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Title: HEART PUMP DRIVE AND BEARING

145

(57) Abstract: A heart pump including a housing defining a cavity including at
least one inlet aligned with an axis of the cavity and at least one outlet provided in a
circumferential outer wall of the cavity. An impeller is provided within the cavity,
the impeller including a rotor and vanes mounted on the rotor for urging fluid from
the inlet radially outwardly to the outlet. A drive is provided for rotating the impeller
in the cavity, the drive including a plurality of circumferentially spaced permanent
drive magnets mounted within and proximate a first face of the rotor, adjacent drive
magnets having opposing polarities and a plurality of circumfterentially spaced drive
coils mounted within the housing proximate a first end of the cavity, each coil being
wound on a respective drive stator pole of a drive stator and being substantially
radially aligned with the drive magnets, the drive coils being configured to generate
a drive magnetic field that cooperates with the drive magnets to thereby rotate the
impeller. A magnetic bearing is also provided to thereby at least one of control an
axial position of the impeller and at least partially restrain radial movement of the
impeller.
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HEART PUMP DRIVE AND BEARING

Cross-Reference to Related Applications

[0001] This application claims priority to and the benefit of U.S. Provisional Patent Application
Number 62/482,048, filed April 5, 2017, and U.S. Provisional Patent Application Number
62/539,083, filed July 31, 2017, the contents of each of which are incorporated herein by

reference in their entirety.

Background of the Invention

[0002] The present invention relates to a heart pump and in particular to a heart pump including

improved flow characteristics.

Description of the Prior Art

[0003] The reference in this specification to any prior publication (or information derived from
it), or to any matter which is known, is not, and should not be taken as an acknowledgment or
admission or any form of suggestion that the prior publication (or information derived from it) or
known matter forms part of the common general knowledge in the field of endeavour to which

this specification relates.

[0004] The use of rotary impeller based mechanical pumps to treat heart failure is increasing as
the general population ages and the number of donor organs for heart transplantation remains
limited. Devices can be used to bridge a patient to heart trans-plant, to recovery, or indeed as a

destination alternative.

[0005] WO2004098677 and WO2006053384A1 each describe a double sided impeller that
rotates at a common speed, with each side of the impeller respectively configured for left and
right heart assistance. This effectively introduces an inherent problem regarding the ability to
independently control and thus balance the outflow from the left and right sides of the device,
i.e. an increase in impeller rotational speed will produce a corresponding increase in outflow

from both cavities.
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[0006] WO2006053384A1 addressed this issue by introducing the ability to axially displace the
rotating impeller within the cavity so as to simultaneously alter the relative efficiencies of each
side of the device. However, when the control method used to achieve this axial displacement is
active, such pumps require the use of feedback signals from pressure sensors and the like to
actively control and maintain a desired set axial location. This method of control would
inherently consume excessive amounts of electrical power and introduce issues relating to the

long term reliability of blood contacting sensors.

[0007] US-8,636,638 describes a controller for a heart pump that determines movement of an
impeller within a cavity in a first axial direction, the cavity including at least one inlet and at
least one outlet, and the impeller including vanes for urging fluid from the inlet to the outlet,
causing a magnetic bearing to move the impeller in a second axial direction opposite the first
axial direction, the magnetic bearing including at least one coil for controlling an axial position
of the impeller within the cavity, determining an indicator indicative of the power used by the
magnetic bearing and causing the magnetic bearing to control the axial position of the impeller

in accordance with the indicator to thereby control a fluid flow between the inlet and the outlet.

[0008] US-7,435,059 describes a system for pumping blood to assist or assume the cardiac
function of a patient is characterized by a blood pump that exhibits a steep pump curve such that
only small changes in pump flow occur for large changes in differential pressure across the
pump. The pump therefore exhibits flow-limiting characteristics to protect the physiological
system against harmful flow rates. Pump flow may also be limited by controlling the current
provided to a driver from a power supply or by suitable restrictions within or external to the

pump housing.

[0009] When creating such heart pumps, the particular design of the pump, can have a major
impact on the performance of the heart pump, and in particular, the ability to pump blood at
different flow rates depending on the physiological requirements of the subject to which the

pump is fitted.

[0010] Traditional wisdom has been to produce a pump that has optimum operating efficiency at
a typical flow rate for a subject, which typically corresponds to a flow rate of about five to six

litres per minute, thereby minimising the power consumed by the pump. Additionally, it is
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typical to design pumps having a relatively low flow sensitivity to preload, as described for
example in US-7,435,059, so that the pump exhibits flow-limiting characteristics to protect the

physiological system against harmful flow rates or pressures.

[0011] Such configurations result in a heart pump having a steep pump curve which is a plot of
the flow rate against head pressure across the pump (the difference between the inlet and outlet
pressures), for a given impeller rotational speed. This shows that a large change in pressures is
required in order to cause a change in flow rate through the pump thereby providing the

aforementioned flow-limiting characteristics.

[0012] In such an arrangement, it may be necessary to vary the rotational speed and/or axial
position of the impeller to thereby control pump outflow, in order to account for changes in
pressures within the subject's circulatory system. However, such control systems require
information regarding the physiological state of the subject, such as blood pressures or flow
rates, in order to function correctly. This requires the use of complex sensing techniques and/or
implanted sensors, which are undesirable, and in many cases makes assumptions regarding at
least some parameters, such as blood viscosity, meaning they can be inaccurate. As a result,
many existing heart pumps have only a limited ability to accommodate physiological changes,

meaning the subjects are often restricted in terms of activities they are able to perform.

Summary of the Present Invention

[0013] In one broad form an aspect of the present invention seeks to provide a heart pump
including: a housing defining a cavity including: at least one inlet aligned with an axis of the
cavity; and, at least one outlet provided in a circumferential outer wall of the cavity; an impeller
provided within the cavity, the impeller including a rotor and vanes mounted on the rotor for
urging fluid from the inlet radially outwardly to the outlet; a drive for rotating the impeller in the
cavity, the drive including: a plurality of circumferentially spaced permanent drive magnets
mounted within and proximate a first face of the rotor; and, a plurality of circumferentially
spaced drive coils mounted within the housing proximate a first end of the cavity, each coil
being wound on a respective drive stator pole of a drive stator and being substantially radially
aligned with the drive magnets, the drive coils being configured to generate a drive magnetic

field that cooperates with the drive magnets to thereby rotate the impeller; and, a magnetic
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bearing including: first and second annular magnetic bearing members mounted within and
proximate a second face of the rotor, the first magnetic bearing member being provided radially
outwardly of the second magnetic bearing member; a number of circumferentially spaced
substantially U-shaped bearing stators mounted in the housing proximate a second end of the
cavity, each U-shaped bearing stator having first and second bearing stator legs that interact with
the first and second magnetic bearing members respectively; and, at least one bearing coil on
each bearing stator that generates a magnetic field that cooperates with the magnetic bearing
members to thereby at least one of: control an axial position of the impeller; and, at least

partially restrain radial movement of the impeller.

[0014] In one embodiment: the first and second bearing stator legs are substantially magnetically
aligned with the first and second magnetic bearing members respectively; the first and second
bearing stator legs are substantially radially aligned with the first and second magnetic bearing
members respectively; the first and second bearing stator cooperate with the first and second
magnetic bearing members respectively so that a radial force from an individual bearing is about
between 0 N - 2N when the bearing stator legs are substantially aligned with the magnetic
bearing members; at least one of the first and second bearing stator legs are radially offset from a
respect one of first and second magnetic bearing members by a distance that is at least one of:

less than 1 mm; less than 0.5 mm; and, less than 0.2 mm.

[0015] In one embodiment the drive stator includes a soft magnetic composite core including a

plurality of drive stator poles extending in an axial direction from an annular drive stator yoke.

[0016] In one embodiment the drive stator yoke has a thickness of at least one of: between 1 mm

and 2.5 mm; about 1.75 mm.

[0017] In one embodiment the drive stator poles are at least one of: wedge shaped; triangular;

and, trapezoidal.

[0018] In one embodiment adjacent drive stator poles are separated by a slot having at least one
of: a width of at least one of: between 4 mm and 7.4 mm; about 6 mm; and, a depth of at least

one of: between 4 mm and 14 mm; about 11.25 mm.
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[0019] In one embodiment the drive stator has at least one of: an inner radius of at least one of:
between 14 mm and 18 mm; and, about 16 mm; and, an outer radius of at least one of: between

22 mm and 25 mm; and, about 24.5 mm.

[0020] In one embodiment each drive magnet at least one of: transects an angle at least one of:
between 15° and 36°; and, about 25°; and, has a thickness of at least one of: between 0.8 mm and

3 mm; about 2.6 mm.
[0021] In one embodiment each drive magnet is mounted on an annular rotor drive yoke.

[0022] In one embodiment the heart pump includes a common yoke that forms the rotor drive

yoke and a rotor bearing yoke.

[0023] In one embodiment the rotor drive yoke has a thickness of at least one of: between 1 mm

and 5 mm; and, between 1.5 mm and 2.5 mm; and, about 1.9 mm.

[0024] In one embodiment: the number of drive magnets is at least one of: 8; 10; 14; and, 16;

and, the number of stator poles is at least one of: 12; 15; and, 18.

[0025] In one embodiment the drive includes 12 stator poles configured as at least one of: one

three phase motors; and, two three phase motors.

[0026] In one embodiment the drive includes a number of coils connected using at least one of a

delta configuration and a star configuration.

[0027] In one embodiment the drive and rotor are arranged such that, at least one of: a spacing
between the first face of the rotor and the first end of the cavity is at least one of: between 2 mm
and 5 mm in use; between 2 mm and 3 mm in use; and, approximately 2.3 mm in use; a spacing
between a drive stator pole face and drive magnet face is at least one of: between 2.5 mm and 6
mm in use; between 2.5 mm and 4 mm in use; and, approximately 3.2 mm in use; a spacing
between a drive stator yoke and drive magnet yoke is at least one of: between 7 mm and 25 mm
in use; between 8 mm and 20 mm in use; and, approximately 17 mm in use; and, a spacing
between a drive stator pole face and drive magnet yoke is at least one of: between 4 mm and 8

mm in use; between 4.5 mm and 7 mm in use; and, approximately 5.8 mm in use.
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[0028] In one embodiment a spacing between the first face of the rotor and the first end of the
cavity is at least one of: at least 2.3 mm in use; and, sufficient to accommodate axial movement

of the impeller in use.

[0029] In one embodiment the vanes are mounted on the first face of the rotor between the first
face of the rotor and the first end of the cavity and wherein the vanes have a height of at least
one of: between 1.5 mm and 5 mm; between 1.5 mm and 2.5 mm; between 1.8 mm and 2.2 mm;

about 2 mm.

[0030] In one embodiment each bearing stator leg has at least one of: a width of at least one of:
between 2 mm and 4 mm; about 3.6 mm for the first bearing stator leg; and, about 2.9 mm for
the second bearing stator leg; and, a length of at least one of: between 5 mm and 35 mm; and,

about 14.8 mm.
[0031] In one embodiment the at least one bearing coil is wound on the first bearing stator leg.

[0032] In one embodiment at least one bearing stator leg is narrower than a corresponding

magnetic bearing member at least proximate an end of the bearing stator leg.

[0033] In one embodiment at least one bearing stator leg tapers inwardly proximate an end of the

bearing stator leg.

[0034] In one embodiment the tapering has at least one of: a height of at least one of: between 0
mm and 10 mm; and, about 5 mm; a width of at least one of: between 0 mm and 4 mm; and,

between 0.5 mm and 2 mm.

[0035] In one embodiment the taper is at least one of: towards a centreline of magnetic bearing
member; and, such that a radial restoring force from an individual bearing increases as the rotor

is radially offset from a central radial position.

[0036] In one embodiment at least one of the first and second magnetic bearing members

includes an annular permanent bearing magnet.

[0037] In one embodiment at least one of the first and second magnetic bearing members

includes an annular iron member.
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[0038] In one embodiment at least one of the first and second magnetic bearing members have at
least one of: a thickness that is at least one of: between 1 mm and 3 mm; and, about 2.4 mm;
and, a width that is at least one of: between 3 mm and 4.5 mm; about 2.5 mm; and, about 3.5

mm.

[0039] In one embodiment the first and second magnetic bearing members are provided on a

common annular laminated or solid iron bearing rotor yoke.

[0040] In one embodiment the bearing rotor yoke has at least one of: a width that is at least one
of: between 10 mm and 13 mm; and, about 11 mm; and, a thickness that is at least one of:

between 1 mm and 5 mm; and, between 1.5 mm and 2.5 mm; and, about 1.9 mm.

[0041] In one embodiment at least one of the first and second magnetic bearing members tapers

inwardly towards the second rotor face.

[0042] In one embodiment the taper is at least one of: towards a centreline of magnetic bearing
member; and, such that a radial restoring force from an individual bearing increases as the rotor

is radially offset from a central radial position.

[0043] In one embodiment at least one of the first and second magnetic bearing members

includes a tapered iron shoe.

[0044] In one embodiment the second bearing stator leg is tapered and the second magnetic

bearing member includes a permanent magnet.

[0045] In one embodiment the first bearing stator leg is substantially untapered and the first

bearing magnetic member is an annular iron member.

[0046] In one embodiment the first bearing stator leg is tapered and the first bearing magnetic

member is an annular permanent magnet.
[0047] In one embodiment the heart pump provides at least partial left ventricular function.

[0048] In one embodiment the heart pump provides at least partial right ventricular function.
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[0049] In one embodiment the impeller includes first and second sets of vanes provided on a
rotor body, the rotor being positioned within the cavity to define: a first cavity portion having a
first inlet and a first outlet, the first set of vanes being provided within the first cavity portion so
as to define a first pump that provides at least partial left ventricular function; and, a second
cavity portion having a second inlet and a second outlet, the second set of vanes being provided
within the second cavity portion so as to define a second pump that provides at least partial right

ventricular function.
[0050] In one embodiment the heart pump is a total artificial heart.

[0051] In one embodiment the axial position of the impeller determines a separation between
each set of vanes and a respective cavity surface, the separation being used to control the fluid

flows from the inlets to the outlets.

[0052] In one embodiment the impeller and housing cooperate to define a hydrodynamic bearing

in the event that the magnetic bearing fails.

[0053] In one embodiment the hydrodynamic bearing is defined at least in part by an upper

surface of at least some of the vanes of the impeller.

[0054] In one embodiment the hydrodynamic bearing is defined by an upper surface of vanes of

the impeller facing the first end of the cavity.
[0055] In one embodiment the upper surface includes a leading ramp and a trailing flat pad.

[0056] In one embodiment at least one of: the flat pad has an inner radius of at least one of:
between 16 mm and 22 mm; and, between 18 mm and 20 mm; the flat pad has a length of at
least one of: between 1 mm and 5 mm; between 2 mm and 4 mm; and, about 3 mm; the ramp has
a length of at least one of: between 5 mm and 15 mm; between 8 mm and 12 mm; and, about 10
mm; and, the ramp has a height of at least one of: between 0.02 mm and 0.1 mm; between 0.04

mm and 0.08 mm; and, about 0.06 mm.

[0057] In one embodiment the vane at least one of: has an inner radius that is at least one of:

between 10 mm and 20 mm; between 12 mm and 18 mm, between 14 mm and 16 mm; and,
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about 15 mm; an outer radius that is at least one of: between 20 mm and 30 mm; between 22 mm

and 28 mm; between 24 mm and 26 mm; and, about 25 mm.

[0058] In one embodiment the heart pump includes a controller that controls operation of the

drive and bearing in use.

[0059] In one embodiment the controller includes a processor operating in accordance with

software instructions stored in a memory.

[0060] In one embodiment the controller controls the drive to selectively generate an axial

attractive force.

[0061] In one embodiment the controller controls the drive to generate the axial attractive force
to at least one of: move the impeller within the cavity; and, increase shock resistance when

operating using a hydrodynamic bearing in the event that the magnetic bearing fails.

[0062] In one embodiment the controller: detects at least one of: failure of the magnetic bearing;
and, movement of the impeller to the second end of the cavity when the magnetic bearing has

failed; and, controls the drive to generate the axial attractive force in response to the detection.

[0063] In one embodiment the controller detects failure of the magnetic bearing based on at least
one of: a bearing indicator indicative of a current used by the magnetic bearing; a drive indicator

indicative of a current used by the drive; and, sensor signals.

[0064] In one embodiment the heart pump has an axial system stiffness of at least one of: at least
10 N/mm; at least 20 N/mm; at least 30 N/mm; less than 60 N/mm; less than 50 N/mm; about
10-60 N/mm; about 25-50 N/mm; about 15-25 N/mm; about 30-40 N/mm; and, about 35-40

N/mm.

[0065] In one embodiment the heart pump has a radial system stiffness of at least one of:
between 0.5 N/mm and 11 N/mm; between 0.5 N/mm and 1.5 N/mm; between 1.5 N/mm and 3.0

N/mm; between 3 N/mm and 6 N/mm; and, between 6 N/mm and 11 N/mm.

[0066] In one broad form an aspect of the present invention seeks to provide a heart pump

including: a housing defining a cavity including: at least one inlet aligned with an axis of the



10

15

20

25

30

WO 2018/187576 PCT/US2018/026265

-10 -

cavity; and, at least one outlet provided in a circumferential outer wall of the cavity; an impeller
provided within the cavity, the impeller including a rotor and vanes mounted on the rotor for
urging fluid from the inlet radially outwardly to the outlet; a drive for rotating the impeller in the
cavity, the drive including: a plurality of circumferentially spaced permanent drive magnets
mounted within and proximate a first face of the rotor; and, a plurality of circumferentially
spaced drive coils mounted within the housing proximate a first end of the cavity, each coil
being wound on a respective drive stator pole of a drive stator and being substantially radially
aligned with the drive magnets, the drive coils being configured to generate a drive magnetic

field that cooperates with the drive magnets to thereby rotate the impeller.

[0067] In one embodiment, the heart pump further includes a bearing for supporting the impeller
within the cavity, the bearing being at least one of: a magnetic bearing; a hydrodynamic bearing;

and, a physical bearing.

[0068] In one broad form an aspect of the present invention seeks to provide a heart pump
including: a housing defining a cavity including: at least one inlet aligned with an axis of the
cavity; and, at least one outlet provided in a circumferential outer wall of the cavity; an impeller
provided within the cavity, the impeller including a rotor and vanes mounted on the rotor for
urging fluid from the inlet radially outwardly to the outlet; and, a magnetic bearing including:
first and second annular magnetic bearing members mounted within and proximate a second face
of the rotor, the first magnetic bearing member being provided radially outwardly of the second
magnetic bearing member; a number of circumferentially spaced substantially U-shaped bearing
stators mounted in the housing proximate a second end of the cavity, each U-shaped bearing
stator having first and second bearing stator legs that interact with the first and second magnetic
bearing members respectively; and, at least one bearing coil on each bearing stator that generates
a magnetic field that cooperates with the magnetic bearing members to thereby at least one of:
control an axial position of the impeller; and, at least partially restrain radial movement of the

impeller.

