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An axial-flow blood pump for pumping blood includes a substantially cylindrical outer enclosure. A tubular housing concentric with
and located within the outer enclosure has at one end an inlet and at an opposite end an outlet. A motor stator Is concentric with
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and located between the outer enclosure and the tubular housing. An impeller is concentric with and located within the tubular

housing. The impeller Is suspended In operation by a combination of passive magnetic forces between magnets within the impeller
or magnetized regions of the impeller and the motor stator and hydrodynamic thrust forces generated as blood flows between the
tubular housing and a plurality of hydrodynamic thrust bearing surfaces located on the impeller. A volute may be In fluid-tight
connection with the outlet of the tubular housing for receiving blood in the axial direction and directing blood in a direction normal to
the axial direction. The volute has a flow-improving member extending axially from the volute and into and coaxially with the tubular

housing.
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ABSTRACT

An axial-flow blood pump for pumping blood includes a substantially cylindrical
outer enclosure. A tubular housing concentric with and located within the outer enclosure has
at one end an inlet and at an opposite end an outlet. A motor stator is concentric with and
located between the outer enclosure and the tubular housing. An impeller is concentric with
and located within the tubular housing. The impeller is suspended in operation by a
combination of passive magnetic forces between magnets within the impeller or magnetized
regions of the impeller and the motor stator and hydrodynamic thrust forces generated as
blood flows between the tubular housing and a plurality of hydrodynamic thrust bearing
surfaces located on the impeller. A volute may be in fluid-tight connection with the outlet of
the tubular housing for receiving blood in the axial direction and directing blood in a
direction normal to the axial direction. The volute has a ﬂow-improving member extending

axially from the volute and into and coaxially with the tubular housing.
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AXTAL FLOW PUMP WITH MULTI-GROOVED ROTOR

FIELD OF THE INVENTION

The present disclosure relates to rotary pumps and, in particular, to axial flow

~ blood pumps having a generally cylindrical rotor suspended within a corresponding

cylindrical housing having a blood inlet at one end and blood outlet at another end, and
motor components to provide rotational energy to spin the rotor and pump blood fluid

Jongitudinally through the housing from the housing inlet to the housing outlet.

BACKGROUND OF THE INVENTION

The known axial flow pumps for blood have the advantage of narrow radial
width, when compared with centrifugal flow pumps. They may therefore be used for
intra-vascular or intra-heart blood pumping assistance. Axial flow pumps typically have
a cylindrical housing with an inlet at one end, an outlet at the opposite end, and a rotor
within the housing which has thin impeller blades or vanes attached to and protruding
radially outwardly from the rotor. Thus, as the rotor rotates, the blades add work to the

fluid, propelling the fluid through the housing from the housing inlet to the housing

outlet.

A suspension system is provided to maintain the rotor in a desired position within
the housing, and an electromagnetic motor 1s provided to spin the rotor. The rotor may
be mechanically, magnetically or hydrodynamically suspended within the blood flow

passage. A combination of such suspension techniques may be utilized.
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Typically in the prior art, the rotor is suspended by mechanical bearings or
bushings, some with a rotor shaft protruding through the pump housing to a motor drive
mechanism. Magnetic suspension is also known, as mn U.S. Patent Nos. 6,368,083 and
5,840,070. The blood discharged from the pump, flows parallel to the axis of rotation of

the rotor.

Axial blood flow pumps have heretofore used a thin blade design, with the motor
maguets being placed either in the rotor shaft, relatively far away from the sunoundmg
stator, as in pumps by Jarvik and Incor, or they use small magnets placed within the thin
blades, as in a pump made by MicroMed. Both of these approaches tend to reduce the
motor torque capacity and efficiency, and they require mechanical rotor support |
involving abutting surfaces that move and wear against each other 1n rotation.

It is desirable for blood pumps, whether internally or externally located, to be
more tolerant of flow variations than the previous thin blade designs and to exhibit low
hemolysis, good resistance to thrombosis, adequate system efficiency, and very high
reliability for the expected duration of use for the device. Internally located blood pumps
are also subject to anatomical compatibility design constraints and the need for
élimination of mechanical wear and associated failure modes in order to provide
successful, long-term, implantable devices.

While the pump of this invention is described in terms of a blood pump, it is also

contemplated that the pump might be used for pumping chemically difficult fluids or
non-magnetic fluids, where a sealless design is highly desirable, and the fluid must be
gently handled for various reasons, for example because it is unstable to mechanical

stress, causing decomposition and even explosiveness, or because it is another complex,
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biological fluid besides blood, having critical stability parameters.

SUMMARY OF THE INVENTION

In accordance with the present invention an axial flow sealless and wearless blood
pump is provided which comprises a tubular pump housing having a blood inlet at one
open end and a blood outlet at the other open end opposite the inlet. A cylindrical rotor is
suspended within the housing tube. The rotor comprises a plurality of peripheral and
radial surfaces to engag;': and create pressure to assist in movement of the blood through
the housing from the inlet end to the outlet end. A motor is provided to cause the rotor to
spin within the housing. In one embodiment, the motor statér includes electrically
conductive coils located external to or within the housing tube. A plurahty of magnetic
motor drive poles is provided on the rotor, spaced about its peripheral surfaces. The
stator coil provides magnetic flux to cause the rotor to spin.

The rotor comprises a cylindrical body having a leading edge portion for engaging
blood entering the housing at the inlet and a trailing edge portion for enhancing the
discharge of the blood at the outlet of the housing. The rotor comprises one or more
grooves each extending from an entry channel at the leading edge portion of the rotor to
an exit channel at the trailing edge portion so as to define a plurality of arcuate peripheral
land areas therebetween on the surface of the rotor. The sidewall surfaces defining each

groove extend radially to the rotor surface but are not necessarily parallel to each other.

In some embodiments each groove has a central portion defining a flow channel curved at
least partially around the rotational axis of the rotor and in fluid flow communication
with a substantially axially directed channel at the trailing edge portion of the rotor. The

sidewalls of the grooves add axial thrust to the blood when the rotor is spinning and
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impart a rotational momentum to the flow of blood downstream of the rotor. In some
embodiments, the central portion of each groove defines a narrower flow channel than is
provided at 1ts entry and exit channels. In some embodiments each groove 1s wider at its
exit channel than at its entry channel to enhance the exit flow characteristics of the blood.
In one embodiment, the combined total width of the central portions of the groove flow
channels is substantially equal to or less than the collective, total arcuate widths of the
peripheral land areas formed between the groove flow channels. The flow channels along
the rotor may be helical along some portions of the rotor and é;enerally axial directed
along other portions of the rotor.

A plurality of hydrodynamic thrust bearing surfaces 1s provided on each of the
peripheral surfaces of the land areas of the rotor. The bearing surfaces create fluid
pressure at the periphery of the rotor thereby imparting radially symmetrical forces to the
rotor, which maintain the radial position of the rotor within the housing when the rotor is
spinning, and to provide good washing near the surrounding housing for mmcreased
resistance to thrombosis.

The land surface areas of the rotor between the flow channels of the grooves are
each wider and longer at their peripheries than the thin blades of prior art axial flow
blood pumps. This permits the emplacement or formation of relatively large motor drive
magnets at or near the periphery of the rotor. Large drive magnets in the rotor increase
magnetic force, and their placement at the rotor periphery reduces the gap between the
magnetic poles of the rotor and magnetic flux generating coils of a motor stator. This
arrangement improves motor torque capacity and electromagnetic efficiency of the pump.

