximately
150 gf (0.66 Ibf) for all measured forces up to a
pressure of 150 mm Hg apparently because of fluid
clearance effects in the water that help to center the
impeller. Axial flow seals in industrial pumps are
well known to produce similar centering forces and
positive stiffness effects (20).

The measured total power delivered to the proto-
type magnetic bearings was approximately 50 W (10
V and approximately 5 A). Most of this power was
dissipated in the resistance losses because of bias
currents of approximately 0.7 amps to each of the
magnetic bearing coils.

PUMP PERFORMANCE TESTING

The pump was tested for pressure increase and
efficiency with the CFVAD?2 unit connected to a
simple mock circulation system (in a benchtop test)
pumping water. The water was circulated with a
physiologic level of pump output and differential
pressure. Pump inlet pressure (left arterial pressure)
and pump outlet pressure (aortic pressure) and vol-
ume flow rate were measured. Figure 9 shows the
measured differential pressure head versus the flow
rate at various rotor rotation rates. A typical flow of
6 L/min was achieved against a differential pressure
of 100 mm Hg at 38 Hz (2,300 rpm). A range of
pressure heads versus flow rate characteristics may

Artif Organs, Vol. 20, No. 6, 1996
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FIG.9. The measured pressure is graphed relative to the flow
for various rotational speeds with the CFVAD attached to
mock circulation system in a benchtop test.

be obtained from this pump with small variations in
the pump rotation speed.

Figure 10 shows the efficiency curves versus the
flow rate at the same rotation rates. The pump im-
peller was designed to have peak efficiency at ap-
proximately 6 L/min (in the normal physiological
range for humans), and the measured pump effi-
ciency has a peak of approximately 55% at that flow
rate. The curve shows the expected drop off in ef-
ficiency at higher flow rates. It is clear that the
CFVAD2 meets the necessary flow requirements
for a ventricular assist device.

IN VITRO BLOOD PUMPING TESTS

The CFVAD performance was studied while
pumping blood in vitro. Fresh bovine blood (1.5 L)
was collected and anticoagulated following a stan-
dard method developed by Garrison et al. (21). The
blood was pumped at a constant rate (5 L/min) at

60 —1 —
; 0
50+ o 8 e2
9 * + 830 .
[t
e i
2 «Co
= 30 +-—@
" ® 2400 rpm o
® 20 o 2300 rpm M
¢ 2200 rpm * 0 ]
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PR S SR B S
0 2 4 6 8 10 12

Flow Rate (L./min)

FIG. 10. The measured pump efficiency is plotted relative to
the flow for various rotational speeds with the CFVAD at-
tached to a mock circulation system in a benchtop test.
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VENTRICULAR ASSIST DEVICE 589

room temperature for 4 h. Blood samples were
taken every half hour and were centrifuged at 1,500
g for 15 min. The supernate was removed carefully
for quantification of plasma-free hemoglobin using a
Beckman DU-7 spectrophotometer. Three separate
experiments were conducted with the CFVAD2
system. The results of a typical experiment are
shown in Fig. 1. The averages of the 3 experiments
are similar to the results shown in Fig. 11.

The results show that during the 4 h recirculation
the overall average cumulative, plasma-free hemo-
globin level increased by less than a factor of 2 from
the baseline value (the maximum was 1.9 times the
baseline value). This result is very encouraging con-
sidering that the product of the product of hemoly-
sis (PfHb) represents a cumulative value where all
of the products of hemolysis remain in the blood
throughout the experiment. During in vivo experi-
ments, hemoglobin released in the blood is contin-
uously removed biologically. The average overall
index of hemolysis for the 3 experiments, was
0.0086 = 0.0012 where the index of hemolysis (IH)
is defined by Koller and Hawrylenko (22):

V(100 — HK)AfHb
- 100 TF

(17

where V is the blood filling volume (L), HK is the
hematocrit (%), AfHb is the increase in plasma-free
hemoglobin (mg/dl), F is the flow rate (L/min), and
T is the total pumping time (min). This hemolysis
level is comparable to that achieved by the St. Jude
Isoflow pump (0.0082 *= 0.0009) at 6 L/min under
similar test conditions as reported by Mulder et al.
(23).

y = 3993 + 108786-2x  R*2 = 0.869

Plasma-Free Hemoglobin (mg/dl)
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T
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FIG. 11. The value of plasma-free hemoglobin is graphed rel-
ative to time produced in the CFVAD2.
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CONCLUSIONS

A prototype, continuous flow, electromagnetic
bearing supported ventricular assist device has
been levitated and rotated successfully. The mag-
netic bearings operated successfully, centering the
rotor in the clearance passages. A method was de-
veloped to measure the nonlinear gain constants for
each of 10 magnetic gaps in the pump by measuring
bearing coil currents in various orientations with
respect to gravitational loading. These gain con-
stants were then employed to evaluate the external
forces acting on the impeller. It was found that the
radial forces on the impeller were significantly
lower than expected, probably because of the stiff-
ness and damping effects of the fluid in the clear-
ance passages.

The hemolysis rates demonstrate that the
CFVAD?2 pump circulates blood without significant
damage to the blood cells. The observations illus-
trated in this article show that the rate of hemoglo-
bin release was approximately 0.65 mg/dl/h, a very
encouraging result. The current impeller design has
achieved hemolysis levels comparable to those
achieved by other clinically used and accepted cen-
trifugal blood pumps.

The current prototype has several disadvantages.
It is at least twice the desirable size for implanta-
tion, and the weight is too high. The power loss is
too high, and too many wires are employed. How-
ever, although it has some shortcomings, the
CFVAD?2 prototype is apparently the first fully
electromagnetically supported ventricular assist de-
vice. It has been quite successful as a test appara-
tus. Work is proceeding on the next version of this
magnetic bearing supported continuous flow ven-
tricular assist device (CFVAD3) to reduce the size,
weight, power loss, and wire count. A pancake im-
peller with much smaller magnetic bearings (appro-
priate for the measured forces) and self-sensing
(eliminating the space and wires for sensors) is be-
ing designed now.

NOMENCLATURE

area of airgap

magnetic flux density

radial force

axial force

gravitational constant in y direction
airgap length

coil current

distance to radial bearing A

K current gain constant

M, mass of rotor

n

=~NQ Mt
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number of coil turns
reluctance

horizontal coordinate
vertical coordinate

axial coordinate
permeability of free space
orientation angle of rotor
force derating factor
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