[0069] In one broad form an aspect of the present invention seeks to provide a heart pump
including: a housing defining a cavity including: at least one inlet aligned with an axis of the
cavity; and, at least one outlet provided in a circumferential outer wall of the cavity; an impeller

provided within the cavity, the impeller including a rotor and vanes mounted on the rotor for
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urging fluid from the inlet radially outwardly to the outlet; a drive for rotating the impeller in the
cavity, the drive including: a plurality of circumferentially spaced permanent drive magnets
mounted within and proximate a first face of the rotor; and, a plurality of circumferentially
spaced drive coils mounted within the housing proximate a first end of the cavity, and wherein
vanes of the impeller and the first end of the housing cooperate to define a hydrodynamic

bearing.

[0070] In one embodiment the hydrodynamic bearing is defined by an upper surface of the vanes

of the impeller facing the first end of the cavity.
[0071] In one embodiment the upper surface includes a leading ramp and a trailing flat pad.

[0072] In one embodiment at least one of: the flat pad has an inner radius of at least one of:
between 16 mm and 22 mm; and, between 18 mm and 20 mm; the flat pad has a length of at
least one of: between 1 mm and 5 mm; between 2 mm and 4 mm; and, about 3 mm; the ramp has
a length of at least one of: between 5 mm and 15 mm; between 8 mm and 12 mm; and, about 10
mm; and, the ramp has a height of at least one of: between 0.02 mm and 0.1 mm; between 0.04

mm and 0.08 mm; and, about 0.06 mm.

[0073] In one embodiment the vane at least one of: has an inner radius that is at least one of:
between 10 mm and 20 mm; between 12 mm and 18 mm, between 14 mm and 16 mm; and,
about 15 mm; an outer radius that is at least one of: between 20 mm and 30 mm; between 22 mm

and 28 mm; between 24 mm and 26 mm; and, about 25 mm.

[0074] In one embodiment the heart pump includes a magnetic bearing to at least one of control
an axial position of the impeller and at least partially restrain radial movement of the impeller,

and wherein the hydrodynamic bearing is configured to operate if the magnetic bearing fails.

[0075] In one embodiment the heart pump includes a controller that controls operation of the

drive and bearing in use.

[0076] In one embodiment the controller includes a processor operating in accordance with

software instructions stored in a memory.
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[0077] In one embodiment the controller controls the drive to selectively generate an axial

attractive force.

[0078] In one embodiment the controller controls the drive to generate the axial attractive force
to at least one of: move the impeller within the cavity; and, increase shock resistance when

operating using a hydrodynamic bearing in the event that the magnetic bearing fails.

[0079] In one embodiment the controller: detects at least one of: failure of the magnetic bearing;
and, movement of the impeller to the second end of the cavity when the magnetic bearing has

failed; and, controls the drive to generate the axial attractive force in response to the detection.

[0080] In one embodiment the controller detects failure of the magnetic bearing based on at least
one of: a bearing indicator indicative of a current used by the magnetic bearing; a drive indicator

indicative of a current used by the drive; and, sensor signals.

[0081] It will be appreciated that the broad forms of the invention and their respective features
can be used in conjunction and/or independently, and reference to separate broad forms in not

intended to be limiting.

Brief Description of the Drawings

[0082] Various examples and embodiments of the present invention will now be described with

reference to the accompanying drawings, in which: -

[0083] Figure 1A is a schematic perspective view of an example of a heart pump;

[0084] Figure 1B is a schematic cutaway view of the heart pump of Figure 1A;

[0085] Figure 1C is a schematic perspective exploded view of the heart pump of Figure 1A;

[0086] Figure 1D is a schematic diagram of an example of a control system for the heart pump

of Figure 1A;

[0087] Figure 2A is a schematic perspective top side view of an example of a drive magnet

configuration;
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[0088] Figure 2B is a schematic plan view of the drive magnet configuration of Figure 2A;
[0089] Figure 2C is a schematic side view of the drive magnet configuration of Figure 2A;
[0090] Figure 2D is a schematic perspective top side view of a bearing magnet configuration;

[0091] Figure 2E is a schematic underside view of the bearing magnet configuration of Figure

2D;
[0092] Figure 2F is a schematic side view of the bearing magnet configuration of Figure 2D;

[0093] Figure 2G is a schematic underside view of the bearing magnet arrangement of Figure

2D with an eddy current sensor;

[0094] Figure 2H is a schematic perspective top side view of the bearing and drive magnet

configurations of Figures 2A and 2D together with the eddy current sensor;
[0095] Figure 2I is a schematic perspective cutaway view of the arrangement of Figure 2H;

[0096] Figure 3A is a schematic perspective view of an example impeller from the left pump

side;
[0097] Figure 3B is a schematic cut through view of the impeller of Figure 3A;
[0098] Figure 3C is a schematic perspective cut through view of the impeller of Figure 3A;

[0099] Figure 3D is a schematic perspective view of the impeller of Figure 3A from the right

pump side;

[00100] Figure 3E is a schematic cut through view of an alternative example of the impeller of

Figure 3A;

[00101] Figure 4A is a schematic perspective view of an example of a drive illustrating different

drive parameters;

[0102] Figure 4B is a schematic side view of the drive of Figure 4A illustrating further drive

parameters;
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[0103] Figure 5A is a schematic plan view of an example of a drive illustrating a first slot width;

[0104] Figure 5B is a schematic plan view of an example of a drive illustrating a second slot

width;

[0105] Figure 5C is a graph illustrating an example of drive motor constant and axial force with

changing slot width;

[0106] Figure 6A is a schematic plan view of an example of a drive illustrating a first stator

inner radius and first slot width;

[0107] Figure 6B is a schematic plan view of an example of a drive illustrating a second stator

inner radius and second slot width;

[0108] Figure 6C is a graph illustrating an example of drive motor constant and axial force with

changing stator inner radius;

[0109] Figure 6D is a graph illustrating an example of different speed and torque limits with

different winding configurations;

[0110] Figure 7A is a schematic side view illustrating an example of the magnetic drive flux for

a first drive magnet angle;

[0111] Figure 7B is a schematic plan view illustrating an example of the magnetic drive flux for

a second drive magnet angle;

[0112] Figure 7C is a graph illustrating an example of drive axial force with changing drive

magnet angle;

[0113] Figure 7D is a graph illustrating an example of drive motor constant and axial force with

changing drive magnet angle and thickness;

[0114] Figure 8A is a schematic side view illustrating an example of the magnetic drive flux for

a first drive stator slot depth;

[0115] Figure 8B is a schematic plan view illustrating an example of the magnetic drive flux for

a second drive stator slot depth;
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[0116] Figure 8C is a graph illustrating an example of drive axial force with changing drive

stator slot depth;

[0117] Figure 8D is a graph illustrating an example of left pump curves for different impeller

left vane heights;

[0118] Figure 8E is a graph illustrating an example of drive axial force and motor constant for

different air gaps;
[0119] Figure 8F is a schematic diagram of specific preferred drive parameters;

[0120] Figure 9A is a graph illustrating the change axial drive and bearing forces for different

impeller axial positions;

[0121] Figure 9B is a graph illustrating the change in net axial force for different impeller axial

positions;

[0122] Figure 9C is a graph illustrating the change in net radial force for different impeller radial

positions;

[0123] Figures 10A and 10B are schematic side views illustrating magnetic bearing flux for

different radial positions of non-tapered magnetic elements;

[0124] Figures 10C and 10D are schematic side views illustrating magnetic bearing flux for

different radial positions of tapered magnetic elements;

[0125] Figures 11A and 11B are schematic side views illustrating magnetic bearing flux for
different radial positions of an example of a magnetic bearing including non-tapered magnetic

bearing stator legs;

[0126] Figures 11C and 11D are schematic side views illustrating magnetic bearing flux for
different radial positions of an example of a magnetic bearing including tapered magnetic

bearing stator legs;
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[0127] Figures 12A and 12B are graphs illustrating the relative axial and radial forces for
different axial and radial positions of example magnetic bearings including tapered and un-

tapered stator legs having matched radial stiffness and airgap;

[0128] Figures 12C and 12D are graphs illustrating the relative axial and radial forces for
different axial and radial positions of example magnetic bearings including tapered and un-

tapered stator legs having matched axial forces;

[0129] Figure 13 is a graph illustrating a change in stiffness ratio for different amounts of

bearing stator leg tapering;

[0130] Figure 14 is a schematic side view illustrating magnetic bearing flux for a magnetic

bearing including a pole shoe;

[0131] Figures 15A to 15F are schematic side views of different examples of bearing

configuration;

[0132] Figure 16A is a schematic side view of an example of a bearing illustrating different

bearing parameters;

[0133] Figure 16B is a schematic close up side view of part of the bearing of Figure 16A

illustrating further bearing parameters;

[0134] Figure 17A is a schematic perspective view of an example of a single VAD heart pump;

[0135] Figure 17B is a schematic cutaway side view of the heart pump of Figure 17A;

[0136] Figure 17C is a schematic cutaway plan view of the heart pump of Figure 17A,;

[0137] Figure 17D is a schematic perspective view of the impeller of the heart pump of Figure
17A;

[0138] Figure 17E is a schematic perspective view of the magnetic bearing of the heart pump of

Figure 17A;

[0139] Figure 17F is a schematic cutaway perspective view of the impeller of Figure 17A,;
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[0140] Figure 18A is a schematic diagram of an impeller cavity with the impeller in a passive

balance position;

[0141] Figure 18B is a schematic diagram of an impeller cavity with the impeller in a working

position;

[0142] Figure 18C is a schematic diagram of an impeller cavity with the impeller in a back-up

hydrodynamic bearing position;

[0143] Figure 19A is a schematic plan view of the impeller configuration to provide a

hydrodynamic bearing;

[0144] Figure 19B is a schematic side view of one of the impeller vanes of the impeller of

Figure 19A;

[0145] Figure 19C is a schematic plan view illustrating bearing parameters;
[0146] Figure 19D is a graph illustrating an example of right pump performance;
[0147] Figure 19E is a graph illustrating an example of right pump performance;

[0148] Figure 20A is a graph illustrating examples of effective hydraulic axial impeller forces

generated by a hydrodynamic bearing;

[0149] Figure 20B is a graph illustrating examples of net hydraulic and magnetic axial impeller

forces;

[0150] Figure 21A is a schematic diagram illustrating an example of operation of the drive to

generate a rotational impeller torque;

[0151] Figure 21B is a schematic diagram illustrating an example of operation of the drive to

generate a negative axial impeller force;

[0152] Figure 21C is a schematic diagram illustrating an example of operation of the drive to

generate a positive axial impeller force;



10

15

20

WO 2018/187576 PCT/US2018/026265

- 18-

[0153] Figure 22A is a graph illustrating an example of a magnetic bearing target current during

a levitation fault sequence;

[0154] Figure 22B is a graph showing an example of a magnetic bearing target position during a

levitation fault sequence;

[0155] Figure 22C is a graph showing an example of a drive speed during a levitation fault

sequence,

[0156] Figure 22D is a graph showing an example of a drive target current during a levitation

fault sequence;

[0157] Figure 23 is a graph illustrating an example of the effect of a positive axial force on the

net axial impeller forces;

[0158] Figure 24A is a graph illustrating an example of the impact of axial stiffness on the net

axial impeller forces;

[0159] Figure 24B is a graph illustrating an example of changes in net axial impeller force for a

casing offset;

[0160] Figure 25A is a graph illustrating an example of the impact of bearing current on radial

stiffness;

[0161] Figure 25B is a graph illustrating an example of the impact of bearing current on resonant

frequency;

[0162] Figure 25C is a graph illustrating an example of the impact of drive current on resonant

frequency;

[0163] Figure 26A is a schematic diagram of a first example of a three phase drive coil

configuration;

[0164] Figure 26B is a schematic diagram of an example of the drive coil connections for the

drive coil configuration of Figure 26A;
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[0165] Figure 26C is a schematic diagram of a second example of a three phase drive coil

configuration;

[0166] Figure 26D is a schematic diagram of an example of the coil connections for the coil

configuration of Figure 26C;

[0167] Figure 27A is a schematic diagram of an example of drive coil connections for a single

three phase delta configuration;

[0168] Figure 27B is a schematic diagram of an example of drive coil connections for a dual

three phase delta configuration;

[0169] Figure 27C is a schematic diagram of an example of drive coil connections for a single

three phase star configuration;

[0170] Figure 27D is a schematic diagram of an example of drive coil connections for a dual

three phase star configuration;

[0171] Figure 28A is a graph illustrating an example of a drive torque and speed achievable

using a delta drive coil winding;

[0172] Figure 28B is a graph illustrating an example of a comparison of a drive torque and speed

using delta and star drive coil configurations;

[0173] Figure 29 is a graph illustrating an example of the impact of the number of drive coil

winding turns on the drive torque and speed;

[0174] Figure 30A is a graph illustrating examples of drive speed and torque for different coil

configurations; and,

[0175] Figure 30B is a graph illustrating examples of drive speed and torque for healthy and

faulty dual three phase star drive coil configurations.



10

15

20

25

WO 2018/187576 PCT/US2018/026265

-20 -

Detailed Description of the Preferred Embodiments

[0176] An example of a heart pump will now be described with reference to Figures 1A to 1D,
Figures 2A to 2I and Figures 3A to 3E.

[0177] In this example the heart pump is a biventricular device which can operate either as a
ventricular assist device to assist function of left and right ventricles of a subject's heart, or
alternatively as a total artificial heart. It will be appreciated however that whilst reference is
made to a biventricular device this is not essential, and alternatively the principles described

herein can equally be applied to single ventricular assist devices or any other form of blood

pump.

[0178] In this example, the heart pump 100 includes a housing 110 forming a cavity. The
housing can be of any suitable form but typically includes a main body 110.1, left and right end
caps 110.2, 110.3 which connect to the main body 110.1, as well as an end plate 110.4
positioned between the main body 110.1 and left end cap 110.2. The housing can be made of

any suitable biocompatible material, and can be made of titanium, a polymer or the like.

[0179] The housing 110 includes two inlets 111, 113, for connection to the left
atrium/pulmonary vein and right atrium/vena cava, or left and right ventricles, and two outlets
112, 114 for connection to the aorta and pulmonary artery, respectively. Whilst two inlets and
outlets are shown, it will be appreciated that this is in the context of a biventricular device, and

that a single inlet and outlet can be used for a single ventricular device.

[0180] The heart pump 100 includes an impeller 120 provided within the cavity. The impeller
120 includes a rotor 121 having vanes mounted thereon for urging fluid from the inlet to the
outlet upon rotation of the impeller 120. In this example, as the heart pump 100 is a
biventricular device, the impeller includes two sets of vanes 122, 123 each of which is used for
urging fluid from a respective inlet 111, 113 to a respective outlet 112, 114. In this example, the
rotor 121 is positioned within the cavity to effectively divide the cavity into first and second
cavity portions, each having a respective inlet and outlet, thereby allowing each to function as a

respective pump.
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[0181] Thus, in the current example, the vanes 122 are used to urge fluid from the inlet 111 to
the outlet 112, with this being provided on the left-hand side of the pump in the orientation
shown in Figure 1B, and operating to provide left-ventricular function, whilst the vanes 123 urge
fluid from the inlet 113 to the outlet 114 and act to provide right-ventricular function. In this
context the first and second cavity portions are generally referred to as left and right cavities, and
in conjunction with the impeller 120 provide left and right pumps, respectively. It will be
appreciated that in this regard, the terms left and right refer to the intended ventricular function
of the cavities as opposed to the particular orientation of the pump in the Figures, which is used

for illustrative purposes only.

[0182] As shown in Figures 3A to 3E, the vanes 122, 123 have different profiles, which provide
different flow characteristics for the left and right hand pumps, as will be described in more
detail below. In particular, in this example, the left hand vanes 122 are typically flared
outwardly, thickening towards an outer circumferential edge of the rotor 121, as well as being
swept so as to be angled away from a direction of rotation of the impeller, as shown by the arrow
R. However, this is not always the case, and for example, for an LVAD the left hand vanes are
radially straight and thin, similar to the right sided vanes described below. In contrast, the right
hand vanes 123 are generally straight and of a constant thickness, extending radially towards, but
without meeting, an edge of the rotor perpendicularly. The impact on these arrangements and
the particular dimensions of the vanes 122, 123 and rotor 121 will be described in more detail

below.

[0183] The heart pump 100 further includes a drive 130 that rotates the impeller 120 within the
cavity and a magnetic bearing 140 that controls an axial position of the impeller 120 within the
cavity. The apparatus further includes a controller 150 which, in use, is coupled to a sensor 160
and drive and bearing signal generators 137, 147, which are in turn coupled to drive and bearing
coils 131, 141 of the drive and bearing 130, 140. The sensor 160 is used to sense an axial
position of the impeller 120 within the cavity, and can be of any appropriate form, as will be

described in more detail below.

[0184] In use, the controller 150 uses signals from the sensor 160 and optionally other sensors,
together with appropriate control algorithms, allowing operation of the bearing 140 and

optionally the drive 130 to be controlled. In particular, the controller 150 is adapted to monitor
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signals from the position sensor 160 and other sensors, then control the current supplied to the
drive coils 131, by the signal generator 137, to control rotation of the impeller and to the bearing
coils 141, by the signal generator 147, to control the axial position of the impeller 120. Thus, the
impeller 120 is acted upon by the fluid pressures in the housing 110, which create a net hydraulic
force on the impeller 120. Forces acting on the impeller 120 are compensated for by the
magnetic bearing, with the controller 150 operating to control the amount of current supplied to
the electromagnets in the bearing to thereby maintain the position of the impeller 120. As such,
the current used by the magnetic bearing system has a direct correlation to the forces and
pressures acting on the impeller 120. In this manner, changes to the inlet and outlet pressures can

be detected through the magnetic bearing signals in real-time.

[0185] The controller 150 can also be adapted to provide speed control functionality, altering the
rotational speed of the impeller, for example depending on factors such as fluid pressures within

the pump.

[0186] The controller 150 can be of any suitable form but typically includes an electronic
processing device 151, an optional memory 152, and an interface 154 for connecting to the heart
pump, each of which are interconnected by a bus 155, or other similar arrangement. The
electronic processing device can be any form of electronic processing device capable of
interpreting signals and causing the drive and bearing to be controlled, such as a microprocessor,
microchip processor, logic gate configuration, firmware optionally associated with implementing
logic such as an FPGA (Field Programmable Gate Array), or any other electronic device, system

or arrangement.

[0187] The controller can also implement separate control functionality, for example separate

modules, to thereby control the bearing and drive.

[0188] An optional external interface 153 may be provided allowing for interaction with the
controller 150. In the event that the controller is positioned outside the body this can include an
I/O device 153 such as a touch screen or the like, whereas if positioned inside the body this
would typically be in the form of a wireless communications module allowing communication

with an external control device.
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[0189] The above described heart pump is an example of a heart pump that can operate as a bi-
ventricular assist device, providing ventricular assistance to the left and right ventricles, or can
act as a total artificial heart, allowing functionality of the left and right ventricles to be replaced
completely. Similar arrangements can also be provided corresponding to the left or right side

pumps only, to thereby provide left or right ventricular assist devices.
[0190] Further details of the drive and bearing will now be described.