Axial magnetic stiffness provided by a motor of radial flux gap design may be used to
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assist in holding the rotor in its axial position withmn the housing.

A magnetic bearing system may be provided, as well as hydrodynamic thrust
bearings, to help maintain the position of the rotor radially or axially within the tubular
housing. Magnetic poles to assist in suspension of the rotor within the housing may be
placed within the peripheral land surfaces between the grooves of the rotor to be attracted
to or repelled by corresponding magnetic poles within or adjacent the surrounding pump
housing.

In one embodiment, magnetic bearings may be used instead of hydrodynamic
thrust bearings, to provide an all magnetic suspension system. Such magnetic bearings
could be positioned or formed in the peripheral land areas of the rotor either forward or
aft of the location of the motor drive magnets. Accordingly, a rotor in accordance with
this invention does not require mechanical supporting structures upstream or downstream
thereof. Hydrodynamic thrust bearings, with or without magnetic bearings, or exclusive
magnetic bearings, will be sufficient to maintain the rotor in desired position during
operation.

In some embodiments, the configuration of the tubular pump housing may include
an annular sloped interior surface near the rotor’s leading or trailing edge portions to
provide a mechanical stop for axial movement of the rotor. Such a configuration
provides additional axial support fdr the rotor, as may become necessary in the event of
shock loading to ensure that the rotor remains in proper position within the housing.
Alternately, a split housing configuration might be provided, with annular sloped surfaces
at both the rotor leading and trailing edge portions, to provide radial support and axial

support i both axial directions. T he blood pump may also utilize one or more upstream
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and downstream flow straighteners or diffusers to enhance flow characteristics of blood

as 1t enters or exits the pump.

A controller is provided to run the motor at a set rotational speed, which may be
set, for example by the attending physician. Alternatively, the motor may be run at a
rotational speed which varies in response to a physiological control algorithm.

Unlike axial flow pump designs heretofore using radial thin blade impellers,
upstream and downstream struts or stator elements which may serve as flow straighteners
or diffusers may be useful but are noi required. The absence of these upstream and
downstream flow straighteners permits a simpler mechanical design, with fewer axial
tolerance concerns associated with their placement. Moreover, the absence of upstream
flow straighteners or diffusers permits a pre-swirl to the upstream blood flow pattern that
may serve to improve resistance to thrombosis.

In some embodimments, a volute may be used at the output end of the housing to
improve the output flow characteristics of the blood. For example, a volute may be used
to redirect the blood flow in a direction normal to the rotational axis of the pump. A
volute may improve the output blood flow characteristics of an axial flow pump by
converting rotational kinetic energy in the output flow from the axial flow pump to a
slower output velocity having sufficient pressure for discharge into the vascular system.

The blood pump of this invention might be implanted within the vascular system

or located within the chest cavity of a patient, such as the pericardial space, abdomen, or

subcutaneously near the skin, in a manner similar to pacemaker implantation. Likewise,
the pump may be kept external to the body for shorter term vascular circulatory support.

Also multi-rotor or ganged rotor pumps having a plurality of axially aligned axial flow
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pumps of the type described herein could be used to provide single or bi-ventricular
support, or even total circulation for the patient in the manner of a full, artificial heart.

Moreover, such multi-stage pumps can be constructed with smaller diameter tubular

housing for intra-vascular implantation.

BRIEF DESCRIPTION OF THE DRAWINGS

A more complete appreciation of the present invention and many of the attendant
advantages thereof will be better understood by reference to the following detailed
description when considered in connection with the accompanying drawings, wherein:

FIG. 1 1s a longitudinal sectional view of an implantable, sealless, axial rotary
blood pump 1n accordance with this invention.

FIG. 2 is an elevational side view of a rotor of the rotary pump of Fig. 1.

FIGS. 3 and 4 are elevational views of two different sides of the rotor of Fig. 2.

FIG. 5 1s a sectional view taken along line 5-5 of Fig. 2, with internal parts

omitted.

FIG. 6 is a perspective view of an alternative embodiment of a rotor usable in the
pump of this invention.

FIG. 7 is arear perspective view of a rotor of the embodiment of Fig. 1.

FIG. 8 is a top perspective view of the rotor of Fig. 7.

FIG. 8A is an enlarged, fragmentary, perspective view of a portion of the rotor of
Fig. 7.

FIG. 8B 1s an exploded view of an embodiment of the rotor of Fig. 7.

FIG. 9 is a longitudinal sectional view of an altemate embodiment of the pump of

Fig. 1.
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FIG. 10 is a plan view, taken partially in longitudinal section, showing a multiple-
rotor blood pump of the present invention.

FIG. 10A is a plan view of another embodiment of the blood pump of Fig. 10.

FIG. 11 is an exploded view of an alternate embodiment of the axial flow blood
pump of tl;e present invention.

FIG. 11A is a perspective view of a motor stator of the embodiment of Fig. 11.

FIG. 12 is a schematic sectional view of a blood pump with a volute according to
an embodiment of the present invention. ,

FIG. 13 is a perspective view of the blood pump with a volute shown in Fig. 12.

FIG. 14 is an exploded view of the blood pump wﬂh a volute shown in Fig. 12,

FIG. 15 is a perspective view of the interior of a volute according to one
embodiment of the present invention.

FIG. 16 is a top plan view of the interior of the volute shown 1n Fig. 15.

FIG. 17 is a perspective view of the interior of a volute according to another

embodiment of the present invention.

FIG. 18 is a perspective view of the interior of a volute according to a further

embodiment of the present mvention.

FIG. 19 is a perspective view of the interior of a volute according to yet another

embodiment of the present invention.

FIG. 20 is a perspective view of a downstream flow straightener according to still

another embodiment of the present invention.

FIG. 20A is bottom elevation view of the flow straightener shown in Fig. 20.

FIG. 21 is a perspective view of a downstream flow straightener according to a
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still further embodiment of the present invention.

FIG. 22 is a perspective view of a downstream flow straightener according to a yet
further embodiment of the present mvention.

FIG. 22A is a bottom elevational view of the flow straightener shown m Fig. 22.

FIG. 22B is side elevation view of the flow straightener shown in Fig. 22,

FIG. 23 is a perspective view of a downstream flow straightener according to yet
another embodiment of the present invention.

FIG. 23A is a bottom plan view of the flow straightener shown in Fig. 21A.

FIG. 24 is a perspective view of an artificial heart utilizing axial flow rotary pumps
of the type shown and described herein.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

In describing the preferred embodiments of the present disclosure illustrated
the drawings, specific terminology is employed for sake of clarity. However, the present
disclosure 1s not intend;:d to be limited to the specific terminology so selected, and it 1s to
be understood that each specific element includes all technical equivalents which operate
in a stmilar manner.

Referring now to the drawings and in particular to Figs. 1-5, an embodiment of a
blood pump 10 adapted to assist in pumping blood through a patient’s vascular system 1s
disclosed, comprising a hollow generally tubular pump housing 12. The pump housing
12 is non-magnetic and is made of a suitable biocompatible matenal such as titamum or a
suitable ceramic material which is non-thrombogenic, rigid and exhibits mimmum eddy
current lossess. The housing 12 defines a blood inlet end 11 and a blood outlet end 11A

so that blood flows through the housing in the direction shown by the arrow 18. In one
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embodiment the housing 12 has a constant exterior diameter while the inlet portion of its
interior diameter first converges as indicated at 13 and thereafter diverges as at 13A to
define an annular hump or ring, indicated in Fig. 1 by reference numeral 52.