[0191] In one example, the drive includes a plurality of circumferentially spaced permanent
drive magnets 134 mounted within and proximate a first face of the rotor 121. Adjacent drive
magnets typically have opposing polarities, although other arrangements could be used, such as
if one drive magnet is split in two and placed next to another, than a similar function can be
achieved. The drive 130 also includes a plurality of circumferentially spaced drive coils 131
mounted within the housing 110 proximate a first end of the cavity, each coil 131 being wound
on a respective drive stator pole 132.1 of a drive stator core 132 and being substantially radially

aligned with the drive magnets 134.

[0192] In use the drive coils 131 are configured to generate a drive magnetic field, through
application of appropriate currents, which cooperates with the drive magnets 134 to thereby

rotate the impeller 120 within the cavity.

[0193] A specific example drive magnet configuration is shown in more detail in Figures 2A to
2C and 4A and 4B and 5A and 5B. In this example, the drive coils 131 and drive stator poles
132.1 are wedge, triangular or trapezoidally shaped, circumferentially spaced and extend axially
from an annular drive yoke 132.2, which is in turn coupled to a mounting/PCB (printed circuit
board) 133, allowing the drive stator core 132 to be fixed within the housing 110. The drive
stator core 132 is typically formed from a soft composite iron core, although other suitable
materials can be used. The drive magnets 134 are arcuate shaped rare earth magnets,
circumferentially spaced proximate an outer circumferential edge of the rotor and proximate a
face of the rotor facing the drive coils 131, the drive magnets being mounted on a soft iron rotor

drive yoke 135.

[0194] In this example, the drive stator and drive coils define twelve electromagnets axially

aligned with the drive magnets 134 in the rotor 121, to thereby maximise a degree of magnetic
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coupling between the magnets in the rotor 121 and the drive 130, however, it will be apparent

from the following description that other configurations can be used.

[0195] Turning now to the magnetic bearing 140, this typically includes first and second annular
magnetic bearing members 144, 145 mounted within and proximate a face of the rotor facing the
bearing coils 141, the first magnetic bearing member 144 being provided radially outwardly of
the second magnetic bearing member 145. The magnetic bearing members 144, 145 can be
mounted to and/or integrally formed with a rotor bearing yoke 146 extending between the
magnetic bearing members 144, 145. The bearing rotor yoke can be made of laminated iron

sheets to reduce eddy currents within the yoke.

[0196] As further shown in the example of Figure 3E, the rotor drive yoke 135 and rotor bearing
yoke 146 can be formed from a common yoke 135/146.

[0197] A number of circumferentially spaced substantially U-shaped bearing stators 142 are
mounted in the housing 110 proximate a second end of the cavity, each U-shaped bearing stator
142 having first and second bearing stator legs 142.1, 142.2 that interact with the first and
second magnetic bearing members 144, 145 respectively. At least one bearing coil 141 is
provided on each bearing stator 142 that generates a magnetic field that cooperates with the
magnetic bearing members 145, 144 to thereby control an axial position of the impeller 120 and

at least partially restrain radial movement of the impeller 120.

[0198] In one example, the first and second bearing stator legs are substantially magnetically
aligned with and/or geometrically radially aligned with, the first and second magnetic bearing
members respectively. This can be performed so that the first and second bearing stator
cooperate with the first and second magnetic bearing members respectively so that a radial force
from an individual bearing is about between 0 N - 2N when the bearing stator legs are
substantially aligned with the magnetic bearing members. Whilst alignment can reduce cross
coupling, some misalignment might be beneficial for symmetrical radial restoration and
generating changes in radial force with axial position. Accordingly, in some examples, the either
or both of the first and second bearing stator legs can be radially offset from a respect one of first
and second magnetic bearing members by a small distance, such as at least one of: less than 1

mm, less than 0.5 mm and less than 0.2 mm.
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[0199] In one particular example, shown in more detail in Figures 2D to 21, the magnetic bearing
includes three bearing coils 141, each of which is mounted on a first bearing stator leg 142.1 of
respective U-shaped bearing stators 142, with a second bearing stator leg 142.2 being positioned
radially inwardly of the first bearing stator leg 142.1. The bearing stators 142 are mounted to a
bearing stator support 143 and circumferentially spaced 120° apart around the housing so that
the first and second bearing stator legs 142.1, 142.2 align with respective magnetic material

members 144, 145, allowing an axial position of the impeller 120 to be controlled.

[0200] Typically, the magnetic bearing 140 includes permanent magnets, which may be either
part of the magnet magnetic bearing members 144, 145 or attached to one or both of the bearing
stator legs. For example, this can include circumferentially spaced first and second permanent
bearing magnets 144, 145. Alternatively, the magnetic bearing members can include a
ferromagnetic material member 144 and a permanent magnet 145, or just ferromagnetic material,

with permanent magnets being coupled to the stator bearing legs 142.1, 142.2 of the stators 142.

[0201] The drive 130 and magnetic bearing 140 are mounted at opposing ends of the housing
110 so that the drive and bearing 130, 140 are provided proximate opposing surfaces of the rotor
121 as shown for example in Figure 1D, and Figures 2H and 21. In the current example the drive
130 is mounted adjacent the left pump, whilst the bearing 140 is mounted adjacent the right
pump, although the opposite configuration is contemplated. The depicted arrangement has a

number of benefits.

[0202] Firstly, the inherent attractive magnetic forces between the drive and rotor and the
bearing and rotor can be configured to substantially balance when the rotor is provided at a
balance point at a normal operating speed, which may for example by approximately at a center
of the cavity under conditions of normal flow, but can be either closer to the left or right side of

the cavity.

[0203] For example, this arrangement can be configured so that the magnetic forces inherent
between the drive 130 and impeller 120, and between the magnetic bearing 140 and impeller 120
are matched at an impeller balance position within the cavity, which corresponds to a desired

position of the impeller under conditions of normal flow. This minimises the bearing current



10

15

20

25

WO 2018/187576 PCT/US2018/026265

- 26 -

required to maintain the position of the impeller 120 within the cavity, hence reducing the

amount power required to operate, and in particular drive and axially position the impeller.

[0204] Additionally, as well as having the magnetic forces balance, the forces generated by the
drive and bearing can also be configured to provide a desired degree of axial and radial stiffness.
In this regard, the stiffness is a measure of the deflection of the impeller 120 from a balance
position in response to an external force. In one example, it is desirable to maximise the radial
stiffness so as to maintain the impeller radially centralised within the cavity and to stop the
impeller touching the inner circumferential wall of the cavity. Conversely, as the axial position
of the impeller 120 can be used for flow control, and in particular to allow for passive and/or
active response to changes in hemodynamic parameters, a low degree of axial stiffness is
preferred. Accordingly, the passive magnetic forces can be configured to assist in meeting these

requirements, as will be described in more detail below.

[0205] A further benefit of the above described arrangement, in the context of BiVAD/TAH
applications, is that it allows the greater size of the magnetic bearing to be accommodated by the
smaller size of the right pump cavity. In particular, this allows a gap between a bearing stator
and bearing magnets to be minimized, as no vanes are located in this gap (as opposed to the left
side where vanes are located in the magnetic airgap between the drive and the rotor), as will be
described in more detail below. However, it will be appreciated that this limits an outer diameter
of the right pump and thus achievable pressure generation at a given rotational speed, although
for right pumps this is generally not an issue given their lower output or pressure requirements

than the left pump.

[0206] A number of features of each of the drive and the bearing will now be described.

Drive Design

[0207] The drive is designed to minimise the required physical volume and weight of the drive
stator, which is important in ensuring the resulting heart pump can be fully and comfortably
implanted. However, in addition to this the inner radius of the drive is increased compared to
traditional versions in order to allow for a large flow path cross-sectional area in the left pump

inlet, which in turn helps flow characteristics within the pump.
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[0208] The drive is configured to maximize efficiency and hence reduce energy usage, whilst
maintaining an axial force (formed from the combination of the passive axial force between the
impeller and the drive and the additional active axial force when the impeller is being rotated at a
typical speed) to match the passive axial force generated by the magnetic bearing, to thereby

help reduce energy usage by the magnetic bearing.

[0209] A further goal of the drive design is to allow the drive to function efficiently with a large
air gap between the drive stator 132 and drive coils 131, and the permanent drive magnets 134
embedded within the rotor 121. In particular, this allows the impeller 120 to be implemented
without requiring a shroud mounted on the impeller vanes, which can in turn induce high shear
stresses and reduce the effectiveness of axial movement in controlling flow. In this regard, the

resulting ratio of magnetic gap length to a total axial drive height between a stator and rotor

laap -, 0.2).
hax

yoke, as described in more detail below with respect to Figure 4B, is large (

[0210] In order to achieve this, various parameters of the drive, including the configuration of
the drive stator core 132 and rotor 121 are selected in order to find an improved balance between
the axial force and efficiency of the drive. As a result, the drive exhibits similar performance

characteristics as prior versions, while size, weight and rotor inertia were reduced.

[0211] In considering the drive parameters, it is necessary to take into account the
electromagnetic torque (7,;) generated by a permanent magnet drive, which can be formulated as

the product of quadrature current (i) and field flux linkage (¥;):

Ty :lpf'iq

[0212] The field flux linkage is the portion of the permanent magnet flux, which crosses the air
gap and closes through stator poles 132.1 and yoke 132.2. The flux linkage is depending on the

total flux ¢, penetrating the coils on this path, and the coil turn number N:

l/)sz'(Pf

[0213] Thus, the torque is dependent on the number of turns in the drive coils 131 and the total

flux generated.
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[0214] The efficiency () of the drive is the quotient of mechanical output power (Ppeq) and
electric input power (P.). The main power losses (P),s) are copper winding losses (P.,) and

stator core losses (P.) due to eddy currents and hysteresis.

_ P mech P mech
Pel Pmech + Ploss

Ploss ~ Pcu + Pcore

[0215] The main power loss in the drive is generated in the copper windings of the drive coil.
This is due to the machine size and the large air gap, which reduces the field flux linkage due to
fringing effects and therefore requires a higher current to generate torque. Copper losses are
proportional to the stator phase resistance and the square of the current.

3

Pcuzi'ié'RPh

[0216] The copper losses are the main losses and are affected by changes in the geometry. As

the load changes, the copper losses change with the operating point (speed/torque) of the drive.

[0217] The drive motor constant Ky €xpresses the relationship of torque and copper losses in
a way that eliminates the dependency on the drive current. It is therefore a measure for the drive
motor constant independent of the operating point or chosen wire thickness for a constant copper

cross-sectional area in the slots.

K _ Ta _ Wrig
Motor — -
P 3.
cu /E'llzz'RPh
i i
~ —? ~ _—q = const
lé lq

Drive Geometric Constraints and Objectives

[0218] The requirement of the drive to be incorporated into the pump places a number of

geometric constraints and objectives on the pump design.
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[0219] For example, the outer radius of the stator core and coils is limited (max. ~ 55 mm) to
limit the total outer diameter of the pump, whilst the inner radius of the drive needs to be a
minimum of 10.5 mm to allow for sufficient space for the left pump inlet, and in particular to
allow for a larger inlet diameter which can improve hydraulic efficiency and flow characteristics
to provide greater outflow pressure sensitivity. The axial height of the stator should be

minimized to decrease the overall pump length.

[0220] The total assembly weight is to be minimized and the weight of the rotor assembly is to
be minimized to decrease rotor inertia and therefore improve dynamic pump behaviour and

efficiency, particularly when operated with a pulsatile or modulated speed profile.

[0221] The axial magnetic gap between the rotor and drive stator is set to a relatively large value
of 3mm +- the axial movement range of the impeller. This allows for semi-open impeller vanes
with an increased height to pass through the volume in the magnetic gap. This generally reduces
resistance to flow by increasing the minimum flow path area (especially at the inlet eye of the
vanes) which improves both hydraulic efficiency and outflow pressure sensitivity, and avoids the
need for an impeller shroud (carrying the magnets) which can increase the danger of hemolysis

and other associated blood compatibility issues.

[0222] An example of the parameters that can be adjusted for the drive are shown in Figure 4A

and 4B, and are summarised in Table 1 below.

Table 1
Variable ID Description
W Drive stator slot width
r Outer radius of drive stator core
r, Inner radius of drive stator core
h Drive stator axial slot depth
lgap Drive stator axial gap length
h,., Drive magnet axial thickness
ks Axial thickness of drive stator yoke
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ke Axial thickness of drive rotor yoke
a, Drive magnet pitch

N, Number of drive stator poles

p Number of drive magnets

Drive Stator Slot Width

[0223] An example of the effect of a change in drive stator slot width will now be described with

reference to Figures 5A to 5C.

[0224] In this regard the drive stator slot width corresponds to the space between adjacent drive

stator poles 132.1 and affects the drive in a number of conflicting ways.

[0225] For example, increasing the drive stator slot width reduces the pole face area, resulting in
the axial force F, also decreasing. As the air gap is large, the perceptual portion of stray flux
increases and less of the permanent magnet flux crosses the axial gap and closes through the
stator, meaning 1 decreases and hence the motor constant Kyerer and thus the drive motor

constant decreases.

[0226] However, as the drive stator slot cross-sectional area increases, as shown in Figure 5B,
the number of windings in the drive coils 131 increases. Consequently, more flux ¢, passes

through the more winding turns so 1/; increases and the motor constant Kz increases.

[0227] However, additional turns mean the drive coil resistance increases, as the additional turns
add to the total wire length, which in turn increases copper losses and hence partially counteract

the increase of the motor constant Kyyyzor-

[0228] Alternatively, a larger diameter wire can be used in the larger slot to maintain the number
of coils that were present in the original slot, however the larger diameter wire will have a

smaller resistance therefore increase the efficiency of the larger slot drive.

[0229] A further impact arises due to the fact that the inner radius of the drive decreases due to
the bigger end winding turns, resulting in a smaller space for the inlet area and increases in

volume and weight. Additionally, the permanent magnet axial attractive force decreases steadily
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with increasing drive stator slot width, due to the reduced stator core volume, and hence the pole

face surface area of stator magnetic material.

[0230] As a result, as shown in Figure 5C, starting at a minimal drive stator slot width the drive
motor constant, representing the drive motor constant, initially increases due to the increase in
winding turns. At higher slot width this effect is reversed by decreasing efficiency due to
increasing stator resistance and reduction of flux linkage penetrating the stator windings.

Therefore, a maximum drive motor constant can be found for a specific drive stator slot width.

[0231] As a result of these considerations, adjacent drive stator poles are separated by a drive
stator slot having a width of at least one of between 4 mm and 7.4 mm and more typically about

6 mm.
Drive Stator Core Size

[0232] The impact of drive stator core size is closely related to the drive stator slot width and has

similar considerations, as will now be described with reference to Figures 6A to 6C.

[0233] In particular, increasing the inner core radii of the drive stator core reduces the pole face

area and the active slot length (r, — ;). Consequently, the axial force F, that can be generated

decreases, as does the resulting torque T,

[0234] In the example of Figures 6A and 6B, the inner radius r; is increased from 14mm to

16mm, resulting in a decrease in force F, and drive motor constant K., as shown by the arrow

600 in Figure 6C.

[0235] Decreasing the drive stator slot width from 4mm to 7mm is shown along the lower curve,

whilst arrow 601 shows the impact of increases in permanent magnet thickness.

[0236] As a result of these considerations, the drive stator typically has an inner radius of

between 12mm and 20mm, between 14 mm and 18 mm and more typically about 16 mm.

[0237] In contrast the outer radius of the drive stator is largely governed by geometric
considerations, and aims to have as large a diameter as physically possible, sufficient to fit

within the housing and able to accommodate the coil thickness between the outer edge of the
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drive stator core and the housing. Consequently, the drive stator core has an outer radius of

between 22 mm and 25 mm and more typically about 24.5 mm.
Drive Winding Configuration

[0238] The preferred winding configuration is a concentrated double-layer winding. This allows
the reduction of the size of the end-windings to allow for a large inner diameter of the motor.
The drive pole configuration, and in particular the combination of number of stator slots and
magnets in the rotor is governed by general principles of permanent magnet drives. Some of the
feasible combinations can result in a higher winding factor and thus in a reduction of joule
losses, which may be accompanied by a higher harmonic content of the magneto motive force
causing increased rotor losses. However, a relatively large air gap has a low-pass filtering effect
on the field harmonics, thus a reduction of the joule losses is preferred. Consequently, the
number of drive magnets is typically one of 8, 10, 14 and 16, whilst the number of stator slots is

one of 12, 15 and 18, with 10 drive magnets and 12 stator slots being the preferred configuration.

[0239] Although the drive motor constant Ky, 1S independent of wire size, the wire size and
number of turns is affected by power supply limitations. The maximum operational speed of the
motor is dictated by the ability of the supply voltage to overcome the back EMF induced in the
motor coils by the permanent drive magnets and resistive losses in the system. The maximum
torque that can be produced by the motor is proportional to the motor current and the motor
torque constant and is limited by the amount of current that can be supplied without exceeding

the thermal threshold of the driveline and motor.

[0240] For a fixed slot size and coil copper area, increasing the coil turn number increases the
induced back EMF for a given rotor speed, thereby reducing the maximum speed achievable for
a given supply voltage. However this will reduce the torque constant allowing higher torque to
be produced for the maximum supply current. Conversely, with a lower turn number the
maximum speed is increased, while the maximum torque is decreased. Winding the motor in
wye or delta configurations can also be used to manipulate the trade-off of maximum speed and

maximum torque as known in the art.

[0241] In battery operated applications, the battery voltage can limit the supply voltage. For an

implantable device with a percutaneous driveline, the maximum thickness of the motor
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conductors, and therefore maximum current capacity, is limited by the diameter of the
percutaneous driveline. As such for an implantable blood pump with a portable controller the
maximum supply voltage is typically between 12V and 30V, and more typically approximately
24V, with the maximum supply current being between 3A and 8A, and more typically

approximately S5A.

[0242] Three such configuration of motor coil turn numbers were evaluated, as shown in Table
2. The motors were tested to determine their performance envelope as defined by their
maximum speed and maximum torque for the same maximum supply voltage and maximum

supply current, and results are shown in Figure 6D.

Table 2
Configuration A B C
Coil design 96 Turns (delta 96 Turns (wye 165 Turns (delta
wound) wound) wound)

[0243] Configuration A provides the lowest maximum torque, but the highest maximum speeds.
Configuration B provides the highest maximum torque and the lowest maximum speed.
Configuration C provides a combination of high torque and speed providing a compromise
between the other two designs. For an application of a rotary blood pump with an expected
speed operating range of 1500-2500 RPM the use of configuration B or C could provide

additional maximum torque over the expected operating range compared to configuration A.
Drive Magnet Shape

[0244] Examples of the impact of drive magnet shape will now be described with reference to

Figures 7A to 7C respectively.

[0245] For the purpose of this example, it is assumed that the drive magnets extend along an arc
segment. The first consideration is that of magnet pitch a,, (or arc length), which affects the
stray flux between adjacent drive magnets. In this regard, Figures 7A and 7B, show graphical
representations of the flux through the drive stator poles and drive magnets for different drive
magnet pitches (arc angles). This highlights that for the larger pitch angle, corresponding to a

reduced separation between adjacent drive magnets, this results in a shorter path for stray flux,
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and hence reduced flux linkage between the drive stator and drive magnets when compared to
smaller pitch angles, resulting in reduced axial force F,. However, conversely, if the pitch angle
is too small, this reduces the overall drive magnet strength and hence again reduces the axial
force F,. An example of this variation is shown in Figure 7C, highlighting an optimum pitch

angle.

[0246] Additionally, it will be appreciated that increasing the drive magnet thickness increases
the magnet strength and hence the axial force, as shown by the successive lines on the graph of
Figure 7C. This also leads to an increase in efficiency as shown in Figure 7C. However, this
also increases the rotor weight and hence the rotor inertia, as well as being limited by the

physical dimensions of the rotor.

[0247] The variation of the drive magnet axial thickness 7, and the drive magnet pitch or arc
length a  also effects the motor constant as demonstrated in Figure 7D. Although variation of

the permanent magnet (PM) angle and thickness can return a range of attractive forces, there is a
strong correlation between the resulting attractive force and the motor constant. As such it is
possible to select multiple PM geometries that satisfy a given axial force motor constant
requirement. Therefore, consideration should be made to the physical effects these different PM

geometries have on the rotor and pump design.

[0248] Consequently, it will be appreciated that the drive magnet pitch angle can be selected so
as to maximise the material utilization (efficiency) of the permanent magnets. Consequently,
each drive magnet extends along an arc segment transecting an angle at least one of between 15°

and 36° and preferable about 25°.

[0249] Once the drive magnet pitch angle has been determined, the magnet height is selected to
adjust performance of the drive torque K;,.,» and axial force F,. In this regard, each drive magnet
typically has a thickness of between (0.8 mm and 3 mm and more typically about 2.6 mm. In one

example the drive magnets have a grade of BH,,,=48.
Drive Yoke Shape

[0250] The drive stator yoke and rotor drive yoke are provided to ensure flux linkage between

adjacent drive magnets and drive stator poles. Accordingly, the rotor drive yoke, typically made
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of soft iron, and drive stator yoke, typically made from a soft magnetic composite (SMC), such
as Somaloy are selected to have sufficient cross-sectional area to provide sufficient flux linkage,
whilst minimising the respective weights. The use of a composite yoke can be beneficial as the
sintered characteristics remove the need to create a laminated core, which is traditionally
required to reduce eddy current losses and improve efficiency. However laminating the core of
an axial flux motor requires the creation of concentric ‘tree’ rings, which are very difficult to
manufacture. Where appropriate the rotor yoke elements of the bearing and motor can be
combined as long as the combined thickness is chosen with consideration to the combined

saturation characteristics of both the motor and bearing.

[0251] In one example, the drive stator and rotor drive yokes 132.2, 135 have a thickness of
between 1 mm and Smm, between 1.5 mm and 2.5 mm and more typically of between about 1.75
and 1.9 mm respectively. The rotor drive yoke can be a separate element or combined with the

rotor bearing yoke.

Drive Stator Slot Depth

[0252] An example of the impact of drive stator slot depth will now be described with reference

to Figures 8A to 8C respectively.

[0253] In this regard, increasing the drive stator slot depth allows for an increase in the number
of windings in the drive coils 131, without a corresponding reduction in pole face area as is the
case with increasing the slot width. Accordingly, increasing the drive stator slot depth can
increase the drive torque and efficiency, as shown in Figure 8C, without a change in axial force

F..

[0254] It should be noted that whilst reluctance (magnetic resistance) of the magnetic circuit
increases due to the longer iron path through the stator, leading to a smaller field flux linkage,
the effect of this is negligible as the reluctance of the increased iron length is in the range of a

factor of 1000 smaller than the reluctance of the large air gap.

[0255] Doubling the drive stator slot depth also results in doubled coil resistance and doubled

flux linkage, if the slot is effectively filled with coils of the same diameters as before
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[0256] Accordingly, it will be appreciated that increasing the drive stator slot depth generally
increases the performance of the system. However, this needs to be balanced by geometrical
constraints, and in particular the desire to minimise the length and weight of the drive stator and

hence pump.

[0257] Accordingly, in one example, the other parameters outlined above are optimised, with the
drive stator slot depth being selected so as to ensure a required drive torque and efficiency are
obtained. In one example, the drive stator slot depth is selected to be between 4 mm and 14 mm

and typically about 11.25 mm.

[0258] It will be appreciated from the above that combinations of geometry changes can be
combined to achieve a compromise regarding the design objectives. In particular, changes in the
permanent drive magnet geometry allow adjustment of the efficiency/force ratio Kup./F;, with
the parameter changes being performed so as to decrease the volume/weight of both the drive

stator and rotor components, whilst ensuring efficiency and force requirements are met.

[0259] A summary of the preferred and optional ranges of the different parameters is set out in

Table 3 below, with specific values being further shown in Figure 8F:

Table 3

Variable ID Description Range Optimum Unit

W Drive stator slot width 4-74 6 mm

r, Outer radius of drive 22 -25 24.5 mm
stator core

r, Inner radius of drive 14-18 16 mm
stator core

h Drive stator axial slot 6.7-13.2 11.25 mm

depth
lgap Drive stator axial 25-4 3.2 +- movement | mm
magnetic gap length

h,., Drive magnet axial 0.8-3 2.6 mm

thickness
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okens” Moker Axial thickness of drive 1-5 1.75 mm
and rotor stator yoke
a Drive magnet pitch 15-36 25 degree
Kpyr Magnet strength N28H - N48H N48H -
N, P Number of drive stator 12,15, 18 12 --
poles
p Number of drive rotor 8, 10, 14, 16 10 --
poles

[0260] These parameter variations allow for the design of drive systems that stays within the
geometrical constraints and can operate over a significant magnet airgap whilst still satisfying

particular axial force requirement and maximising the efficiency.

[0261] In one example, this allows for a spacing between the first face of the rotor and the first
end of the cavity that is at least one of between 2 mm and 5 mm in use, between 2.0 mm and 3
mm in use and approximately 2.3 mm (+ axial movement of the impeller) in use. Similarly this
can allow for a spacing between a stator pole face and drive magnet face is at least one of
between 2.5 mm and 6 mm in use, between 2.5 mm and 4 mm in use and approximately 3.2 mm
(£ axial movement of the impeller) in use. Alternatively this can allow for a spacing between a
stator yoke and drive magnet to be at least one of between 7 mm and 25 mm in use, between 8
mm and 20 mm in use and approximately 17. mm (+ axial movement of the impeller) in use, or
a spacing between a stator pole face and drive magnet yoke to be at least one of between 4 mm
and 8 mm in use, between 4.5 mm and 7 mm in use and approximately 5.8 mm (+ axial

movement of the impeller) in use.

[0262] This is advantageous as it allows for a spacing between the first face of the rotor and the
first end of the cavity to be at least 2.3 mm in use, which in turn allows the vanes to be mounted
on the first face of the rotor between the first face of the rotor and the first end of the cavity, with
the vanes having a height of between 1.5 mm and 5 mm, between 1.5 mm and 2.5 mm, between
1.8 mm and 2.2 mm and about 2 mm, whilst avoiding the need for a shroud mounted on the
vanes, as previously discussed, and whilst allowing for up to = 0.3 mm of axial movement of the

impeller in use.
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[0263] While it is a traditional design philosophy to minimize the magnetic airgap of a drive
system to improve efficiency, an increased magnetic airgap can be advantageous in the design of
a blood pump due to the significantly higher vane height that is able to be accommodated.
Figure 8D shows that the higher impeller vanes can decrease the absolute value of the gradient
of the pressure-flow pump curve. This decreased pump gradient can improve the physiological
interaction of the device with the circulatory system. As such, design of motors with

significantly large air-gaps can be advantageous to rotary blood pump designs.

[0264] Although the increase of the motor magnetic airgap will inherently decrease the
efficiency of the device, through the manipulation of the aforementioned parameters it is
possible to create a motor which operates with a similar motor constant to a smaller airgap motor
as shown in Figure 8E. In particular this can be achieved by increasing the permanent magnet

strength in terms of increasing the magnet volume and/or magnetization grade.

Bearing Design

[0265] As previously described, the rotor is balanced in an axial direction using magnetic forces
from the drive and the magnetic bearing. To minimize energy usage, the magnetic bearing and
drive are configured so that the axial forces caused by the drive and bearing, are substantially
balanced when the rotor is provided at a balance point at a normal operating speed, which may

for example by approximately at a center of the cavity under conditions of normal flow.

[0266] The rotor is then suspended actively in the axial direction using a closed loop feedback
system, in which the sensor(s) 160 detect the rotor position and controller 150 determines the
magnetic bearing current required to position the rotor at a desired setpoint. Thus the difference
between the drive attractive force, magnetic bearing passive attractive force and any external
axial forces is balanced by the magnetic bearing electromagnetic forces. The point at which the
drive and passive magnetic bearing forces match is a balance point b, and is defined in terms of

the position in the casing and the magnitude of the opposing forces by.

[0267] The desired setpoint is selected based on flow requirements for the pump. In this regard,
controlling the physical separation between the vanes and the cavity wall adjusts the efficiency

of the respective impeller and therefore can be used to control flow. As has been described
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elsewhere, in a total artificial heart (TAH), moving the impeller can therefore be used to allow

for relative flow control between the left and right hand pumps.

[0268] In one example, the controller 150 can implement a virtual zero power controller, which
seeks to move the rotor such that the average current used by the magnetic bearing is controlled
to a given level (for example 0A). In this case, the amount of movement of the rotor by the
controller 150 for a given external force acting on the rotor is determined by the rotor axial
passive force stiffness (kr;), which is given by:

dF,

k=g

where: F, is the axial force

[0269] For the application of the total artificial heart, the VZP (Virtual Zero Power) movement
resulting from hydraulic forces acting on the rotor should be chosen based on the expected
hydraulic forces and the required movement to balance those forces and improve flow balancing.
As such it is advantageous to design the system components such that the axial passive force

stiffness is matched to the expected hydraulic forces.

[0270] The axial position at which the two attractive forces are equal is the point at which the
rotor will balance with zero steady state current and zero external forces. An example of this is

shown in Figure 9A.

[0271] In particular, in this example, when the rotor is centrally positioned (rotor position 0), the
drive and bearing attractive forces are equal at 24.5N. If the rotor moves to the left, towards the
drive, the drive attractive force increases, whilst the bearing attractive force decreases, leading to
a net force towards the drive. The converse situation is true if the rotor moves to the right. It
will be appreciated that this inherent instability is controlled through the use of the active

magnetic bearing to counteract the difference in drive and bearing forces.

[0272] The gradient of the force difference (kr, [N/mm]) is made up of the combination of the
drive axial force stiffness (kg yrr.) and magnetic bearing axial force stiffness (kg s ), as shown

in Figure 9B. Where the drive axial force is Fyrr . and the magnetic bearing axial force is Fyp,.
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dF, dF, dF
kpy = — =2 = _( MBz MTR,Z)

E N dz dz

[0273] The magnitude of the overall force stiffness kr, dictates the axial movement (dz) of the

rotor for a given change in external axial force (N).

[0274] The value of kg, should be designed such that the required axial movement is achieved

for the change of external forces caused by alterations in pressure acting on the rotor.

[0275] In addition to considering the axial stiffness, it is also necessary to consider the radial
stiffness of the bearing. In this regard, in prior art arrangements, the rotor is typically suspended
in a radial direction through the use of a radial bearing, such as a hydrodynamic journal bearing.
However, this arrangement relies on maintaining a minimum separation between the rotor and
the cavity side wall, which in turn leads to regions of high shear stress, which can in turn lead to
hemolysis and destruction of other formed elements in the blood. Accordingly, it is desirable to

provide alternative radial suspension mechanisms.

[0276] Inherently, the passive magnetic forces of the drive and magnetic bearing create a degree
of restriction to movement in the radial direction, so that the rotor is at least partially suspended
in the radial direction. The radial restoring forces are typically measured in radial force stiffness,

and an example of the profile of the radial restoring force is shown in Figure 9C.

[0277] The maximum static external radial force that the pump can withstand before touching
down radially is the maximum radial force at the maximum radial movement. As such it is
advantageous to increase the passive radial restoring forces between the magnetic bearing and

the rotor, so that the bearing and drive can provide the required degree of radial suspension.

[0278] Additionally the radial stiffness of the system, along with the damping and rotor mass,
influence the vibrational response of the rotor, particularly close to the resonant frequency.
Because the radial movement of the rotor is controlled passively, selection of the radial stiffness
should take into consideration the relationship between the radial resonant frequency and the
speed range at which the device is expected to operate. Due to an imbalance added to the rotor

by the ingestion of foreign tissue, the rotor may be imparted with a forced excitation in the axial
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and/or radial direction at the rotational frequency. Operation of the device speed close to the
radial resonance can induce a vibration in the rotor radial position that, without sufficient
damping, can cause the rotor to whirl and influence the performance of the axial magnetic
bearing system. Operation of the rotor below this resonant frequency is referred to at subcritical,

whilst operating at speeds above this is referred to as supercritical.

[0279] In situations where the operational speed range captures the speed that coincides with the
radial resonant frequency, the radial stiffness could be increased or the rotor mass could be
decreased to subsequently increase the radial resonant frequency higher than the operating speed
range. Conversely the radial stiffness could be decreased or the mass increased to reduce the
radial resonant frequency below the speed operating range, however the latter approach will
typically result in a reduction of the radial force capacity and additional mass for the axial
magnetic bearing system. As such in applications such as this it is advantageous to increase the

radial stiffness until the radial resonant frequency is above the operating speed range.

[0280] Accordingly, it will be appreciated that the above lead to particular requirements for the

magnetic bearing and drive.

[0281] In particular, for a given hydraulic system and pump configuration it may be required to
have a given axial stiffness kr, and a balance position b, for balance forces br. The total
stiffness value is the sum of the magnetic bearing stiffness and drive stiffness, and both the

magnetic bearing and drive must produce the same force at the balance point b,.

[0282] In addition to satisfying the requirements above, it is advantageous to maximize the

bearing axial efficiency (N/W*>) and the drive motor constant (Nm/W®”)

[0283] It will also be appreciated that in order to maximize the degree of axial movement for a
given magnitude of axial force, it is desirable to have a magnetic bearing that has a low axial
stiffness. However, in order to provide high passive radial suspension force capacity and ensure

the radial resonant frequency is sufficiently high, it is desirable to have a high radial stiffness.

[0284] Whilst balancing requirements can be met simply through adjustment (eg increase) of the
relative separation of the bearing and rotor, this would reduce the efficiency and also the radial

stiffness.
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[0285] Taking the above into account, it will be appreciated that it is desirable to configure the
drive so that it has the required stiffness and force balance point while maximizing the
efficiency, as previously described. The magnetic bearing must then be designed to provide the
required stiffness and force balance point while maximizing the efficiency and radial stiffness.

This process will now be described in further detail.
Force Stiffness

[0286] Axial stiffness is the change of force for a change of axial separation between the stator

dF,

and target. It is measured in N/mm. It can be expressed mathematically as kp, = — —

[0287] Radial stiffness is the change of force between a stator and target for a change of radial

alignment (while axial separation is kept constant). It can be expressed mathematically as

dF;

kg = .
Fr dr

[0288] The source of the magnetic flux and therefore the magnetic force can be either or both a

permanent magnet or an electromagnetic coil.
Reluctance / Reluctance Stiffness

[0289] Reluctance is a magnetic analog of electrical resistance. The path for the magnetic flux
to flow and the permeability of the materials in that path define the reluctance of a circuit. The

SI unit of Reluctance is inverse henry, H™'. It traditionally has the symbol of script R .

[0290] Materials such as iron have a high permeability which easily allows flux to flow through
them and as such when they are used in the flux path (for example in the stator). Air gaps in the
flux circuit tend to increase the reluctance due to their low permeability. For example, when the
airgap increases between the stator and target (perhaps when the target is moved) the reluctance

of the circuit increases.

[0291] A higher reluctance of a magnetic circuit implies that less magnetic flux will flow for the

same magnetic-motive force (MMF is an analog of voltage in an electrical system).
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[0292] The change of reluctance for a change of relative position between the stator and target

: . . . . dn dn
can be defined in terms of a stiffness. The stiffness can be written as kg, = - or kp, = o
depending on the axis of movement i.e. the change of reluctance for the change of position along

the x axis
Force/Reluctance

[0293] The change of force for a change of position (force stiffness) is dependent on the change
of flux in the circuit for the change of position. Since the reluctance stiffness is a measure of

how easy it is for the flux to flow, these quantities are intrinsically related.

[0294] Therefore the force stiffness is a function of the reluctance stiffness.
dF B <diR>
dx dx

[0295] To maximize the force stiffness implies that the reluctance stiffness is also maximized

and vice versa.

[0296] In one embodiment the heart pump is configured to have an axial system stiffness of at
least one of: at least 10 N/mm; at least 20 N/mm; at least 30 N/mm; less than 60 N/mm; less than

50 N/mm; about 10-60 N/mm; about 25-50 N/mm; about 30-40 N/mm; and, about 35-40 N/mm.
Stiffness ratio

[0297] The stiffness ratio can be defined as the ratio between the stiffness in one axis with the

stiffness of another axis, for example in the radial versus axial directions.

. _dR,

_ KF — dr

SR = r/sz = /_@
dz

[0298] The overall forces can be increased or decreased by changing the bearing permanent
magnet strength. However the relative changes in the forces will follow the stiffness ratio.
Therefore if a new design has a higher stiffness ratio, it can match the radial stiffness value of a

previous system, but with a lower axial stiffness.
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[0299] Increasing the stiffness ratio can be accomplished by increasing the amount of reluctance
change for a given radial movement. This is primarily achieved by designing the highly
permeable materials (iron) such that they change the flux path as the two objects are moved in

relation to one another.

[0300] An example of this will now be described with reference to Figures 10A to 10D.

[0301] In the example of Figures 10A and 10B, two magnetic components, such as a bearing
stator leg 142.1 and bearing magnet 144 having flat wide profiles are moved laterally,
corresponding to radial movement of the rotor. In this example, radial movement does not
change the flux path significantly due to overlap of the magnetic components, so even after the
radial movement is performed there is a similar path for the flux to take, so the reluctance stays

the same.

[0302] In contrast, in the configuration of Figures 10C and 10D, the magnetic components
terminate in tips. In this example, radial movement does change the flux path significantly due
to the increase in the air-gap. Consequently, when the parts move laterally relative to one
another, corresponding to radial displacement of the impeller, the reluctance increases, therefore

provides a restoring force.