A substantially cylindrical rotor 14 1s positioned within the lumen of the pump
housing 12, and acts as an impeller for pumping fluid within the housing. In one
embodiment, the rotor 14 is provided with a tapered leading edge 14A which is contoured
to follow the diverging portion 13A of the interior diameter of the housing. The
converging and diverging diameter portions 13 and 13A may act as a mechamcal stop to
maintain the rotor 14 in proper axial position within the tubular housing if, for example, an
external shock would tend to jolt the rotor out of its working ax1al position. In some
embodiments the tap.ered leading edge 14A of the rotor may be provided with a
hydrodynamic thrust bearing surface of the type described below to cooperate with the
surface of the diverging diameter portion 13A of the housing 12 for additional protection
against axial shock loading. The alignment between the housing diverging diameter
portion 13A and the tapered leading edge 14A of the rotor could also be utilized to
provide a magnetic axial preload at the rotor’s leading edge, similar to that described
below with respect to its trailing edge, to assist the rotor in maintaining its suspended and
wearless position within the housing.

Rotor 14 comprises one or more grooves 22 each of which extends from an entry

section or inlet channel 22A at the leading edge 14A to an exit section or outlet channel
22B at the trailing edge 14B of the rotor. The grooves 22 define fluid flow channels
across the rotor, In some embodiments a plurality of grooves 22 formed in the rotor 14

are spaced apart and define a plurality of peripheral land areas 35 therebetween. Each
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groove is defined by a pair of side walls 16 extending substantially radially to the
rotational axis of the rotor, but not necessarily parallel to each other.

As shown 1n Figs. 1-4 and 6, each of the grooves 22 has a central flow channel 30
that curves at least partially around the rotational axis of the rotor and opens into a
substantially axially extending outlet channel] 22B. The curved central portion 30 is
narrower than the inlet channel 22A or outlet channel 22B. The relatively wide outlet
channel and its axial orientation enhances the discharge flow characteristics of the blood
being pumped by more easily allowing for the release of blood from the rotor. The
grooves 22 and their side walls 16 tend to drive blood 1n the axial direction, shown by the
arrow 18, as the rotor 14 is rotated (clockwise i the embodiment of Fig. 1).

In one embodiment, the number of grooves 22 may be in the range of from 2 to 8,
with four being typical. Irrespective of the number of grooves, their collective widths at
the outer periphery 23 of the rotor 14 (Fig. 5) is equal to or substantially less than the
collective, total circumferential widih at the same outer pieriphery 23 of all of the land
areas 35 defined between the grooves. By way of example, as shown m the embodiment
of Fig. 5, the peripheral width of a groove 22 at the cross section of the rotor taken along
the line 5-5 of Fig. 2 is shown by the arrow 26. The arrow 26 is shorter than the width
of an adjacent land section 35 as measured by the length of the arc 28. Collectively, at
the central portions along the grooves 22, the total width of the grooves 22 is less than or
equal to the collective, total width of the respective land areas 35.

In this embodiment, the depth of each of the grooves 22 is greater than the radial
extent of the blades in comparable and conventional thin blade axial pump designs. For

example, for heart pump uses, the average depth of the grooves 22 from their outer
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perimeters may fall within the range of from 1mm to Smam. In some embodiments the
average depth of the grooves is approximately 1/3 the diameter of the rotor, but is less
than the radius of the rotor. In other embodiments the grooves may be deeper at the entry
channel 22 A at the leading edge of the rotor and shallower at the exit channél 22B at the
trailing edge of the rotor.

With reference to Fig. 2, the blood pump 10 further comprises a rotor, which
includes a plurality of relatively large permanent drive magnets 34 (shown in dotted lines)
formed within each of the wide land areas 35 of the rotor 14. According to one
embodiment of the present invention, the permanent drive magnets 34 in the rotor may be
produced by magnetizing selected portions of the peripheries of the land areas 35. This
may be accomplished, for example, by constructing the rotor from a magnetic alloy,
which may be isotropic, and magnetizing desired peripheral sections to form a plurality

|
of magnetic poles with various geometric orientations. It is preferable to use a magnetic
alloy that is biocompatible so that no additional coating is required. Such a rotor may be
easier and less expensive to manufacture than impellers formed from multiple parts.

With reference to Fig. 1, the motor also comprises a motor stator 36 having
electrically conductive coils 38. The coils are placed within an enclosure 40 which

surrounds the tubular housing 12 and the rotor 14. The motor stator 36 serves to rotate
rotor 14 by the conventional application of electric power to the coils 38 to create
magnetic flux. The permanent drive magnets incorporated into the wide land areas 35 of
the rotor are selected for magnefic properties, length, and cross-sectional area in order to
provide good electromagnetic coupling with the magnetic flux created by the motor

stator. Because of the relatively large surface area of the land areas, the nature and
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placement of the rotor magnets becomes relatively easy to effect. This arrangement
provides strong electromagnetic coupling and the necessary magnetic axial stiffness to
maintain the rotor in position. In one embodiment, 'the magnetic coupling between the
stator flux and the drive magnets in the rotor creates torque, causing the rotor 14 to rotate
clockwise. It will be understood by those skilled in the art that the rotor could be caused
to rotate in a counterclockwise direction without departing from the scope of the
invention.

The motor may be a three phase, brushless DC motor. In one embodiment the
motor could be a toroidal, three phase and wye connected design. The stator may have a
back iron design which is consistent with a typical radial flux gap motor. If desired, the
motor stator can comprise a separate, hermetically sealed enclosure 40 that slides over the
tubular housing 12 into position. A braised weld ring to the enclosure 40 outer surface
may be used to secure the motor stator housing in position. Laser welding is one
possibility for securing the motor stator enclosure 40 to the housing and obtaiming a
hermetic seal. The specific technology for accomplishing this known in the prior art.

Referring to Fig. 6, another embodiment of a roltor 14b for the blood pump of this
invention is disclosed. Rotor 14b 1s shown to have six peripheral land sections 35b
between the flow channels 22 having central portions 30. Otherwise, the nature and

configuration of the rotor 14b is similar to the rotor of the other embodiments disclosed

herein.

Referring to Figs. 7, 8, and 8A, there is depicted a rotor 14 which is similar to the
rotor shown in the embodiment of Figs. 1-5. The peripheral land areas 35 of the rotor 14

are each provided with on|e or more hydrodynamic thrust bearing surfaces 44 and 46.
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Each of the thrust bearing surfaces 44, 46 is disposed along the surface of the associated
land area haviné a prescribed peripheral radius. The leading edge 47 of each of the
bearing surfaces from the viewpoint of the (clockwise) spin of the rotor 14, is recessed by
a predetermined amount below the surface of the associated land section, as depicted in
Figs. 8 and 8A by reference numeral 45. The recessed surface then tapers mn a gradual,
curved manner across the land area along an arc, the axis of curvature of which is not
necessarily co-axial with the rotational axis of the rotor. The tapered bearing surface
terminates at a rear end 48, at which point each bearing surface 44, 46 is feathered into the
periphery of the land area with a smooth fransition and is no longer recessed with respect
to the continuing downstream surface of the land area.