[0303] An alternative analogy to consider is an electrostatic analogy in which there are constant
"magnetic charges" on the surfaces of the magnets, which generate magnetic fields and when the
pole tips are exposed to those fields, there are magnetic charges induced on those tips having the
polarities opposite to those of the charges on the corresponding surfaces of the magnets.
Importantly, the charges on the surfaces of the magnets are not changing, whereas the induced
charges on the pole tips are fluent and can move around the pole surfaces to minimize the overall

energy of the magnetic field.

[0304] By limiting radial width of a pole, the freedom of those induced charges to move around
the pole surface is limited, meaning they can move only with the pole and, therefore, force the
entire pole to move to a position with lower overall magnetic energy. In other words, a force
exerted on the induced charges does actually get transmitted to the pole rather than simply

causing charge redistribution within the pole. In addition, using the tapered pole results in higher
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densities of the magnetic charges in the pole areas where they contribute to generation of the

radial forces.

[0305] Accordingly, it will be appreciated that a narrower tip leads to an increase in radial

stiffness.

Bearing Configuration

[0306] Accordingly, it will be appreciated that in the heart pump described above, the magnetic
bearing 140 is configured to provide active control in the axial direction and passive stability in

the radial direction.

[0307] The axial force stiffness between the magnetic bearing and rotor influences the relative
movement of the rotor due to external hydraulic forces acting on the rotor. Lowering the axial
force stiffness typically improves the operation of the zero power controller by allowing the
rotor to move further for a given change in hydraulic force brought about by alterations in
circulatory resistance and thus pressure. However there could be a lower limit to the axial
stiffness dictated by the force requirements of a backup hydrodynamic bearing system or by the
requirement of the zero power controller to limit the rotor movement for an expected external

axial force.

[0308] The radial force stiffness between the magnetic bearing and the rotor is used to stabilize
the rotor in the radial direction when the rotor is acted upon by external forces, such as hydraulic
forces due to unbalanced pressure recovery within the volute collector around the circumference
of the impeller, synchronous forces generated by the rotation of the rotor with mass imbalance,
or shock forces due to patient everyday movement. Since the radial stability of the rotor is
dependent on the radial stiffness of the magnetic bearing system, increasing the radial stiffness
improves the stability of the device and improves the maximum static and/or shock force that
can be accommodated prior to radial touchdown. A higher radial stiffness can also ensure that
the radial resonance is sufficiently high such that the rotor runs subcritical over its entire speed

range.
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[0309] To improve the system performance the magnetic bearing should maximize the radial
stiffness while simultaneously minimizing the axial stiffness. Accordingly, the magnetic bearing

is designed to maximize the radial to axial stiffness ratio.

[0310] In one example, this can be achieved ensuring that all or part of the bearing stator legs
142.1, 142.2 are narrower than the magnetic bearing members 144, 145 in a radial direction
relative to the rotor. This can be achieved by narrowing the entire stator leg or by introducing
tapering adjacent the air gap into the magnetic circuit formed by the magnetic material 144, 145

in the rotor and the bearing stator legs 142.1, 142.2 of the bearing stator 142.

[0311] An example of this will now be described with reference to Figures 11A to 11D.

[0312] In the example of Figures 11A and 11B, the bearing stator legs 142.1, 142.2, and
magnetic bearing members 144, 145, which in this case are permanent magnets, do not include
tapering. Consequently as the rotor moves radially as shown in Figure 11B, there is little if any

reluctance change and hence minimal radial stiffness.

[0313] In contrast in the arrangement of Figures 11C and 11D, each of the bearing stator legs
142.1, 142.2 of the bearing stator 142 taper inwardly proximate an end of the bearing stator leg,
thereby forming a truncated tip adjacent the air gap. Consequently, radial movement of the rotor
shown in Figure 11D causes a change in reluctance, leading to a restoring force and hence an

increase in radial stiffness.

[0314] The tapering can be towards a centreline of magnetic bearing member and is typically
configured so that a radial restoring force from an individual bearing increases as the rotor is

radially offset from a central radial position.

[0315] Thus, selecting the geometry of the bearing stator legs 142.1, 142.2, or magnetic bearing
material 144, 145 so the flux path changes significantly with radial movement, can increase the

radial stiffness of the magnetic bearing.

[0316] An example of a comparison between the axial and radial stiffnesses for the

arrangements of Figures 11A to 11D are shown in Figures 12A to 12D.
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[0317] In the example of Figures 12A and 12B, the radial stiffnesses and axial airgap of the two
designs are matched, leading to the straight bearing stator leg arrangement of Figure 11A having
a greater axial stiffness, and hence lower stiffness ratio. Example properties are summarized
below in Table 4. An example of a high stiffness and high balance force bearing design is

described in the right column of Table 4.

Table 4

Tapered Bearing Straight Bearing High stiffness

stator leg stator leg stator design
Airgap 1.3mm 1.3mm 1.3mm
Balance force at 11.5N 14.8N 24.5N
airgap
Axial stiffness from 10.5 N/mm 14.3 N/mm 20.5 N/mm
magnetic bearing
Radial stiffness from | 1.51 N/mm 1.47 N/mm 4 N/mm
magnetic bearing
Ratio 14.4% 10% 19%

[0318] In the example of Figures 12C and 12D, the axial balance forces generated by the
bearings are matched by analyzing the two designs for specific axial airgaps, leading to the
tapered bearing stator leg arrangement of Figure 11C having a greater radial stiffness, and hence
higher stiffness ratio. Example properties are summarized below in Table 5. This equivalency of
the axial balance forces can be achieved in the device by offsetting the bearing axial location
relative to each other or by modifying the strength or volume of the permanent magnet material.
An example of a high stiffness and high balance force bearing design is described in the right

column of Table 5.
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Table 5
Tapered Bearing Straight Bearing High stiffness stator
stator leg stator leg design
Airgap 1.06mm 1.38mm 1.3mm
Balance force at 14N 14N 24.5N
airgap
Axial stiffness from | 14.5 N/mm 14.3 N/mm 20.3 N/mm
magnetic bearing
Radial stiffness from | 2 N/mm 1.41 N/mm 4 N/mm
magnetic bearing
Ratio 13.8% 10% 19%

[0319] An indication of the increase in stiffness ratio (radial to axial stiffness) that can be
achieved by tapering the tip of the bearing stator legs 142.1, 142.2 is shown in Figure 13, which

highlights an approximately linear increase in stiffness ratio, with decreasing pole width.

[0320] Tapering can also be achieved through other mechanisms. For example, whilst tapering
of magnets is achievable, this tends to be difficult, in terms of manufacture of the magnet, and
not particularly effective. Alternatively however, tapering of the bearing magnetic material
within the rotor can be achieved by forming the material from soft iron, or by placing a pole shoe

144.1 on the permanent magnet 144 as shown in Figure 14.

[0321] It will be appreciated from the above that a variety of different configurations of bearing
stator and magnetic material can be used, and that these will result in different stiffness ratios. A

number of examples are shown in Figures 15A to 15F.

[0322] In the example of Figure 15A, the bearing magnetic material 144, 145 in the rotor
includes two magnets mounted on a common bearing rotor yoke 146, whilst the bearing stator
142 includes bearing stator legs 142.1, 142.2 terminating in flat ends, leading to a stiffness ratio

of IK1/Kzl=5.3%.

[0323] In the example of Figure 15B, the bearing magnetic material 144, 145 in the rotor

includes two magnets mounted on a common bearing rotor yoke 146, whilst the bearing stator
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142 includes bearing stator legs 142.1, 142.2 terminating in tapering tips, leading to a stiffness
ratio of IKr/Kzl=12.9%.

[0324] In the example of Figure 15C, the bearing magnetic material 144, 145 in the rotor
includes soft iron integrally formed with a common bearing rotor yoke 146, whilst the bearing
stator 142 includes bearing stator legs 142.1, 142.2 terminating in permanent magnets, leading to

a stiffness ratio of IKr/Kzl=5.4%.

[0325] In the example of Figure 15D, the bearing magnetic material 144 includes a permanent
magnet, whilst the magnetic material 145 is soft iron integrally formed with the common bearing
rotor yoke 146, whilst the bearing stator 142 includes bearing stator leg 142.1 terminating in a
flat end and a permanent magnet mounted on an end of the second bearing stator leg, 142.2

leading to a stiffness ratio of IKr/Kzl=6.6 %.

[0326] In the example of Figure 15E, the magnetic material 145 and second bearing stator leg
142.2 include permanent magnets, whilst the first magnetic material and stator bearing stator leg

142.1, terminate in flat ends, leading to a stiffness ratio of IKr/Kzl=15.5%.

[0327] In the example of Figure 15F, the bearing magnetic material 145 includes a magnet in
opposition with a tapered tip on the second bearing stator leg 142.2, whilst the first magnetic
material and bearing stator leg 142.1 terminate in flat ends, leading to a stiffness ratio of

IKr/Kzl=11.0%.

[0328] Whilst the arrangement of Figure 15E provides the highest stiffness ratio, the axial force
generated by this arrangement is approximately 40N, which is too high to allow for the passive
forces to be balanced by the drive. Hence this arrangement cannot be used in practice. The
alternative embodiments of Figures 15B and 15F however provide a sufficiently high stiffness

ratio and an acceptable axial force.

[0329] The arrangements of Figures 15B and 15F have different benefits in terms of the sensors

160 that can be used.

[0330] The arrangements of Figures 15C, 15D and 15E have permanent magnets placed directly
on the magnetic stators which can lead to manufacturing challenges as well as the potential for

localized heating from the coils which can be detrimental to the magnet performance.
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[0331] In this regard, the arrangement of Figure 15B is used with the eddy current sensors 160
shown in Figures 2G to 2I, which includes three sensors, each having a coil mounted in a
housing 163, circumferentially spaced and aligned with the inner bearing stator leg 142.2 of the
magnetic bearing stators 142. The coil is aligned perpendicularly with a rotor surface and
generates a magnetic field, which in turn induces eddy currents in a conductive target provided
as part of the rotor 121. The eddy currents generate variations in the magnetic field, which are a
function of the magnetic field, material properties and the position of the target. As a result,
measurement of the field variations can be used to determine separation of the sensor 160 and
the target, and hence the rotor 121. In one example, the target is formed from a metal surface
that encapsulates the rotor to provide a hermetic biologically inert barrier, although this is not

essential and alternatively a conductive target can be embedded within the rotor.

[0332] The pump housing also typically includes a barrier material designed to provide a
hermetic barrier between the blood in the pump cavity and the magnetic bearing and motor
elements, as well being biologically appropriate for continuous contact with blood. This is
typically achieved with the use of metal, ceramic or other appropriate materials. The use of
nonconductive and nonmagnetic barrier material such as ceramic in proximity to the eddy
current sensor allows the magnetic field from the sensor to pass through the casing barrier and
interact with the target in the rotor. However, the use of a conductive metal barrier material in
proximity to the eddy current position sensors can reduce the field that can penetrate through the
barrier material and interact with the target material reducing the sensitivity of the sensor to
movement of the target and hence rotor. In the instance of a conductive barrier material being
used, the design of the barrier and rotor target greatly affects the relative creation of the eddy
currents in the materials and therefore the sensitivity of the sensor to the target movement. A
sensor with high sensitivity reduces noise induced into the system, thereby reducing the power
consumption of the active magnetic bearing system as well as improving the levitation

performance.

[0333] Additionally, if the target material is designed such that the sensor magnetic field can
penetrate through the target, care must be taken regarding the design and conductivity of the
materials behind the target since they could erroneously influence the sensor signal. For

example, if the sensor field can penetrate through the target material of the rotor it could interact
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with the magnetic bearing members located behind it. Since the magnetic bearing members
form a non-homogeneous target in the radial direction, this could cause the sensor to erroneously
detect radial movement of the rotor as axial displacement. As such where possible the target

should be design such that the penetration of the sensor field through the target is minimized.

[0334] Accordingly, it will be appreciated that the sensitivity of the sensor system to axial target
movement can be increased whilst the sensitivity to radial movement decreased, through the
suitable selection of materials and the design of the barrier and target elements, as well as the

sensor coil design and excitation frequencies, as will now be described.

[0335] In one example, the conductivity of the target is maximized to encourage the generation
of eddy currents in that material and to minimize the skin depth of the magnetic field within the
target material. Minimizing the skin depth of the eddy currents generated within the target, such
that the skin depth is smaller than the target thickness, ensures that the sensor field is contained
within the target and does not have significant penetration through to materials located past the
target which can be a cause of erroneous changes in the signal. This can be achieved by using
target materials of a relatively higher electrical conductivity, such as commercially pure Ti
(1.276)(106 Siemens/m), than the barrier material as well as maximizing the thickness of the
target material. At 1MHz, 0.75MHz and 0.5MHz the skin depth of commercially pure titanium
is about 0.45mm, 0.52mm and 0.63mm respectively. The target material thickness is typically
between 0.3mm to 1mm, and more typically approximately 0.6mm. Increasing the barrier
thickness also increases the operating axial airgap of the magnetic bearing stator reducing its

performance.

[0336] The conductivity of the barrier material is typically minimized to reduce the generation
of eddy currents in that material, and to maximize the skin depth of the eddy current generated
within the material. To achieve sufficient penetration of the barrier material by the sensor field it
should be ensured that the skin depth of the eddy currents generated in the barrier material is
greater than at least two multiples of barrier material thickness, but preferably a multiple of 3 or
more. This can be achieved by using materials of a relatively lower electrical conductivity, such
as titanium alloy TiAIV (5.800x10° Siemens/m), as well as decreasing the thickness of the target
material while still providing sufficient barrier and structural strength. At 1MHz, 0.75MHz and
0.5MHz the skin depth of TiAlV titanium is about 0.66mm, 0.76mm and 0.94mm respectively.
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Typically the barrier material thickness is between O0.Imm to 0.5mm, and more typically

approximately 0.3mm.

[0337] In one example, an excitation frequency can be selected that ensures the eddy current
skin depth in the barrier material is at least larger than twice the barrier thickness to allow
penetration, whilst reducing the skin depth of the eddy currents in the target material such that it
is equal or smaller than the target thickness. An optimum frequency can be selected such that the
trade-off between the target thickness and material and barrier thickness and material results in a
maximum raw signal strength. In one example, the coil excitation frequency is between
0.2MHz and 2MHz, and more typically is approximately 1MHz. Higher frequencies can reduce
the eddy current skin depth in the barrier material such that there is insufficient penetration of
the field into the target, while lower frequencies cannot produce sufficient eddy currents in the

target material reducing the sensitivity of the signal to rotor axial movement.

[0338] The sensor radial location should also be considered such that radial movement of the
rotor through its radial range does not change the shape or material properties of the target. The
sensor should be located sufficiently away from edges or features of the target material such that
movement of the rotor radially will not introduce those elements into the sensor field. For
example an annular target with an inner radius of 12.5mm and an outer radius of 25mm which is
targeted by a sensor probe with a diameter of 6.2mm located at a radial location of 18.75mm
could afford 2mm of radial movement of the target in either direction without letting the radial
edge of the probe get within about 1.25mm of the radial edge of the target, or 20% of the probe
diameter. Probes with larger diameters can increase sensitivity when detecting targets at a larger
axial distance, such as when the impeller is located close to the left end of the cavity in this
application, compared to smaller probes. Sizing the probe such that it is the largest diameter for
the available target width affords the best sensitivity of the system, particularly at larger axial
separations. This is particularly applicable to sensor systems that utilize single sided detection

rather than differential sensor topologies.

[0339] The sensor head design is typically configured to create a volumetric magnetic field that
can penetrate the barrier material, whilst also interacting with the target material at the maximum
target axial position. To achieve this, the sensor head diameter is typically between 2mm and

7mm and more typically approximately 6.2mm, whilst the sensor head height being between



10

WO 2018/187576 PCT/US2018/026265

-53.

0.2mm and 1.5mm and more typically approximately 0.6mm. The sensor coil typically has

between 25 and 300 turns and more typically approximately 50 turns.

[0340] Example parameters for eddy current sensing are set out in Table 6 below.

Table 6
Variable ID Description Range Optimum Unit
arger Thickness of target 0.2-0.6 0.6 mm
material
— Thickness of barrier 0.1-0.3 0.3 mm
material
S arger Electrical conductivity 5.800E+05 — 1.276E+06 Siemens/m
of the target material 2.239E+07
Ty ior Electrical conductivity | 0—1.276E+06 5.800E+05 Siemens/m
of the barrier material
- Sensor excitation 02-2 1 MHz
frequency
ol Outer diameter of the 2-7 6.2 mm
sensor coil
coilo Height of the sensor 02-1.5 0.6 mm
coil
il Turn number of sensor 25- 300 50 turns
coil

[0341] These parameter variations allow for the design of the eddy current sensor system to
operate while satisfying the manufacturing, assembly and biological requirements of the rotor

and casing.

[0342] In contrast, in the arrangement of Figure 15F the first bearing material is formed from a
soft iron material, which can be more suitable for other sensing arrangements, such as reluctance

sensors or the like.
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[0343] An advantage of reluctance sensors is their ability to operate at excitation frequencies
significantly lower than eddy current position sensors. Operation at lower excitation frequencies
means less eddy currents are created in the casing barrier materials and rotor conductive
materials, reducing their influence on the sensor performance allowing greater flexibility in the
system design and materials. Sensors operating at higher frequencies require specialized cables,
such as coaxial cables to provide a stable conductor impedance between the sensor electronics
and the sensor itself. Operation at a lower frequency allows for the use of simpler twisted pair
wire connection, which can be smaller than coaxial cables and more tolerant to environmental
influences. Operation at a lower frequency can simplify the generation of the excitation signal

as well as signal processing of the resulting signal that contains the position information.

[0344] If the sensor is designed to operate at a high frequency, a coaxial cable may be required
to connect the sensor head with the electronics. Coaxial cables and connections are known to
suffer from the disadvantages of interference in the hostile body environment and the external
influences during patient activity, in particular, the bend flexing due to breathing amongst others.
To mitigate the issue of coaxial cabling interference, the parts or all of the electronics for the
sensor can be included on the pump. Thus, a conditioned analog or digital signal can be
transmitted from the device to an external controller, which has a higher threshold against
interference. However, should these implanted electronics fail, the magnetic bearing system
would cease to function, and the device would continue operation on the hydrodynamic backup
bearing. To restore the magnetic bearing function in this instance however, the entire device

would need to be replaced as opposed to just the external control box.

[0345] However, it will be appreciated that the arrangement of Figure 15B, which results in a

higher stiffness ratio, may be preferred in which case eddy current sensing may be used.

[0346] As also mentioned above, whilst tapering is one mechanism to achieve a width difference
between the bearing stator legs 142.1, 142.2 and magnetic bearing members 144, 145, this is not
essential and alternatively either or both of the bearing stator legs 142.1, 142.2 could be
narrowed relative to the magnetic bearing members 144, 145 over the entire length of the
bearing stator legs 142.1, 142.2. However, the use of the tapering is generally preferred as this

allows the poleface of the magnetic bearing members 144, 145 to be narrower whilst not
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affecting flux saturation in the stator legs due to flux linkage/leakage between the stator legs,

which in turn reduces the overall physical size, which is important in heart pump applications.

Bearing Maximum Force

[0347] The maximum force that can be produced is determined as the maximum force that is

achieved when the bearing stator material saturates with magnetic flux.

[0348] Because the magnetic flux density in the foot of the straight bearing stator leg is typically
lower than in other parts of the stator (due to leakage between the bearing stator legs in the upper
region), tapering the foot/tip of the bearing stator leg does not significantly reduce the maximum

force that can be created.

Bearing Efficiency

[0349] The efficiency of the magnetic bearing is dependent on the amount of area filled with
coils. As such to maximize the efficiency of the magnetic bearing, the tallest magnetic bearing

allowable by physical constraints should be used.

[0350] Examples of bearing parameters for the parameters shown in Figures 16A and 16B are

outlined in Table 7 below:

Table 7
Variable ID | Description Range Optimum Unit
Wy Bearing stator slot width 35-55 4.7 mm
Winer Second bearing statorleg |2 -4 2.9 mm
width
Wouter First bearing stator leg 2-4 3.6 mm
width
hisior Bearing stator slot height | 5—-35 14.8 mm
Nraper Taper height 0-10 5 mm
NBridge Bearing stator bridge 2-4 3.2 mm
height
Tor Second bearing statorleg | 0-3 0.5 mm
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inner taper
Too Second bearing statorleg | 0-3 1.6 mm
outer taper
Tor First bearing stator leg 0-3 0.0 mm
inner taper
Tor First bearing stator leg 0-3 2.8 mm
outer taper
hpy Bearing magnet height 1-3 2.4 mm
Wear Second bearing magnet 3-45 3.5 mm
width
Wpa.o First bearing magnet width | 3 — 4.5 3.5 mm
Kpyr Magnet strength N28H - N48H N45H -
Whackiron Rotor bearing yoke width | 10— 13 11 mm
Rpactrion Rotor bearing yoke height | 1 -2 1.9 mm
Dgiaior Bearing stator depth 6-10 8 mm

[0351] Accordingly, it will be appreciated from the above, that the ratio of the radial to axial
stiffness can be manipulated by the design of the magnetic circuit elements in the bearing. In
particular tapering of the highly permeable material near the airgap can be used to increase the
stiffness ratio, whilst the location and geometry of permanent magnets can be used to influence
the stiffness ratio and passive axial forces generated by the bearing. The stiffness ratio can be
improved with these changes if they increase the change of reluctance for radial movement

and/or decrease the change of reluctance for axial movement.

[0352] Figure 9B shows the net force difference between the motor and magnetic bearing
attractive forces. The axial system stiffness in this example is 37N/mm at the balance point. In
practice, the heart pump typically has an axial system stiffness of at least one of: at least 10
N/mm, at least 20 N/mm, at least 30 N/mm, less than 60 N/mm, less than 50 N/mm, about 10-60
N/mm, about 25-50 N/mm, about 15-25 N/mm, about 30-40 N/mm and about 35-40 N/mm. In
this example, almost all the radial system stiffness is generated by radial stiffness of the bearing
with minimal contribution from the motor system, however in other configurations there can be a

larger more significant contribution from the motor. The heart pump has a radial system
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stiffness of at least one of between 0.5 N/mm and 11 N/mm, between 0.5 N/mm and 1.5 N/mm,
between 1.5 N/mm and 3.0 N/mm, between 3 N/mm and 6 N/mm and between 6 N/mm and 11

N/mm.
Combined Yoke

[0353] In the above examples, the rotor drive yoke 135 and rotor bearing yoke 146 are identified
as separate elements. However, in practice the rotor drive and bearing yokes 135, 146 can be
combined into a single monolithic annular element. The thickness, design and material of the
combined rotor drive and bearing yoke can be modified from their independent standalone

designs for improved performance as a combined system.

[0354] For example, when the rotor drive and bearing yokes 135, 146 are physically and
sufficiently magnetically separated, the forces produced by the motor and magnetic bearing
systems act on the rotor yoke elements independently, requiring the rotor drive and bearing
yokes 135, 146 to be connected mechanically to transfer the forces and balance them.
Combining the rotor drive and bearing yokes 135, 146 connects the force between the two
magnetic systems thereby simplifying the rotor design. Manufacturing and assembly of the
single combined rotor drive and bearing yoke can reduce tolerance stack-ups, improving the
balance and levitation performance of the rotor. Cross-coupling between the motor and
magnetic bearing flux through the combined rotor drive and bearing yoke can be minimized

through the design of the combined yoke, such as the choice of thickness and material.

[0355] High purity iron is often used in the construction of the rotor drive and bearing yokes
135, 146 due to its high magnetic flux saturation level. Other materials such as Cobalt-Iron-
Vanadium alloys (Hiperco 50A) can offer higher magnetic flux saturation levels so are
particularly applicable to this application as they can reduce the volume of material required in
the rotor yoke, therefore reducing the thickness of the rotor and the overall device thickness.
This height reduction for a constant diameter can also improve the dynamics of the rotor. The
combined rotor drive and bearing yoke can be constructed from a number of different materials
with varying magnetic properties to create a yoke with non-homogeneous magnetic

permeability. A material with low magnetic saturation level can be used within the combined
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rotor drive and bearing yoke to minimize cross-coupling between the two magnetic systems by

increasing the magnetic reluctance path to flux flowing between the two sides.

On-line sensor recalibration

[0356] The known force characteristics of the magnetic bearing actuator at various axial airgaps
can be used to verify the axial position of the rotor. Small sinusoidal perturbations of the
magnetic bearing actuator current at a given low frequency will produce a movement in the rotor
that is a function of the current stiffness and the axial position stiffness. Accurate knowledge of
the change of current and axial position stiffness as a function of airgap can allow for the
estimation of the airgap from the measured response from the perturbations. This measurement
can occur while the device is operational since the perturbations are small. This information
regarding the airgap obtained from the on-line perturbation method can be compared to the
position data received from the position sensors to ensure there have been no changes in the
system performance due to variation in the magnetic bearing levitation system, such as sensor

calibration or permanent magnet strength.

[0357] The above described arrangements can be employed in wide range of circumstances and
in different pump configurations. For example, this can be used when one or two pumps are used
to provide assistance or replacement of the left or right ventricles, including in a TAH, when two
rotary pumps to provide complete replacement of the native heart, in an LVAD/RVAD, when a
single rotary pump is used to provide assistance to either the left or right ventricles, or in a

BiVAD, when two rotary pumps to provide assistance to the left and right ventricles.

[0358] An example of a single VAD heart pump will now be described with reference to Figures
17A to 17F.

[0359] In this example, the heart pump 1700 includes a housing 1710 defining a cavity 1715.
The housing can be of any suitable form but typically includes a main body, and left and right
end caps which connect to the main body. The housing can be made of any suitable

biocompatible material, and can be made of titanium, a polymer or the like.



10

15

20

25

30

WO 2018/187576 PCT/US2018/026265

-59 .-

[0360] The housing 1710 includes an inlet 1711, for connection to the left atrium/pulmonary
vein or right atrium/vena cava, or left or right ventricle, and an outlet 1712 for connection to the

aorta or pulmonary artery, respectively.

[0361] The heart pump 1700 includes an impeller 1720 provided within the cavity 1715. The
impeller 1720 includes a rotor 1721 having vanes mounted thereon for urging fluid from the inlet
1711 to the outlet 1712 upon rotation of the impeller 1720. In this example, as the heart pump
1700 is a single ventricular assist device, the impeller includes a single set of vanes 1722 for
urging fluid from the inlet 1711 to the outlet 1712. In this example, the vanes 1722 have a
particular configuration although it will be appreciated that other suitable vane configurations
can be used. The impeller can also include an aperture 1724 extending therethrough to allow
blood to flow around the rear surface of the impeller and thereby prevent stagnation and clotting
of blood within the heart pump. Furthermore, the use of a magnetic bearing in this region allows
for blood gaps in excess of 200-300um, which can both reduces shear stress and thus red cell
lysis, as well as promote greater rates of washout flow than otherwise anticipated in gaps created

by hydrodynamic bearings.

[0362] The heart pump 1700 further includes a drive 1730 that rotates the impeller 1720 within
the cavity 1715. The drive 1730 can be of any appropriate form but typically includes a number
of coils 1731, each wound on a respective stator 1732, supported by a mounting 1733, allowing
the drive 1730 to be coupled to the housing 1710. The drive cooperates with magnetic material
1734 mounted in the rotor 1721, with the magnetic material being in the form of a number of
circumferentially spaced permanent drive magnets arranged proximate an outer circumferential
edge of the rotor 1721. In one example, the coils 1731 and stators 1732 are wedge shaped and
circumferentially spaced around the mounting 1733, so as to provide twelve electromagnets
axially aligned with the drive magnets 1734 in the rotor 1721, to thereby maximise a degree of

magnetic coupling between the magnets in the rotor 1721 and the drive 1730.

[0363] The heart pump 1700 can further include a magnetic bearing 1740 including at least one
bearing coil 1741 that controls an axial position of the impeller within the cavity 1715. In one
particular example, shown in more detail in Figure 17E, the magnetic bearing includes three
bearing coils 1741, each of which is mounted on a first arm 1742.1 of respective U-shaped

stators 1742, with a second arm 1742.2 being positioned radially inwardly of the first arm
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1742.1. The stators 1742 are mounted to or integrally formed with a support 1743 and
circumferentially spaced 170° apart around the housing so that the first and second arms 17421.
1742.2 align with respective magnetic material, such as bearing magnets 1744, 1745 within the

impeller 1720, allowing an axial position of the impeller 1720 to be controlled.

[0364] In one particular example, the bearing rotor assembly includes ferromagnetic core target
1744 mounted in the rotor, proximate an outer circumferential edge of the rotor 1721, and a
permanent bearing magnet or ferromagnetic material 1745 mounted radially inwardly of the first
ferromagnetic core target 1744, so that the ferromagnetic core target and bearing magnets 1744,
1745 align with respective arms 1742.1, 1742.2 of the stators 1742. The ferromagnetic core
target can be replaced with a second permanent magnet. However, the use of a magnetic bearing
may not be required and can be replaced by a static physical bearing or hydrodynamic bearing,

or the like.

[0365] In this example, the drive 1730 and magnetic bearing 1740 are mounted at opposing ends
of the housing 1710 so that the drive and bearing 1730, 1740 are provided proximate opposing
surfaces of the rotor 1721 as shown for example in Figure 17B. In the current example the drive
1730 is mounted adjacent the side of the impeller 1720 that includes vanes so as to maximise the
blood gap between the rotor, vanes and the casing. That is to say, only the vane tips are in closer
proximity to the casing, however this blood gap can still be in the order of 200-300pum.
Additionally, bearing and drive are configured so that the magnetic forces inherent between the
drive 1730 and impeller 1720, and between the magnetic bearing 1740 and impeller 1720 and
the hydraulic forces on the impeller 1720 define a balance position within the cavity under
conditions of normal flow. This minimises the bearing power required to maintain the position

of the impeller 1720 within the cavity under nominal flow conditions.

[0366] It will be appreciated as in the previous example, the apparatus can further include a
controller, and otherwise functions largely as previously described, and hence will not be

described in further detail.

[0367] Additionally, the above described arrangement can be employed in a pump which had

one or more combinations of different bearing types, for example, contact bearings, passive
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magnetic bearings and hydrodynamic bearings. Each of these bearing types have a axial force

requirement for their operation and can benefit from design concepts described above.

[0368] The heart pump can be used with a controller and control process that uses an active
magnetic bearing in conjunction with a zero power controller that controls the position of the
rotor in response to a change of magnetic bearing current, or that uses speed control based on
impeller position, for example in response to a perturbation in flow/bearing operation to provide

an additional degree of control over flow.

[0369] For example, the above described heart pump can be configured to operate using a fall-
back hydrodynamic bearing in the event that the axial active magnetic bearing fails, and an

example of this will now be described in more details with reference to Figures 18A to 18C.

[0370] In particular, Figures 18A to 18C show an impeller cavity 1811 defined by a housing
1810 with an impeller 1820 positioned therein. A drive 1830 is provided at a left end 1811.1 of
the cavity, adjacent a left end wall 1810.1 whilst a magnetic bearing 1840 is provided on a right
end 1811.2 of the cavity adjacent a right end wall 1810.2, with the cavity being approximately
600 pm in length in one example. It will therefore be appreciated that this configuration is
generally similar to that described above with reference to Figures 1A to 3D. It will be noted
that the terminology left and right ends of the cavity refers to the left and right as orientated in
the drawings, but also refers to the respective functionality of the pump, with the left side of the
cavity acting to provide left ventricular function and the right side of the cavity acting to provide

right ventricular function.

[0371] The cavity can be considered as delineated into a number of zones, including a normal
working region 1881, left and right buffer zones 1882, 1883 and left and right end zones 1884,
1885.

[0372] In the absence of hydraulic forces, a minimum power balance position is shown in Figure
18A coincident with the dotted line 1887. At this position, absent of hydraulic forces, the
attractive forces of the drive and bearing balance so that only a small amount of bearing current
would be required in order to balance small disturbance forces and maintain the impeller 1820 at

the balance position 1887.
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[0373] In practice, under normal operating conditions with hydraulic forces present within the
cavity, the impeller 1820 is provided near the geometric centre of the cavity 1886, typically
within the working range zone 1881. In this instance, the attractive forces of the drive and
bearing, together with the hydraulic forces, balance so that theoretically no bearing current

would be required in order to maintain the impeller 1820 at the balance position 1886, in use.

[0374] Nevertheless, it will be appreciated that the impeller 1820 will move left or right within
the cavity depending on the particular hydraulic forces, with the movement typically being

constrained to within the working zone 1881 under normal conditions.

[0375] In the event of a magnetic bearing failure, the impeller 1820 will typically be attracted to
either the left or right hand ends 1811.1, 1811.2 of the cavity 1811 due to magnetic attraction by
the drive 1830 or bearing 1840 respectively, depending on factors, such as the position of the

impeller 1820 and the prevailing hydraulic conditions at the time of failure.

[0376] In the event that the impeller is attracted to the cavity left end 1811.1 as shown in Figure
18C, through appropriate configuration of the impeller 1820, an upper surface of the impeller
vanes can act as a hydrodynamic bearing, allowing the impeller 1820 to continue rotating
without physically engaging the housing 1810. In this regard, the hydrodynamic bearing results
from a thin fluid film between the upper surface of the left impeller blades and the left end wall
1810.1, which arises due to the impeller blades having a sufficiently large surface area and

pitched surface, to cause fluid build-up between the blade surface and the left end wall 1810.1.

[0377] An example of the configuration of the impeller to act as a hydrodynamic bearing is

shown in Figures 19A to 19C.

[0378] In this example, the impeller includes a rotor 1920, having a number of vanes 1921
mounted thereon. In this example, six vanes are shown, although in practice any number above

three, and typically below 10 could be used.

[0379] Each vane 1921 includes a ramp 1921.1 and a pad 1922.2. The ramp is angled so that as
the impeller rotates in the direction of arrow 1900, some fluid is directed along the ramp, as
shown by the arrow 1901, to flow between the impeller vanes and the end wall 1810.1, thereby

creating the hydrodynamic bearing effect. The pad 1921.2 is created as a flat section parallel to
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the end wall 1810.1, which acts to provide resistance to flow and reduce leakage past the ramp
1921.1, thus amplifying the hydrodynamic bearing effect. The Ratio of the ramp length L to the
pad length L, should be between 0.1 to 0.3 and is typically 0.2

[0380] There are seven main parameters that determine the optimal hydrodynamic bearing
design as shown in Figure 19C, which shows three different designs. These include inner radius
of the impeller vane R;, outer radius of pad Ry, inner radius of flat pad Rp, length of the flat pad
Lp, the height of the ramp, the length of the ramp Lg, number of pads and surface speed of the

medium.

[0381] In one example, the outer radius of the pad is dependent on the impeller diameters, and is
fixed at 25mm. The inner radius of the flat pad, overall length of the blade, surface speed and the
number of pads are determined based on the lift generation required by the hydrodynamic
bearing forces, while the inner radius of the vane influence the hemodynamics of the left

impeller as it functions with the right impeller as a TAH pump.

[0382] The final design parameter is the length ratio of the flat pad to the ramp (10-30%) and the
angle of the leading edge of the flat pad with respect to the radial center line to the center of the

impeller (0-10deg) which alters the inner radius of the flat pad from 18-20mm.

[0383] In the example shown in Figure 19C, the main parameter that varies between the designs
is the angle of the leading edge of the flat pad, this in turn allows for more of the flat pad to be
used as the hydrodynamic bearing, increasing the force generation, whilst not using the entire
length of the impeller vane which would create additional shear but not increase force capacity at

the inner radius due to a small length of ramp / pad area at that inner radius.

[0384] In one example, the flat pad has an inner radius of at least one of between 16 mm and 22
mm and between 18 mm and 20 mm, has a length of at least one of: between 1 mm and 5 mm;
between 2 mm and 4 mm; and, about 3 mm; the ramp has a length of at least one of between 5
mm and 15 mm; between 8 mm and 12 mm; and, about 10 mm and has a height of at least one
of: between 0.02 mm and 0.1 mm; between 0.04 mm and 0.08 mm; and, about 0.06 mm. The
vanes typically have an inner radius that is at least one of between 10 mm and 20 mm; between

12 mm and 18 mm, between 14 mm and 16 mm; and, about 15 mm; and an outer radius that is at
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least one of between 20 mm and 30 mm; between 22 mm and 28 mm; between 24 mm and 26

mm; and, about 25 mm.

[0385] An example of typical design parameters is shown in Table 8 below:

Table 8
Inner radius of Vane R, 15mm
Outer Radius of Vane Ry 25mm
Inner Radius of Flat Pad Rp 18-20mm
Length of Flat Pad Lp 3mm
Length of Ramp Lz 10mm
Height of Ramp 0.06mm
Number of Pads 6
Surface Speed 4.83m/s

[0386] Hemodynamically, the 6-bladed impeller performed well for human application by

creating a suitable left to right delta pressure ratio created by both pumping cavities.

[0387] Examples of the performance HQ curves in levitated mode at various speeds are shown

in Figures 19D and 19E for the right and left pumps respectively.

[0388] These demonstrate desired flow rates for the range of operating speeds, and further show

a desired Left to Right pressure matching ratio of 3.5:1

[0389] In any event, the bearing acts to create a force towards the cavity right end 1811.2,
effectively urging the impeller 1820 away from the left end wall 1810.1 and counteracting the
magnetic force generated by the drive magnets, to thereby maintain the impeller levitating within

the cavity 1811.