As the rotor rotates, the respective thrust bearings, 44, 46 on each land area 35
scoop blood onto the bearing surfaces whereby it flows between the bearmmg surfaces and
the inner wall of the tubular pump housing. The effect of the tapered configuration of the
thrust bearing surfaces is to force blood to flow through a decreasing or constricting area
created between the bearing surfaces and the inner wall of the tubular pump housing.
This results in increasing fluid pressure upstream within the constriction, which pressure
acts against the bearing surface areas and produces a net symmetrical force for radial
support of the spinning rotor. That hydrodynamic thrust bearings act in this way to
cause radial pressure on a rotor is well known to the art generally, as in U.S. Patent No.
5,840,070. The hydrodynamic force that 1s thus created on the surfaces of the rotor land
areas tends to hold the rotor suspended and centered within the lumen of the tubular
housing 12 in a manner shown in Fig. 1, and resists dynamic, radial shock loading forces

without the need for physically contacting bearing surfaces. The thrust bearing surfaces



10

15

20

CA 02841675 2014-01-27

15

WO 2007/040663 PCT/US2006/021544

44 and 46 may be formed directly into the peripheral surfaces of the land areas 35 or may

be placed within suitable cavities formed in the outer peripheral surfaces of the land areas

and held in place by a suitable cover.

In some embodiments, hydrodynamic thrust bearing surfaces are created on the
ieading or trailing edge portions of the rotor. For example, with reference to Figs. 1-3,
the surface area 20 at the leading edge 14A of the rotor is tapered into a suitable thrust
bearing configuration to'cooperate with the diverging interior surface 13A of the tubular
pump housing. Such a thrust bearing would resist longitudinal movement of the rotor to
the left, as shown in Fig. 1. Alternatively, the diverging portions 13A partially defining
the annular ring 52 may, if desired, comprise hydrodynamic thrust bearings cooperating
with the adjacent rotor surface to prevent contact between the rotor 14 and the ring 52 as
the rotor operates in a clockwise rotation.

Hydrodynamic thrust bearing surfaces may also be located on the rotor near its
trailing edge 14B, in which event the inner diameter of the tubular pump housing near its
outlet end 11A would be constricted as shown in dotted lines in Fig. 1 to define an
annular 'ring 53 similar to the ring 52 near the inlet end 11. Such thrust bearings on the
rotor or formed on a side of the ring 53 would serve the similar purpose of replacing or of
supplementing the repulsive magnetic poles of magnets 56 and 57 described below. Such
thrust bearings may provide one or both of radial and axial support for the rotor and serve
to increase the resistance to shock loading thereby mmproving rotor stability.

Hydrodynamic thrust bearings on the outer periphery of the rotor provide good
surface washing. Centrifugal forces created by thrust bearings tend to push fluid toward

the periphery of the housing interior, providing increased blood flow, which can improve
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the pump's resistance to thrombosis. In contrast, hydrodynamic bearings in the prior art
which are closer to the axis of rotation have reduced surface washing, resulting in a
greater possibility of blood coagulation. Thus, since by this mnvention, conditions are
provided that reduce blood coagulation, a lower amount of anficoagulant may be used
with the blood pump and patient, which may result in fewer patient adverse side effects.
If desired, hydrodynamic thrust bearing surfaces may be aligned 1in a helical fashion on
the surfaces of the rotor to improve surface washing by the moving blood as the rotor
SpISs.

As an alternative to hydrodynamic thrust bearings acting axially on the rotor,
permanent rotor retaining magnets maybe placed in each land afea 35 within the lead,
trailing or both ends of the rotor. One or more corresponding permanent magnets may be
placed within or on the tubular pump housing adjacent each rotor rétaining magnet to
effect repulsive magnetic forces acting to retain the axial alignment of the rotor within the
housing. By way of example only, a permanent magnet 56 is shown in Figs. 1 and 2 in
dotted lines on a land surface area at the trailing end of the rotor 14. A corresponding
permanent stator magnet 57 is emplaced within the enclosure 40 surrounding the tubular
housing 12. The rotor magnet 56 may be formed by magnetizing suitable rotor matenal.
If the north poles of the rotor magnet 56 and the stator magnet 57 are adjacent or face
each other, as shown in Fig. 1, the repelling magnetic forces will assist in retaining the
rotor in the proper axial position. Longitudinal or axial movement of the rotor to the right

is thereby restricted by the repulsive action of magnets 56 and 57. Of course, magnetic

south poles could be directed to face each other in similar manner, to achieve a generally

- similar effect. It will be understood that the magnet 57 may comprise a ring magnet or
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an electromagnetic coil.

With reference to Fig. 8A, in one embodiment, each of the thrust bearing surfaces
is provided with shrouds 49 provided along each lateral side of a thrust bearing surface.
These shrouds, defined by sidewalls of decreasing height created by the recessed portion
of each bearing surface, reduce the amount of fluid leakage from the bearing surface, and
allow the development of higher radial pressure levels. The reduction of such leakage to
acceptable levels by means of such shrouds can almost double the load carrying capacity
for the bearings.

An optional pressure relief surface downstream of each rotor thrust bearing
surface may be provided to reduce hemolysis. This pressure relief surface consists of a
portion of the peripheral land area that is contiguous with the rear end 48 of a thrust
bearing surface and slightly diverges away from the housing wall. Blood passing over
the thrust bearing surface is thereby directed across the pressure relief surface into an
adjacent one of the grooves 22 formed in the rotor. Rounded surfaces 54 at the leading
end of the rotor, seen in Figs. 7 and 8, facilitate entry of blood into the flow channels of
the rotor. Thus, an axial flow pump having wide peripheral land areas and utihzing
shrouded hydrodynamic thrust bearings for radial or axial support is provided, having
significant advantages over the known types of axial flow blood pumps.

In some embodiments, the rotor 14 may be produced by either machining,
molding, or casting a single piece of ferromagnetic material, such as compression bonded
neodymium or Alnico (aluminum-nickel alloy), or an alloy of about 70-80 percent by
weight of platinum and about 20-30 percent by weight of cobalt. In some embodiments,

from essentially 76-79 percent by weight of platinum is present in the alloy. In some
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embodiments, the alloy may contain essentially from 21-24 percent by weight of cobalt.
In one embodiment, an integral, one-piece rotor consists of essentially 77.6 percent by
weight of platinum and 22.4 percent by weight of cobalt. Such a rotor is conventionally
heat treated to achieve good magnetic properties, and may be magnetized, with North
and South magnetic poles, as desired.

An advantage of such a rotor is that a single, integral piece made from the
platinum and cobalt alloy can be easily fabricated into complex shapes, using
conventional metal working and casting methods. Also, such an alloy 1s magnetically
isotropic, so that parts can be easily magnetized with a plurality of magnetic poles in any
geometric orientation. 'fhese characteristics allow the rotor to be fabricated from a solid
piece of the alloy, thus eliminating the need to build assemblies of magnets and support
structures, as in the case of prior art ventricular assistance devices, with a resulting
reduction of manufacturing costs. Additionally, the alloy used 1n this invention is
biocompatible, and has high resistance to corrosion, also having a Rockwell hardness on
the order of 31 Rc, which eliminates the need for a hard, outer coating. It will be
understood that the rotor material may be isotropic or anisotropic, as ‘desired.