[0390] An example of the levitation force generated by the hydrodynamic bearing is shown in
Figure 20A. This highlights that as rotational speed of the impeller increases, the net hydraulic
force generated by the bearing increases, with the impeller moving further away from the left

end wall 1810.1 as shown.
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[0391] In contrast, if the impeller moves to the right end 1811.2 of the cavity 1811, as the right
impeller blades typically have a much smaller upper surface area, they do not provide a
hydrodynamic bearing effect, and the impeller would contact the right end wall 1810.2 of the
housing 1810, which can in turn lead to pump damage, and reduced effectiveness. Accordingly,
it is desirable to ensure that should the magnetic bearing fail, it is possible in the event that the
rotor moves to the right hand side of the cavity for the impeller 1820 to be moved to the left

hand side of the cavity, thereby allowing the hydrodynamic bearing to operate.
[0392] The combined effect of the hydraulic and magnetic forces is shown in Figure 20B.

[0393] A balance point for the impeller will be found coincident with the zero net force line.
The curves show the typical forces under conditions of constant rotational speed and SVR and
PVR values, corresponding to the subject being stressed leading to systemic hypertension 2001,

at rest 2002 and undergoing exercise 2003.

[0394] The net force is initially high and directed axially towards the bearing when the impeller
is on the cavity left side 1811.1 (position < -0.3mm), when the force generated by the
hydrodynamic bearing dominates. As the impeller moves towards the centre of the cavity 1811
(position = +0.2mm), the net forces become initially negative, representing magnetic attraction
towards the drive 1830, before returning to a net force towards the bearing 1840 as the impeller

1820 approaches the magnetic bearing 1840 (position > 0.2mm).

[0395] Under normal pump operating conditions, the controller 150 operates the magnetic
bearing 1840 to minimise the power required by the magnetic bearing 1840 to maintain the
position the impeller 1820 within the cavity 1811. To achieve this, the controller 150 uses the
bearing to position the impeller 1820 within the cavity 1811 at a point indicated by the
intersection with the zero axis on the right hand part of the curve, as shown at 2011, 2012, 2013
for stress, rest and exercise respectively. In contrast, should the magnetic bearing fail, then it is
desirable for the impeller will move to the left hand intersection with the zero axis, as shown

generally at 2014, with the impeller being supported by the hydrodynamic bearing only.

[0396] In the event that the magnetic bearing fails, depending on where the impeller 1820 is
positioned within the cavity 1811 and the current hemodynamic conditions, the impeller 1820

may move to the cavity left or right end 1811.1, 1811.2. For example, it can be seen that under
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exercise conditions, the impeller 1820 would normally be located towards the cavity right end
1811.2, and so this, coupled with greater fluid pressure in the cavity left end 1811.1, means the
impeller is more likely to be attracted to the bearing 1840 in the event that the bearing fails 1840.
In the event that the impeller 1820 moves to the cavity right end 1811.2, action needs to be taken
to move the impeller 1820 to the cavity left end 1811.1 so that the hydrodynamic bearing

functions correctly.

[0397] Even when the impeller 1820 moves to the cavity left end 1811.1, an axial force, for
example arising through a physical shock to the housing 1810, can cause the impeller 1820 to
move to the cavity right end 1811.2. The force required is shown by the arrows in Figure 20B,
and corresponds to an axial force of about 2, 4 or 8 Newtons for each of the stress, rest and

exercise conditions shown.

[0398] Furthermore, in the event that the impeller moves all the way to the right hand side of the
cavity, a force of 15 Newtons is required to move the impeller back to the left hand side of the

cavity.

[0399] It will be appreciated based on this it can be desirable to generate an axial force towards
the drive 1830, either to move the impeller 1820 to the cavity left end 1811.1 and/or to reduce
the risk of external forces causing the impeller 1820 to be dislodged to the cavity right end
1811.2. In one example, this can be achieved through appropriate control of the drive 1830, in
particular through appropriate configuration of the magnetic fields generated by the drive, and
using these to generate an axial attractive or repulsive force. Examples of this will now be

described with reference to Figures 21A to 21C.

[0400] For these examples, the drive includes a plurality of circumferentially spaced permanent
drive magnets 2134 mounted mounted on a soft iron rotor drive yoke 2135 within the impeller.
The drive also includes a plurality of circumferentially spaced drive coils 2131 mounted
proximate the left hand end of the cavity, with each coil 2131 being wound on a respective drive
stator pole 2132.1 of a drive stator core 2132 and being substantially radially aligned with the

drive magnets 2134.

[0401] In the example of Figure 21A, the coils 2131 are controlled so that adjacent coils

generate opposing fields offset from the drive magnets, which thereby attract and repel the drive
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magnets 2134 at an angle, thereby generating a rotational torque. In contrast, in the examples of
Figures 21B and 21C, the drive coils 2131 generate fields aligned with the drive magnets 2134,

but having equal or opposite polarities to generate a repulsive or attractive force respectively.

[0402] For the remaining description an attractive force towards the drive is referred to as a
positive axial force, whereas a repulsive force is referred to as a negative force. Furthermore, the
terms rotational and axial currents are used to describe currents that when applied to the drive

generate a rotational or axial force.

[0403] In any event, it will be appreciated from this that the controller, through suitable control
of the drive signal generator 137 can control the drive 1830 and thereby generate a positive axial
force towards the drive 1830. This can be used to allowing the impeller 1820 to be moved from
the cavity right end 1811.2 to the cavity left end 1811.1, without requiring intervention by the
magnetic bearing 1840, or to increase the axial force towards the drive 1830 and thereby reduce
the likelihood of the impeller 1820 being displaced to the cavity right end 1811.2 under action of

an external force.

[0404] Accordingly, the controller can control the drive to generate the axial attractive force to
either move the impeller within the cavity and/or increase shock resistance when operating using
a hydrodynamic bearing in the event that the magnetic bearing fails. To do this, the controller
either detects failure of the magnetic bearing or movement of the impeller to a right side of the
cavity when the magnetic bearing has failed and then controls the drive to generate the axial
attractive force in response to the detection. The controller detects failure of the magnetic
bearing or movement of the impeller based on at least one of a bearing indicator indicative of a
current used by the magnetic bearing, a drive indicator indicative of a current used by the drive

or sensor signals, such as position sensor signals.

[0405] An example of operation by the controller to activate the hydrodynamic bearing

following a bearing failure will now be described with reference to Figures 22A to 22D.

[0406] In this example, at a time t < O the pump is operating nominally, and the bearing 1840 is
functioning using a relatively constant minimal current 2211, with the impeller 1820 positioned

in the working region 1881, slightly towards the cavity left end 1811.1, as shown at 2221. The
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drive is operating at a constant rotational speed 2231, using a constant drive rotation current

2241.1 and zero axial current 2241.2.

[0407] At time t = 0, a levitation fault occurs and the magnetic bearing fails, indicated by a
momentary increase in bearing current 2212. A constant current 2213 is injected into the
bearing 1840 in an attempt to cause the bearing to operate again, with this being deactivated after
a predetermined time shown at 2214, in this case 0.3 seconds, when the magnetic bearing is

unresponsive.

[0408] As shown in this example, when the bearing fails, the impeller 1820 moves to the cavity
right end 1811.2 at 2222, with a dip 2232 in impeller rotational speed occurring due to load
changes in the drive 1830. In particular, increased friction caused by contact between the
impeller 1820 and the right end wall 1810.2 results in the impeller momentarily slowing, until
the rotational current is increased 2242.1 to counteract friction between the impeller 1820 and
right end wall 1810.2. It will be appreciated that this allows the controller 150 to ascertain that

touchdown on the right hand side of the impeller cavity has occurred.

[0409] As a result, the motor is controlled to generate a large positive axial current 2242.2,
which causes the impeller 1820 to lift from the right end wall 1810.2 and move towards the left
end wall 1810.1. As frictional loads lift, this causes a corresponding jump in rotational speed
2233, allowing the drive rotational current to return to its original value 2243.1 in order to
maintain the impeller speed rotational speed. From this point on, the impeller is no longer
magnetically suspended, but rather is suspended based on the operation of the hydrodynamic

bearing, as shown by the impeller position 2223.

[0410] Accordingly, this describes the operation of the device in order to displace the impeller
1820 from the cavity right end 1811.2 to the cavity left end 1811.1.

[0411] Once in the cavity left end 1811.1, a drive axial force can be used to help prevent the
impeller moving back to the cavity right end 1811.2 and an example of this is shown in Figure
23, which highlights the net force curve 2301 for a subject stressed. Applying a positive axial
current via the drive shifts the curve downward 2302, so that the net force required to dislodge

the impeller from the hydrodynamic bearing onto the right hand side of the casing increases from
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2 newtons to 7 newtons, as shown by the arrow. It will be appreciated that further increases in

the axial drive force could be used to increase this further.

[0412] Figure 24A shows the impact of bearing stiffness, highlighting that for a higher bearing
stiffness, the force required in order to move the impeller from the left to the right hand side of
the casing is increased, as shown by the arrow, thereby suggesting that a higher inherent axial
stiffness is beneficial. This will also help increase radial stiffness, thereby reducing the chance

of the impeller contacting the housing as a result of external applied forces.

[0413] A further option that can be implemented is to reduce an offset of the left end wall
1810.1 from the drive 1830, which can further help further increase the force required in order to

dislodge the impeller 1820, as shown by the arrow in Figure 24B.

[0414] It will be appreciated from the above that the alteration of the drive current can be used to
adjust the bearing stiffness. Similarly, the bearing current can also be used, which is particularly

useful in controlling the radial stiffness.

[0415] The radial movement or vibration of the rotor in response to radial excitation force, such
a rotor imbalance, varies as a function of the radial stiffness, radial damping, the excitation
frequency and the rotor mass. The amplitude of the vibration response peaks at the resonant
frequency which can cause the rotor to exhibit large vibrational amplitudes in response to
excitation forces and in some cases, where insufficient damping and stiffness is present, can

cause the rotor to touchdown or become unstable.

[0416] In some scenarios, operating at or around the resonant frequencies is undesirable, and
should be avoided. If operation of the rotor speed at resonant frequencies is required and the
resonant frequency cannot be modified through changes to the stiffness, damping or rotor mass,
it is possible to temporarily alter the system stiffness to move the resonant frequency by

modifying the stiffness with a bias current.

[0417] To reduce the vibration of the rotor when operating close to the resonant frequency the

radial stiffness can be temporarily increased, thereby increasing the resonant frequency.

[0418] One method of achieving this is to add additional current to the magnetic bearing coils to

increase its force and stiffness whilst maintain the rotor position. This increase of stiffness will
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increase the resonant frequency of the system higher than its typical value and allow for
operation with reduced vibration at the original resonant frequency, and an example of the
increase of radial stiffness from the magnetic bearing when the rotor is maintained in a constant
position and the amount of magnetic bearing bias current is increased is shown in Figure 25A.
The impact of this on the undamped radial resonant frequency, when the rotor is maintained in a
constant position and the amount of magnetic bearing bias current is increased, is shown in

Figure 25B. A similar change for an increase in drive axial current is shown in Figure 25C.

[0419] In addition to the increase of stiffness the bias current will provide an attractive force
which can be counteracted by increasing the attractive force of the motor via direct current.
Another method of temporarily increasing the stiffness can also be achieved by moving the rotor

position towards the magnetic bearings, whilst maintaining the normal amount of bias current.

[0420] This can be achieved in the above described system by utilizing the controller. When the
motor controller identifies that it is operating close to a known resonant frequency it can add an
additional motor axial attractive force by increasing the motor direct current causing the axial
levitation controller to move the rotor towards the magnetic bearings, thereby increasing the

radial stiffness.

[0421] Whilst the above example has focussed on the use of the hydrodynamic bearing as a
failure mode for a magnetically levitated impeller. It will be appreciated that this is not essential
and alternatively, the hydrodynamic bearing could be used as a replacement for the magnetic

bearing.

[0422] In the example, the heart pump could include a housing defining a cavity including at
least one inlet aligned with an axis of the cavity and at least one outlet provided in a
circumferential outer wall of the cavity. An impeller can be provided within the cavity, the
impeller including a rotor and vanes mounted on the rotor for urging fluid from the inlet radially
outwardly to the outlet. A drive is then provided for rotating the impeller in the cavity, the drive
including: a plurality of circumferentially spaced permanent drive magnets mounted within and
proximate a first face of the rotor and, a plurality of circumferentially spaced drive coils

mounted within the housing proximate a first end of the cavity. In this example, vanes of the
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impeller and the first end of the housing cooperate to define a hydrodynamic bearing, thereby

levitating the impeller within the cavity.

[0423] An example of a number of coil winding configurations will now be described with

reference to Figures 26A to 26D.

[0424] In the example of Figure 26A, the drive includes twelve separate coils, which are
operated in order to provide a three phase drive. In particular, opposing pairs of coils U1, U2;
U3, U4; VI, V2; V3, V4; and W1, W2; W3, W4 being controlled sequentially in order to
provide a single three phase drive configuration. In practice this is achieved by applying drive

signals for each phase to respective pairs of coils in series, as shown in Figure 26B.

[0425] In contrast, in the arrangement of Figure 26C, the same physical twelve coil arrangement
is utilised, with opposing pairs of coils being controlled in order to provide dual three phase
arrangements. Specifically, coils U1, U2; V1, V2; W1, W2 provide a first three phase drive,
whilst coils X1, X2; Y1, Y2; Z1, Z2 form a second three phase drive. The use of a dual drive
configuration shown in Figures 26C and 26D has a number of benefits, including providing fault

redundancy, for example in the event of one of the drives failing.

[0426] As further shown in Figures 27A to 27D, it is also possible to utilise different winding
configurations known as delta and star configurations. In this regard, Figure 27A shows a single
three phase drive in a delta configuration, Figure 27B shows a dual three phase drive in a delta
configuration, Figure 27C shows a single three phase drive in a start configuration, whilst Figure
27D shows a dual three phase drive in a star configuration. The use of star and delta

configurations can result in different operational parameters, as will now be described.

[0427] In this regard, Figure 28A shows a curve 2801 illustrating the speed versus maximum
torque that can be obtained using a single three phase delta winding configuration, in comparison
to a desired range curve 2811. In this regard, the desired operating range for a heart pump
typically only requires a maximum speed of about 3500 RPM, whereas the delta winding allows
a speed of about 6500 RPM to be achieved. Conversely, a maximum torque of approximately
120 mNm or higher is preferred to achieve pulsatile operation, whilst delta winding can only

achieve approximately 80 mNm at a 2 amp current. Whilst the torque achievable could be
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increased by increasing the current, this is generally undesirable as it leads to increased energy

usage and heating in the driveline cable.

[0428] As shown in Figure 28B, a star connection of the same coils increases the available
torque to approximately 140 mNm, whilst reducing the maximum speed to 4000 RPM. Whilst
there is a shortfall in maximum speed at high torques, as shown by the grey triangle in Figure
28B, generally this is not problematic, as it is infrequent that high torques are required at high
speeds. Furthermore, the typical standard operating conditions, shown at 2813 can be achieved
using a current of 0.4A for a star configuration, as opposed to 0.7A for the delta configuration,

thereby making the star configuration more energy efficient.

[0429] Figure 29 shows that increasing the number of turns even in a delta configuration can
improve the torque speed characteristics of the drive, whilst Figure 30A highlights that a single
three phase delta winding 3001 can generate less speed than a dual phase delta winding 3002, for
the same maximum supply voltage and current, and a similar number of turns, in this case 130.
It will be noted that this assumes a constant cross-sectional area of the coil, meaning that as more
turns are provided, the wire diameter reduces to maintain overall coil area. Further
improvements are again demonstrated with a dual star winding 3003, whilst even if one of the
drives fail in this configuration, the drive can effectively operate as a single three phase star
configuration with half of the coils inactive, whilst is still being able to perform adequately over

substantially the entire desired range, as shown at 3004.

[0430] Based on this the preferred coil windings are single three phase delta windings, or dual
three phase star windings, both of which can achieved desired speed and torque characteristics.
The three phase delta windings provide a potentially higher fault tolerance (compared to star
windings) in case of internal winding fault, whilst providing a simple system winding scheme.
However, the dual phase star winding can provide increased fault tolerance due to redundant
stator winding, can be configured to operate using lower drive currents, allow for a higher
maximum torque under the same maximum supply voltage and phase current limits, and

avoiding circulating currents, albeit with increased complexity.

[0431] It will further be appreciated that the increased torque capacity of a dual three phase

winding is accompanied by a higher force generated per drive axial current. For example, the
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generation of an attractive force of 15N can be generated with a maximum phase current of
approximately 3.8A in a dual three-phase star configuration, while a single three phase delta
configuration with a comparable maximum drive speed would require a maximum phase current
of approximately 6.6A. Reducing the current requirement in this manner is important in this
particular application where supply voltages are typically limited to less than 24V and phase
currents must be minimized due to driveline conductor and feedthrough pin sizing requirements.
In circumstances where high levels of instantaneous DC current are required to create a large
attractive force on the rotor, the limited voltage supply of the system can be a restriction.
Increasing the height of the motor, whilst maintaining the same turn number by using a larger
diameter wire, will effectively reduce the resistance of the coils, allowing more current and a
higher force to be produced for the short period it is required, additionally increasing the height

of the motor will also improve the overall efficiency of the motor.

[0432] Throughout this specification and claims which follow, unless the context requires
otherwise, the word “comprise”, and variations such as “comprises” or “comprising”, will be
understood to imply the inclusion of a stated integer or group of integers or steps but not the
exclusion of any other integer or group of integers. As used herein and unless otherwise stated,

the term "approximately” means +20%.

[0433] Persons skilled in the art will appreciate that numerous variations and modifications will
become apparent. All such variations and modifications which become apparent to persons
skilled in the art, should be considered to fall within the spirit and scope that the invention

broadly appearing before described.
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THE CLAIMS DEFINING THE INVENTION ARE AS FOLLOWS:

1) A heart pump including:

a)

b)

c)

d)

a housing defining a cavity including:

i) atleast one inlet aligned with an axis of the cavity; and,

ii) at least one outlet provided in a circumferential outer wall of the cavity;

an impeller provided within the cavity, the impeller including a rotor and vanes mounted

on the rotor for urging fluid from the inlet radially outwardly to the outlet;

a drive for rotating the impeller in the cavity, the drive including:

i) a plurality of circumferentially spaced permanent drive magnets mounted within and
proximate a first face of the rotor; and,

ii) a plurality of circumferentially spaced drive coils mounted within the housing
proximate a first end of the cavity, each coil being wound on a respective drive stator
pole of a drive stator and being substantially radially aligned with the drive magnets,
the drive coils being configured to generate a drive magnetic field that cooperates
with the drive magnets to thereby rotate the impeller; and,

a magnetic bearing including:

i) first and second annular magnetic bearing members mounted within and proximate a
second face of the rotor, the first magnetic bearing member being provided radially
outwardly of the second magnetic bearing member;

ii) a number of circumferentially spaced substantially U-shaped bearing stators mounted
in the housing proximate a second end of the cavity, each U-shaped bearing stator
having first and second bearing stator legs that interact with the first and second
magnetic bearing members respectively; and,

iii) at least one bearing coil on each bearing stator that generates a magnetic field that
cooperates with the magnetic bearing members to thereby at least one of:

(1) control an axial position of the impeller; and,

(2) at least partially restrain radial movement of the impeller.