After fabrication, the rotor may be treated with a conformal, protective polymer
coating of an organic polymer such as Parylene, or silicone, to prevent against oxidation
by forming a hermetic seal around the rotor. On top of this, a hard, lubricious protective
coating may be applied over the conformal polymer coating, to protect against wear and
abrasion. Such coatings may include chromium nitride, titanium-nitride, or other
commercially available coatings such as ME92, Med Co 2000, or DLC. Alternatively, as

stated above, the use of a biocompatible magnetically isotropic alloy such as a platimum-
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cobalt alloy obviates the use of the protective coating. Designed for a permanent heart
ventricular assist device, such a rotor could be a cylindrical device having a 10
millimeters outer diameter and 20 millimeters length, providing flow rates of 2-10 liters
per minute against physiologic, differential blood pressures. Magnetization of the rotor
land sections may occur before or after a coating application.

With reference to Fig. 8B, an embodiment of the rotor 14 includes recesses 35A.
formed in each of the land areas 35, each of which recesses contains a cavity 55. Each
cavity 55 is adapted to receive a discrete permanent drive magnet 73. The permanent
drive magnets 73 serve the same purpose as the magnetized areas 34 described above in
connection with Fig. 2. In this embodiment, the land area recesses 35A include cavities
74 adjacent each of the cavities 55. The cavities 74 are adapted to receive discrete
permanent retaining magnets 75 which serve the function of the rotor retaining magnets
56 described above in connection with Figs. 1 and 2. The land area recesses 35A also
include bores 76 formed for the purpose of weight reduction and to achieve dynamic
rotational balance in the rotor when desired. A contoured cover 77 is adapted to be
inserted into each of the land area recesses 35A to retain the discrete drive magnets 73
and retaining magnets 75 in position on the rotor. In this embodiment the covers 77

contain the hydrodynamic thrust bearing surfaces 44 and 46 for the rotor described above

in connection with Figs. 7, 8 and 8A.

Referring to Fig. 9, there is disclosed an embodiment of the pump of Fig. 1 having
a sleeve 70 inserted within the outlet of the housing 12 and having a reduced internal
diameter area 71. The reduced internal diameter area 71 serves as a stop to mechanically

retain the rotor 14 against movement in one axial direction, to the right in Fig. 9, so that
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magnets 56 and 57 may be unnecessary. In addition, the reduced internal diameter
configuration of the sleeve 70 renders this arrangement suitable as a pediatric version of
the axial flow pump of this invention as it will result in a reduced flow rate compared to an
unsleaved configuration.

Referring to Fig. 10, a ganged series of axial flow blood pumps 60 has a common,
cylindrical housing 62 in which a plurality of rotors 14c¢ are mounted on a common shaft
64 in spaced-apart axial relationship. In one such embodiment, the rotors are commonly
driven by the shaft 64 to rotate as one. Such a device is described in co-pending
application Serial No. 11/118,551, the content of which is incorporated herein by
reference. Each of the rotors 14¢ has peripheral land areas 35c¢, sumilar to the land areas
35 of the previous embodiments. By this means, added pumping ﬁower can be provided
in the form of a multiple stage pump, with the rotors in series connection. Accordingly, a
high capacity pump of smaller diameter can be provided.

Motor stators 36¢, comprising electrically conductive coils are provided, one for
each rotor, so that each of the respective rotors performs in a manner similar to that of the
rotors described for previous embodiments, but for their connection with the common
shaft. The rotors 14c¢ and stators 36¢c may be of the same design as any of the previous
embodiments, however, each rotor need not have the same number of grooves or land

sections between the grooves.

Stator blades 66 of traditional thin blade design may be mounted to extend radially
inwardly from the inner wall of pump housing 62 downstream of at least two of the three
ganged rotors, although such blades are not normally required in the axial flow pumps of

the present invention. The stator blades 66 serve to diminish the rotational momentum of
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the axial flow output from the rotors before the flow encounters the next rotor, This
arrangement permits more hydraulic work to be added to the blood or other fluid. Any
desired number of these generally radially extending blades 66 may be provided, if
desired. Moreover, if desired, the leading or trailing end of each of the stator blades 66
may be provided with suitable hydrodynamic thrust bearing surfaces to provide
additixonal axial support to the rotor. The stator blades 66 may also include integral
permanent magnets to define magnetic bearings to support the rotor. Permanent magnets
mounted in or on the appropriate leading or trailing ends of each rotor can provide
repulsive magnet poles to assist in the axial stability of the rotors.

In the embodiment shown 1n Fig. 10, each of the motor stators 36¢ 1s axially
aligned with its corresponding rotor. Such alignment may be altered to accommodate
magnetic coupling or magnetic repulsion to provide extra axial magnetic support.

Referring to Fig. 10A an alternative multi-rotor axial pump consists of a plurality
of blood pumps 60 each of which has one of the pump rotors 14c having the
characteristics of the rotors 14 described above. The rotors 14¢ are axially aligned in
spaced-apart relationship and adapted to pump blood or other fluid consecutively through
the common cylindrical housing 62 made of biocompatible material that exhibits
minimum eddy current losses, as described above in connection with single rotor pumps.
In this embodiment, the individual rotors 14c function independently without a
connecting shaft. Motor stators 36¢c each comprise an electrically conductive coil as in
the prévi ous embodiments, one for each rotor, so that the respective rotors perform in a

manner similar to that of the previous embodiments. The stators 36¢ also may be of a

design as previously described. The multiple rotors 14¢ acting in concert provide added
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pumping power and therefore enables a high capacity pump of smaller diameter than a
single stage pump, and may be adapted for implant directly into the vascular system of a
patient and otherwise reduce patent trauma.

In one embodiment, the independently rotatable rotors 14c rotate at the same rate.
It will be understood that the rates of rotation of the multiple rotors may vary, one from
the other, as desired. In some embodiments, one rotor may rotate clockwise, and be
oriented such that its grooves tend to drive blood or other fluid through tubular housing
62 in the direction of arrow 63. An adjacent rotor may be oriented such that its grooves
tend to drive blood in the same direction 63 upon counterclockwise rotation. Thus, the
multiple rotors work togéther to drive fluid in direction 63, even while they rotate in
opposite directions. An advantage of this arrangement 1s that a rotor rotating
counterclockwise downstream from a clockwise rotating rotor tends to counteract the
rotational momentum imparted to the pumped fluid by the upstream rotor. This permits
more hydraulic work to be added to the flmid. Depending upon the power applied to the
individual stators 36c¢, the respective rotors maybe driven at rotation rates which are
similar, or different from each other, as may be desired. Adverse affects from misaligned
motor drive waveforms are thereby reduced.

In some embodiments, the multi-rotor pump 1s free of stationary, swirl
suppressing blades positioned within the housing and between the rotors. A need for
such blades is diminished by counterrotating characteristics of the respective rotors.

In some embodiments, more than two rotors are present. Adjacent rotors will
rotate in opposite directions from each other, so that clockwise rotating rotors are

interspersed with counterclockwise rotating rotors in axially alignment within the pump
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housing.

A permanent ventricular assist device of multistage contiguration as described
above could have an outer diameter of six millimeters and a length of 15 millimeters, to
provide flow rates of 2-8 liters per minute against physiological differential pressures, as
previously described. Such a multi-stage pump could be used as a peripheral vessel
blood insertion pump, operating outside of the body, or provide bi-ventricular support
and even total artificial heart action. It will be understood, that the multiple rotors need
not be ganged on a common shaft and that the motor stator for each rotor could be
energized to effect clockwise or counterclockwise rotation of each rotor independently of
the rotational spin of other adjacent rotors.

Fig. 11 is an exploded view of an alternative blood pump configuration according
to an embodiment of the present invention. The pump may comprise a primary outer
cannula-like enclosure 102a and a secondary or discharge section 102b that fit together to
seal a tubular housing 104 and a surrounding motor stator 110 in place within the
assembled enclosure. An O-ring 124A may be used to prevent blood from leaking
between the inner tubular housing 104 and the enclosure 102a. In this embodiment, the
entire tubular housing and surrounding motor stator are enclosed with the cannula-like

structure have an inlet 0pening 105 of reduced diameter, which provides a bullet-like

configuration.

The motor stator 110 has three electrical cables 103 (seen best in the enlarged view
of the motor stator in Fig. 11A) for three phase operation of the motor coils. The electrical
cables may be contained within a suitable cable conduit comprising the three sections

120k 120a and 120b. It will be understood that other motor designs may be selected for
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applications requiring high speed communication or increased efficiency, without

departing from the scope of the invention.

Figs. 12-16 depict an embodiment of a blood pump in which the rotational kinetic
energy of the axial flow of blood discharged by an axial flow pump is converted into a
pressure flow at the outlet of the pump by a volute, indicated by reference numeral 106.

While the incorporation of a volute 1s not necessary with the axial flow pump of the
present invention, it is an optional embodiment for improving blood flow characteristics to
further minimize thrombus formation and increase pressure of the pumped blood as it
enters the vascular system.

Referring to Fig. 12 and 13, a blood pump 100 comprisgs a substantially
cylindrical outer enclosure or cannula 102a. The cannula 102a may have the slightly
rounded or bullet shaped front or inlet end 105 of reduced diameter having inlet 116
through which blood enters the pumping chamber. The pumping chamber is defined By
the substantially tubular mterior housing 104 having an external diameter smaller than the .
internal diameter of the cannula. The cannula 102a and tubular housing 104, as described
above, may be made of a biocompatible non-magnetic material such as titaninm or
ceramic.

. The motor stator ring 110 may be located on the outside the housing 104 and
within the cannula 102a in the annular space formed between the housing 104 and the
cannula 102a. The three phase control wires for the coils of the stator ring 110, described
in detail above, are connected through the power and control cable conduit 120k that exits
the pump through a port 118 which may be defined as part of the volute 106. A rotor 108,

of the type described in detail above, may be magnetically or hydrodynamically suspended
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in operation within the housing 104 and centered within the stator ring 110 to provide an
axial flow of the blood or fluid entering the inlet 116.

The volute 106 is sealed to the cannula 102a and the tubular housing 104 in a
fluid-tight connection such that blood pumped by the rotor 108 is moved into a central
chamber 114 (Fig. 12) of the volute 106. With reference to Figs. 12 and 14, an O-ring
124B may be used to ensure a flmid-tight connection of the volute to the inner tubular
housing 104. One or more screws 126 may be used to secure a hermatic connection,

As depicted in Figs. 15 and 16, the volute chamber 114 may be annular 1 cross
section as defined by a downstream center post 112 projecting inwardly along the pump
axis from the base of the volute along ‘;he rotational axis of the pump rotor 108. The
center post 112 extends toward but does not contact the downstream end of the rotor 108,
and may be a dome-topped cylinder (as shown 1 Figs. 12, 14 and 15) or may be another
shape that serves to affect the flow of blood discharged from the pump rotor, as described
in detail below.

Blood driven by the rotor 108 and entering the volute chamber from the pump
chamber of the axaal flow pump has a rota:cional or spiraling momentum around the
rotational axis of the rotor. The rotational momentum of the flow creates lower pressure

areas in a central portion of the blood flow just downstreamn of the rotor. To some extent

the lower pressure area is alleviated by a tapered axial extension 24 (Fig. 1) at the trailing

edge 14B of the rotor. The center post 112 also tends to fill this lower pressure area in the
downstream rotational blood flow characteristics as the blood enters the chamber 114 of
the volute. Blood thereafter fills the annular chamber 114 of the volute and the fluid

pressure of the system causes the blood stream to flow 1n a substantially centrifugal
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direction through the chamber 114 to the volute discharge or outlet 122, depicted in Figs.
13-16, thereby establishing the output pressure. In this embodiment, the volute is
bladeless and the discharge blood flow is in accord with the longitudinal nature of the
blood flow within the vascular system. Typically, a blood pump of this embodiment will
be implanted such that the cannula portion traverses the apex of a heart ventricle, while the
volute portion remains outside of the heart. A graft (not shown) is used to connect the
discharge or outlet of the volute to an artery of the vascular system of the patient.

Referring now to Fig. 17, there is depicted an embodiment of a centrifuigal volute
123 with an.alternate configuration for a flow straightner adapted to extend generally
axially into the pump chamber of an associated axial flow pump. In this embodiment, the
volute 123 has a flow chamber 133 of generally circular cross section from which extends
a dual Iegged stator element 125 projecting out of the volute chamber and inwardly with
respect to and along the axis of an axial pumping chamber as described above (not
shown). The stator element has a pair of parallel legs 126 and 128 extending substantially
co-axially with the rotational axis of the pump. The inner end portions of each of the
sx1ppoﬁi11g legs 126 and 128 are bent or curved such that the end portion 130 of the leg
128 is curved to project at an angle of about 45° to the longitudinal axis of the stator
element 125 and the axis of an associated pumping chamber. The inner end portion 132 of
the support leg 126 is also curved to project at angle of 45° to the pump axis. The axis of
curvature of the end portion 130 is perpendicular to the axis of curvature of the end
porition 132. The dual legged stator 125 acts to change the kinetic rotational momentum
of the blood flow output from the axial pump to a pressure flow as the blood enters the

centrifugal chamber 133 of the volute 123 before discharge through radial outlet 134.
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Referring to Fig. 18, there is shown still another embodiment of a volute 136
having a centrifugal flow chamber 137 of substantially circular cross section with a central
axial flow straightener or stator element 135 adapted to extend generally axially into the
pump chamber of an associated axial flow pump of the type described herein. The stator
element 135 consists of a center post portion 138 aligned with the axis of the axial flow
pump (not shown) having a tip or end portion 139 of generally rectangular shape. The
short axis of the rectangular shaped stator tip 1s aligned and parallel with the axis of the
center post portion 138 and the axis of the axial flow pump. The function of the stator
element is, as described above in connection with the other volute embodiments, to alter
the kinetic rotational momentum of the outflow from the pump to a pressure flow as the
fluid fills the volute chamber and 1s pressured to discharge at the radial outlet 141.

Referring to Fig. 19, there 1s depicted yet another embodiment of a centrifugal
volute 142 having a centrifugal flow chamber 143 of circular cross section. A flow
straightener or stator element 144 extends from the base of the volute chamber axially
inwardly along and substantially aligned with the axis of an associated axial flow pump
(not shown). The stator element 144 consists of a central post section 146 with a wide
double-tined end portion 147. Each of the tines extends generally parallel to the axis of
the center post 146, one on each side thereof. Blood exiting the axial flow pump with
kinetic rotational momentum 1s converted to a pressure tlow by the stator element 144
before entering the volute chamber and being forced centrifugally to discharge from an

outlet 147.