2) A heart pump according to claim 1, wherein:

a)

b)

the first and second bearing stator legs are substantially magnetically aligned with the
first and second magnetic bearing members respectively;
the first and second bearing stator legs are substantially radially aligned with the first and

second magnetic bearing members respectively;
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c) the first and second bearing stator cooperate with the first and second magnetic bearing
members respectively so that a radial force from an individual bearing is about between 0
N - 2N when the bearing stator legs are substantially aligned with the magnetic bearing
members;
d) at least one of the first and second bearing stator legs are radially offset from a respect
one of first and second magnetic bearing members by a distance that is at least one of:
1) less than 1 mm:;
ii) less than 0.5 mm; and,
iii) less than 0.2 mm.
A heart pump according to claim 1 or claim 2, wherein the drive stator includes a soft
magnetic composite core including a plurality of drive stator poles extending in an axial
direction from an annular drive stator yoke.
A heart pump according to claim 3, wherein the drive stator yoke has a thickness of at least
one of:
a) between 1 mm and 2.5 mm,;
b) about 1.75 mm.
A heart pump according to any one of the claims 1 to 4, wherein the drive stator poles are at
least one of:
a) wedge shaped;
b) triangular; and,
c) trapezoidal.
A heart pump according to any one of the claims 1 to 5, wherein adjacent drive stator poles
are separated by a slot having at least one of:
a) a width of at least one of:
i) between 4 mm and 7.4 mm,;
ii) about 6 mm; and,
b) adepth of at least one of:
i) between 4 mm and 14 mm;
ii) about 11.25 mm.
A heart pump according to any one of the claims 1 to 6, wherein the drive stator has at least
one of:

a) an inner radius of at least one of:
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i) between 14 mm and 18 mm; and,
ii) about 16 mm; and,
b) an outer radius of at least one of:
i) between 22 mm and 25 mm; and,
ii) about 24.5 mm.
8) A heart pump according to any one of the claims 1 to 7, wherein each drive magnet at least
one of:
a) transects an angle at least one of:
i) between 15° and 36°; and,
ii) about 25°; and,
b) has a thickness of at least one of:
i) between 0.8 mm and 3 mm,;
ii) about 2.6 mm.
9) A heart pump according to any one of the claims 1 to 8, wherein each drive magnet is
mounted on an annular rotor drive yoke.
10) A heart pump according to claim 9, wherein the heart pump includes a common yoke that
forms the rotor drive yoke and a rotor bearing yoke.
11) A heart pump according to claim 9 or claim 10, wherein the rotor drive yoke has a thickness
of at least one of:
a) between 1 mm and 5 mm; and,
b) between 1.5 mm and 2.5 mm; and,
¢) about 1.9 mm.
12) A heart pump according to any one of the claims 1 to 11, wherein:
a) the number of drive magnets is at least one of:
i 8;
ii) 10;
iii) 14; and,
iv) 16; and,
b) the number of stator poles is at least one of:
i) 12;
i) 15; and,
iii) 18.
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13) A heart pump according to any one of the claims 1 to 12, wherein the drive includes 12 stator
poles configured as at least one of:
a) one three phase motors; and,
b) two three phase motors.
14) A heart pump according to any one of the claims 1 to 13, wherein the drive includes a
number of coils connected using at least one of a delta configuration and a star configuration.
15) A heart pump according to any one of the claims 1 to 14, wherein the drive and rotor are
arranged such that, at least one of:
a) a spacing between the first face of the rotor and the first end of the cavity is at least one
of:
i) between 2 mm and 5 mm in use;
ii) between 2 mm and 3 mm in use; and,
iii) approximately 2.3 mm in use;
b) a spacing between a drive stator pole face and drive magnet face is at least one of:
i) between 2.5 mm and 6 mm in use;
ii) between 2.5 mm and 4 mm in use; and,
iii) approximately 3.2 mm in use;
¢) aspacing between a drive stator yoke and drive magnet yoke is at least one of:
i) between 7 mm and 25 mm in use;
ii) between 8 mm and 20 mm in use; and,
iii) approximately 17 mm in use; and,
d) a spacing between a drive stator pole face and drive magnet yoke is at least one of:
i) between 4 mm and 8 mm in use;
ii) between 4.5 mm and 7 mm in use; and,
iii) approximately 5.8 mm in use.
16) A heart pump according to any one of the claims 1 to 15, wherein a spacing between the first
face of the rotor and the first end of the cavity is at least one of:
a) atleast 2.3 mm in use; and,
b) sufficient to accommodate axial movement of the impeller in use.
17) A heart pump according to any one of the claims 1 to 16, wherein the vanes are mounted on
the first face of the rotor between the first face of the rotor and the first end of the cavity and

wherein the vanes have a height of at least one of:
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a) between 1.5 mm and 5 mm,;
b) between 1.5 mm and 2.5 mm,;
¢) between 1.8 mm and 2.2 mm,;
d) about 2 mm.

18) A heart pump according to any one of the claims 1 to 17, wherein each bearing stator leg has

at least one of:
a) a width of at least one of:
i) between 2 mm and 4 mm;
ii) about 3.6 mm for the first bearing stator leg; and,
iii) about 2.9 mm for the second bearing stator leg; and,
b) alength of at least one of:
i) between 5 mm and 35 mm; and,
ii) about 14.8 mm.

19) A heart pump according to any one of the claims 1 to 18, wherein the at least one bearing
coil is wound on the first bearing stator leg.

20) A heart pump according to any one of the claims 1 to 19, wherein at least one bearing stator
leg is narrower than a corresponding magnetic bearing member at least proximate an end of
the bearing stator leg.

21) A heart pump according to any one of the claims 1 to 20, wherein at least one bearing stator
leg tapers inwardly proximate an end of the bearing stator leg.

22) A heart pump according to claim 21, wherein the tapering has at least one of:

a) aheight of at least one of:
i) between O mm and 10 mm; and,
ii) about 5 mm;
b) a width of at least one of:
i) between O mm and 4 mm; and,
ii) between 0.5 mm and 2 mm.
23) A heart pump according to claim 21 or claim 22, wherein the taper is at least one of:
a) towards a centreline of magnetic bearing member; and,
b) such that a radial restoring force from an individual bearing increases as the rotor is

radially offset from a central radial position.
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24) A heart pump according to any one of the claims 1 to 23, wherein at least one of the first and
second magnetic bearing members includes an annular permanent bearing magnet.

25) A heart pump according to any one of the claims 1 to 24, wherein at least one of the first and
second magnetic bearing members includes an annular iron member.

26) A heart pump according to any one of the claims 1 to 25, wherein at least one of the first and
second magnetic bearing members have at least one of:

a) a thickness that is at least one of:
i) between 1 mm and 3 mm; and,
ii) about 2.4 mm; and,

b) a width that is at least one of:
i) between 3 mm and 4.5 mm,;
ii) about 2.5 mm; and,
iii) about 3.5 mm.

27) A heart pump according to any one of the claims 1 to 26, wherein the first and second
magnetic bearing members are provided on a common annular laminated or solid iron
bearing rotor yoke.

28) A heart pump according to claim 27, wherein the bearing rotor yoke has at least one of:

a) a width that is at least one of:
i) between 10 mm and 13 mm; and,
ii) about 11 mm; and,

b) a thickness that is at least one of:
i) between 1 mm and 5 mm; and,
ii) between 1.5 mm and 2.5 mm; and,
iii) about 1.9 mm.

29) A heart pump according to any one of the claims 1 to 28, wherein at least one of the first and
second magnetic bearing members tapers inwardly towards the second rotor face.

30) A heart pump according to claim 29, wherein the taper is at least one of:

a) towards a centreline of magnetic bearing member; and,
b) such that a radial restoring force from an individual bearing increases as the rotor is
radially offset from a central radial position.

31) A heart pump according to claim 29 or claim 30, wherein at least one of the first and second

magnetic bearing members includes a tapered iron shoe.
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32) A heart pump according to any one of the claims 1 to 31, wherein the second bearing stator
leg is tapered and the second magnetic bearing member includes a permanent magnet.

33) A heart pump according to claim 32, wherein the first bearing stator leg is substantially
untapered and the first bearing magnetic member is an annular iron member.

34) A heart pump according to claim 32, wherein the first bearing stator leg is tapered and the
first bearing magnetic member is an annular permanent magnet.

35) A heart pump according to any one of the claims 1 to 34, wherein the heart pump provides at
least partial left ventricular function.

36) A heart pump according to any one of the claims 1 to 35, wherein the heart pump provides at
least partial right ventricular function.

37) A heart pump according to any one of the claims 1 to 36, wherein the impeller includes first
and second sets of vanes provided on a rotor body, the rotor being positioned within the
cavity to define:

a) a first cavity portion having a first inlet and a first outlet, the first set of vanes being
provided within the first cavity portion so as to define a first pump that provides at least
partial left ventricular function; and,

b) a second cavity portion having a second inlet and a second outlet, the second set of vanes
being provided within the second cavity portion so as to define a second pump that
provides at least partial right ventricular function.

38) A heart pump according to claim 37, wherein the heart pump is a total artificial heart.

39) A heart pump according to claim 37 or claim 38, wherein the axial position of the impeller
determines a separation between each set of vanes and a respective cavity surface, the
separation being used to control the fluid flows from the inlets to the outlets.

40) A heart pump according to any one of the claims 1 to 39, wherein the impeller and housing
cooperate to define a hydrodynamic bearing in the event that the magnetic bearing fails.

41) A heart pump according to claim 40, wherein the hydrodynamic bearing is defined at least in
part by an upper surface of at least some of the vanes of the impeller.

42) A heart pump according to claim 41, wherein the hydrodynamic bearing is defined by an
upper surface of vanes of the impeller facing the first end of the cavity.

43) A heart pump according to claim 41 or claim 42, wherein the upper surface includes a
leading ramp and a trailing flat pad.

44) A heart pump according to claim 43, wherein at least one of:
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a) the flat pad has an inner radius of at least one of:
i) between 16 mm and 22 mm; and,
ii) between 18 mm and 20 mm:;
b) the flat pad has a length of at least one of:
i) between 1 mm and 5 mm;
ii) between 2 mm and 4 mm; and,
iii) about 3 mm;
¢) the ramp has a length of at least one of:
i) between 5 mm and 15 mm;
ii) between 8 mm and 12 mm; and,
iii) about 10 mm; and,
d) the ramp has a height of at least one of:
i) between 0.02 mm and 0.1 mm;
ii) between 0.04 mm and 0.08 mm; and,
iii) about 0.06 mm.
45) A heart pump according to any one of the claims 41 to 44, wherein the vane at least one of:
a) has an inner radius that is at least one of:
i) between 10 mm and 20 mm,;
ii) between 12 mm and 18 mm,
iii) between 14 mm and 16 mm; and,
iv) about 15 mm;
b) an outer radius that is at least one of:
i) between 20 mm and 30 mm,;
ii) between 22 mm and 28 mm,;
iii) between 24 mm and 26 mm; and,
iv) about 25 mm.
46) A heart pump according to any one of the claims 1 to 45, wherein the heart pump includes a
controller that controls operation of the drive and bearing in use.
47) A heart pump according to claim 46, wherein the controller includes a processor operating in
accordance with software instructions stored in a memory.
48) A heart pump according to claim 46 or claim 47, wherein the controller controls the drive to

selectively generate an axial attractive force.
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49) A heart pump according to claim 48, wherein the controller controls the drive to generate the
axial attractive force to at least one of:
a) move the impeller within the cavity; and,
b) increase shock resistance when operating using a hydrodynamic bearing in the event that
the magnetic bearing fails.
50) A heart pump according to claim 48 or claim 49, wherein the controller:
a) detects at least one of:
i) failure of the magnetic bearing; and,
ii) movement of the impeller to the second end of the cavity when the magnetic bearing
has failed; and,
b) controls the drive to generate the axial attractive force in response to the detection.
51) A heart pump according to claim 50, wherein the controller detects failure of the magnetic
bearing based on at least one of:
a) a bearing indicator indicative of a current used by the magnetic bearing;
b) adrive indicator indicative of a current used by the drive; and,
c) sensor signals.
52) A heart pump according to any one of the claims 1 to 51, wherein the heart pump has an
axial system stiffness of at least one of:
a) atleast 10 N/mm;
b) atleast 20 N/mm,;
¢) atleast 30 N/mm,;
d) less than 60 N/mm,;
e) less than 50 N/mm,;
f) about 10-60 N/mm;
g) about 25-50 N/mm;
h) about 15-25 N/mm;
i) about 30-40 N/mm; and,
j) about 35-40 N/mm.
53) A heart pump according to any one of the claims 1 to 52, wherein the heart pump has a radial
system stiffness of at least one of:
a) between 0.5 N/mm and 11 N/mm:;
b) between 0.5 N/mm and 1.5 N/mm,;
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¢) between 1.5 N/mm and 3.0 N/mm;
d) between 3 N/mm and 6 N/mm; and,
e) between 6 N/mm and 11 N/mm.
54) A heart pump including:
a) ahousing defining a cavity including:

i) atleast one inlet aligned with an axis of the cavity; and,

ii) at least one outlet provided in a circumferential outer wall of the cavity;

b) an impeller provided within the cavity, the impeller including a rotor and vanes mounted
on the rotor for urging fluid from the inlet radially outwardly to the outlet;
c) adrive for rotating the impeller in the cavity, the drive including:

i) a plurality of circumferentially spaced permanent drive magnets mounted within and
proximate a first face of the rotor; and,

ii) a plurality of circumferentially spaced drive coils mounted within the housing
proximate a first end of the cavity, each coil being wound on a respective drive stator
pole of a drive stator and being substantially radially aligned with the drive magnets,
the drive coils being configured to generate a drive magnetic field that cooperates
with the drive magnets to thereby rotate the impeller.

55) A heart pump according to claim 54, the heart pump further including a bearing for
supporting the impeller within the cavity, the bearing being at least one of:
a) a magnetic bearing;
b) ahydrodynamic bearing; and,
¢) a physical bearing.

56) A heart pump according to claim 54 or claim 55, wherein the heart pump is a heart pump
according to any one of the claims 1 to 53.

57) A heart pump including:
a) ahousing defining a cavity including:

i) atleast one inlet aligned with an axis of the cavity; and,

ii) at least one outlet provided in a circumferential outer wall of the cavity;

b) an impeller provided within the cavity, the impeller including a rotor and vanes mounted
on the rotor for urging fluid from the inlet radially outwardly to the outlet; and,

¢) a magnetic bearing including:
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i) first and second annular magnetic bearing members mounted within and proximate a
second face of the rotor, the first magnetic bearing member being provided radially
outwardly of the second magnetic bearing member;

ii) a number of circumferentially spaced substantially U-shaped bearing stators mounted
in the housing proximate a second end of the cavity, each U-shaped bearing stator
having first and second bearing stator legs that interact with the first and second
magnetic bearing members respectively; and,

iii) at least one bearing coil on each bearing stator that generates a magnetic field that
cooperates with the magnetic bearing members to thereby at least one of:

(1) control an axial position of the impeller; and,
(2) at least partially restrain radial movement of the impeller.
58) A heart pump according to claim 57, wherein the heart pump is a heart pump according to
any one of the claims 1 to 57.
59) A heart pump including:
a) ahousing defining a cavity including:

i) atleast one inlet aligned with an axis of the cavity; and,

ii) at least one outlet provided in a circumferential outer wall of the cavity;

b) an impeller provided within the cavity, the impeller including a rotor and vanes mounted
on the rotor for urging fluid from the inlet radially outwardly to the outlet;
c) adrive for rotating the impeller in the cavity, the drive including:

i) a plurality of circumferentially spaced permanent drive magnets mounted within and
proximate a first face of the rotor; and,

ii) a plurality of circumferentially spaced drive coils mounted within the housing
proximate a first end of the cavity, and wherein vanes of the impeller and the first end
of the housing cooperate to define a hydrodynamic bearing.

60) A heart pump according to claim 59, wherein the hydrodynamic bearing is defined by an
upper surface of the vanes of the impeller facing the first end of the cavity.

61) A heart pump according to claim 60, wherein the upper surface includes a leading ramp and
a trailing flat pad.

62) A heart pump according to claim 61, wherein at least one of:
a) the flat pad has an inner radius of at least one of:

i) between 16 mm and 22 mm; and,
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ii) between 18 mm and 20 mm:;

b) the flat pad has a length of at least one of:
i) between 1 mm and 5 mm;
ii) between 2 mm and 4 mm; and,
iii) about 3 mm;

¢) the ramp has a length of at least one of:
i) between 5 mm and 15 mm;
ii) between 8 mm and 12 mm; and,
iii) about 10 mm; and,

d) the ramp has a height of at least one of:
i) between 0.02 mm and 0.1 mm;
ii) between 0.04 mm and 0.08 mm; and,
iii) about 0.06 mm.

63) A heart pump according to any one of the claims 60 to 62, wherein the vane at least one of:

a) has an inner radius that is at least one of:
i) between 10 mm and 20 mm,;
ii) between 12 mm and 18 mm,
iii) between 14 mm and 16 mm; and,
iv) about 15 mm;
b) an outer radius that is at least one of:
i) between 20 mm and 30 mm,;
ii) between 22 mm and 28 mm,;
iii) between 24 mm and 26 mm; and,
iv) about 25 mm.

64) A heart pump according to any one of the claims 59 to 63, wherein the heart pump includes a
magnetic bearing to at least one of control an axial position of the impeller and at least
partially restrain radial movement of the impeller, and wherein the hydrodynamic bearing is
configured to operate if the magnetic bearing fails.

65) A heart pump according to any one of the claims 59 to 64, wherein the heart pump includes a
controller that controls operation of the drive and bearing in use.

66) A heart pump according to claim 65, wherein the controller includes a processor operating in

accordance with software instructions stored in a memory.
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67) A heart pump according to claim 65 or claim 66, wherein the controller controls the drive to
selectively generate an axial attractive force.
68) A heart pump according to claim 67, wherein the controller controls the drive to generate the
axial attractive force to at least one of:
a) move the impeller within the cavity; and,
b) increase shock resistance when operating using a hydrodynamic bearing in the event that
the magnetic bearing fails.
69) A heart pump according to claim 67 or claim 68, wherein the controller:
a) detects at least one of:
i) failure of the magnetic bearing; and,
ii) movement of the impeller to the second end of the cavity when the magnetic bearing
has failed; and,
b) controls the drive to generate the axial attractive force in response to the detection.
70) A heart pump according to claim 69, wherein the controller detects failure of the magnetic
bearing based on at least one of:
a) a bearing indicator indicative of a current used by the magnetic bearing;
b) adrive indicator indicative of a current used by the drive; and,

c) sensor signals.
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