In accordance with the present invention, blood outflow characteristics may be

altered without the need for projecting blades or posts downstream of the axial flow pump.
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Shaped passageways designed to improve flow characteristics may be employed instead.
With reference to Figs. 20 and 20A, there is depicted a straight through flow straightener
according to one embodiment of the present invention. The flow straightener has a base
section 148 for securely connecting to the blood pump. A straight cylindrical tube 149
may extend from the base section 148. A passageway having a circular opening 151 may
be shaped into an oval cross section with an oval outlet 152 formed within the tube 149 as
shown in Fig. 20A. The opening of the shaped passageway 151 may be of any shape
helping to enhance flow characteristics. ' The shaped passageway 161 defining the oval
outlet 152 gradually ushers blood having rotational momentum through the oval-shaped
constraint to convert the flow to substantially axial flow. Alternately, the shaped
passageway 151 may be partially conical, having a circular, oval or other shaped outlet
somewhat smaller in diameter than that of the inlet opening to accomplish the same
purpose. In this embodiment, the passageway is 151 1s straight and coaxial with the axis
of the axial flow pump.

With reference to Fig. 21, there 1s depicted a flow straightener embodiment
according to a yet further embodiment of the present invention. The flow straightener of
this embodiment has a base section for securely connecting to the axial flow blood pump.
A bent tube 153 contains a constricted portion 156 which acts to dimimish the rotational
momentum of the axial blood flow output from the pump. The axial blood flow from the

tube 153 is discharged through an outlet 157 from which a suitable graft will connect the

blood flow to the vascular system.

Referring to Figs. 22, 22A and 22B, there is depicted yet another embodiment of a

downstream flow straightener according fo the present invention. The flow straightener
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has a straight cylinder tube 158 having a flow chamber 158A and a base 159. A blade
carrying center post 161 extends axially through at least a portion of the flow chamber
158 A and extends axially into the pump chambér of an associated axial flow pump. In
one embodiment, the center post 161 is affixed to the inner sidewall of the flow chamber
158A at a point of connection 162. (Fig. 22A). The support for the centerpost 162 may be
a radially extending connecting arm 161A that need not traverse the entire diameter of the
flow chamber. The post 161 may be of any shape, but 1s here depicted as a dome-topped
cylinder having a pair of symmetrical diametrically opposed, contoured and pointed blade
sect'ions 163 extending longitudinally along at least part of its length and beyond by a
predetermined amount. The blade sections 163 may protrude like rabbit ears beyond the
top of the center post and may curve in opposite directions away from the axis of the
center post 161 as depicted in Fig. 22B. The purpose of this configuration is also to
diminish the rotational momentum of thé qxial flow output from the pump.

Referring to Figs. 23 and 23 A, there is depicted a downstream flow straightener
with a stmplhified flow-straightening blade element 164 according to another embodiment
of the present invention. In this embodiment, a straight cylindrical tube section 166 is
connected to a base 167. The tube 166 is affixed at the output from an axial flow pump
and defines an internal flow chamber 168. The flow-straightening blade element 164

projects radially inwardly from an inner sidewall of the flow chamber 168. The blade
element 164 may be suitably welded to the sidewall of the flow chamber or be formed
together with and as part of the tube section 166. The blade element 164 is configured
with a transverse axis aligned parallel to or co-axial with the axis of the flow chamber 168.

In one embodiment the blade element 164 terminates at about the longitudinal centerline
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of the flow chamber 168 (Fig. 23A). It may, however, traverse completely across the flow
chamber along a diameter (not shown) without departing from the scope of the present
invention. The axis of the longitudinal tube section 166 is co-axial with the axis of the
axial flow pump. The blade 164 may be substantially wedge-shaped and may be short (as
shown) or longer. For example, the blade 164 may extend axially through the entire
length of the tube 166 and may even extend beyond the length of the tube 166, as desired.
According to an embodiment of the present mnvention, two rotary pumps as described
herein may be combined to form an artificial heart that may be used to completely
replace the natural heart in a patient suffering from heart failure.

Referring to Fig. 24, an artificial heart is shown using rotary axial flow blood
pumps of the type described herein. In one embodiment, the artificial heart may
comprise a first section 181 for pumping blood to the pf;ttient’s aorta and a second section
182 for pumping blood to the patient’s pulmonary artery. Each section 181 and 182 may
contain a pump 10 as described 1n detail above. The first section 181 may include a first
inflow 183 and a first outflow 185. The second section 182 may include a second inflow
184 and a second outflow 186.

The inflows 183 and 184 may be made of a penetrable material such as a soft
Dacron texture material so that it may be easily sutured to the patient’s circulatory
system. The inflows 183 and 184 may have a shape that 1s wider at the end that is
connected to the patient’s circulatory system than at the end that is connected to the pump
10. The inflows 183 and 184 may be elbowed so that the inflows 183 and 184 may be
proximal to the outflows 185 and 186.

The first pump section 181 and the second pump section 182 may be attached
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together by a connecting member 180 such as a bracket or the like.

In this embodiment, the artificial heart does not require artificial vales thereby
improving device reliability.

A balance member or atrial shunt or shunt may optionally be connected between
the first and second inflows 183 and 184 to substantially equalize or balance the flow of
blood through the first and second inflows 183 and 184. Thus, when the pressure in the
first and second inflow members is unbalanced, blood may be shunted between the
inflow members. The shunt may include two ends where one of the ends 1s connected to
the first inflow 183 and the opposing end of the shunt 1s connected to the second inflow
184. The shunt 124 may be integrally formed with each of the inflows 183 and 184, The
shunt may automatically equalize or balance the hydraulic blood flow through each of the
first and second sections 181 and 182. The shunt may therefore prevent one side of the
artificial heart from over pumping the other side of the heart

The first section 181 may be designed to pump more blood than the section 184.
According to one embodiment, the first section 183 is designed to pump 15% more blood
than the second section 182.

Power and control cables 120K may be used to power and control each pump 10.

The above specific embodiments are illustrative, and many variations can be

introduced on these embodiments without departing from the spirit of the disclosure or
from the scope of the appended claims. For example, elements and/or features of
different illustrative embodiments may be combined with each other and/or substituted

for each other within the scope of this disclosure and appended claims.
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What is claimed is:

1. A blood pump, comprising:
a pump housing;

5 a rotor for pumping blood positioned in said housing, said rotor having an axis of
rotation and a leading edge and a traithng edge and comprising peripheral land surfao\es
defined by one or more flow channels extending from said leading edge to said trailing
edge, said channels being curved to drive blood in an axial direction as the rotor 1s
rotated, the collective width of said channels at some axial positions on the radial

10  periphery of the rotor being substantially equal to or less !:han the collective total width
of said peripheral land surfaces; and
a motor including a plurality of magnetic poles carried by the rotor, and a stator
including an electrically activaied coil to magnetically interact with said magnetic poles
to cause said 1'ot6r to rotate.
15 2. The blood pump of claim 1 1n which peripheral land surfaces comprise
hydrodynamic thrust bearing surfaces.
3. The blood pump of claim 2 in which said bearing surfaces comprise
shroud -sidewalls extending substantially transverse to the rotation axis of the rotor.
4. The blood pump of claim 2 comprising at least one magnetic bearing
20  formed between said rotor and said pump housing to position said rotor.
o. The blood pump of claim 1 in which said rotor comprises one or more
permanent magnetic poles in said land surfaces, the motor being of the radial

flux gap design, whereby axial, magnetic forces hold the rotor in position.
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6. The blood pump of claim 1 in which the motor comprises a
hermetically sealed fubular stator that slides over said pump housing and is secured
thereto.

7. The blood pump of claim 1 in which said pump housing is cylindrical.

8. The blood pump of claim 1 in which said rotor comprises at least one
permanent magnet mounted therein.

9. The blood pump of claim 1 in which said pump housing is made
from biocompatible titanium or ceramic.

10.  The blood pump of claim 1 which comprises a plurality of said
rotors axially spaced apart within said pump housing, each of said rotors
having one of said motors to cause said rotors to rotate.

11.  The blood pump of claim 9 in which said housing is adapted to
exhibit mmmum eddy current losses.

12.  The blood pump of claim 10 in which radially extending stator
plates are provided between said rotors.

13.  The blood pump of claim 1 in which said rotor has a conformal

polymer coating defining a hermetic seal to prevent oxidation.

14.  The blood pump of claim 13 comprising a hard, lubricious
protective coating over said conformal polymer coating to protect from wear

and abrasion.

15.  An axial-flow blood pump for pumping blood, comprising:
a substantially cylindrical outer enclosure;

a tubular housing concentric with and located within said outer enclosure having

at one end an inlet and at an opposite end an outlet;



10

15

20

CA 02841675 2014-01-27

WO 2007/040663 34 PCT/US2006/021544

a motor stator concentric with and located between said outer enclosure and said
tubular housing;

an impeller concentric with and located within said tubular housing, suspended in
operation by a combination of passive magnetic forces between magnets within said
impeller or magnetized regions of said impeller and said motor stator and hydrodynamic
thrust forces generated as blood flows between said tubular housing and a plurality of
hydrodynamic thrust bearing surfaces located on said impeller; and

a volute 1n fluid-tight connection with said outlet of said tubular housing for
receiving blood in the axial direction and directing blood in a direction normal to the
axial direction, wherein said volute has a flow-improving member extending axially from
the volute and into and coaxially with said tubular housing.

16.  An axial-flow blood pump for pumping blood, comprising:

a substantially cylindrical outer enclosure;

a tubular housing concentric with and located within said outer enclosure having
at one end an inlet and at an opposite end an outlet;

a motor stator concentric with and located between said outer enclosure and said
tubular housing;
an 1mpeller concentric with and located within said tubular housing, suspended in

operation by a combination of passive magnetic forces between magnets within said

impeller or magnetized regions of said impeller and said motor stator and hydrodynamic

thrust forces generated as blood flows between said tubular housing and a plurality of

hydrodynamic thrust bearing surfaces located on said impeller; and

a flow straightener or diffuser in fluid-tight connection with said outlet of said
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tubular housing for receiving blood in the axial direction and directing blood in said axial
direction or in a direction normal to the axial direction, wherein said flow straightener has
one or more stator blades therein.

17. A rotor for an axial flow pump, the rotor comprising:

a cylindrical body for moving fluid in the direction of an axis of rotation
thereof, said cylindrical body having a leading edge portion for engaging fluid and a
trailing edge portion for discharging fluid, and having one or more flow channels formed
in the periphery thereof to conduct fluid from said leading edge portion to said trailing
edge portion, said one or more flow channels being curved around the axis of rotation of
the cylindrical body to impart rotational momentum to fluid bemng moved axially
therethrough and discharged therefrom during rotation of the rotor; and

arcuate land area surfaces on the periphery of said cylindrical body having
edges defining said one or more of said flow channels, said land area surfaces having
predetermined magnetic poles for interaction with magnetic flux external to the rotor
whereby rotational movement may be imparted to the rotor.

18. The rotor of claim 17 comprising a plurality of said flow channels, each of
which defines a fluid entry section at said leading edge portion of the rotor and a fluid
exit section at said trailing edge portion of the rotor.

19. The rotor of claim 18 in which each of said flow channels has a central
section substantially narrower than the other sections thereof.

20. The rotor of claim 18 in which said fluid exit section extends substantially

axially with respect to the axis of rotation of the rotor.,

21. The rotor of claim 18 in which said fluid exit section of each of said flow
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channels is wider than said fluid entry section.
22. The rotor of claim 17 in which each of said land area surfaces comprises a
substantially arcuate thrust bearing surface having a tapered portion extending from a low

point at one of said land area surface edges to a high point on the periphery of said

cylindrical body. ,

23. The rotor of claim 22 in which the axis of curvature of said tapered thrust
bearing surface 1s not coaxial with the axis of rotation of said cylindrical body.

24. The rotor of claim 23 in which each of said land area surfaces comprises two
or more of said arcuate thrust bearing surfaces, the axes of curvature of said thrust
bearing surfaces being substantially parallel.

25. The rotor of claim 22 in which said thrust bearing surfaces are defined on
each side by a sidewall shroud extending from a high point at one of said land area
surface edges to merge into the periphery of said cylindrical body.

26. The rotor of claim 25 1n which the periphery of said cylindrical body
downstream of each of said thrust bearing surfaces 1s curved away from said thrust
bearing surface to define a pressure relief surface for fluid ﬂowiné from said thrust

bearing surface.

27. The rotor of claim 17 in which the rotor 1s provided with a plurality of bores

therein to provide dynamic balance during rotation thereof.

28. The rotor of claim 17 in which each of said flow channels is of non-uniform
depth along its length from saiq leading edge portion to said trailing edge portion.

29. The rotor of claim 1 in which said pump housing comprises a material

adapted to minimize eddy current losses when said rotor is rotated by said motor.
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30. The rotor of claim 1 comprising a heat treated biomedical alloy.

31. The rotor of claim 30 in which said alloy consists of platinum and cobalt.
32. The rotor of claim 31 comprising in the range of from 70 to 80 % platinum by
weilght.

33. The rotor of claim 30 comprising in the range of from 20 to 30 % cobalt by

weight.

34. The rotor of claim 32 comprising in the range of from 76 to 79 % platinum by

35. The blood pump of claim 1 comprising the rotor of claim 17.

36. The blood pump of claim 35 in which one of said leading and trailing edge
portions of said rotor is provided with axially retaining magnetic poles of one polarity.

37. The bloo\d pump of claim 36 in which said pump housing is provided with
fixed magnetic poles of said one polarity positioned adjacent said axially retaining
magnetic poles of said rotor,

38. The blood pump of claim 37 which is adapted to be implanted 1n the vascular

system of a patient.

39. The blood pump of claim 1 in which said pump housing is tubular and the
blood pump comprises a plurality of said rotors positioned in axially spaced-apart
alignment within said pump housing.

40. The blood pump of claim 39 in which said rotors are interconnected within
said housing to rotate together in the same direction on a common shaft.

41. The blood pump of claim 39 in which each rotor is suspended to rotate

independently within said housing without a common shatt.
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42. The blood pump of claim 41 in which each rotor rotates in a different
rotational direction from the immediate upstream and downstream adjacent rotors.

43. The blood pump of claim 41 in which each rotor rotates at a different
rotational speed from the immediate upstream and downstream adjacent rotors.

44. The blood pump of claim 39 1n which each of said rotors comprises a
plurality of drive magnets and said motor comprises a radial flux gap design whereby
magnetic forces suspend each rotor in axial position within said housing.

45.  The rotor of claim 17 comprising isotropic material.

46.  The rotor of claim 17 comprising anisotropic material.
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