ROTARY BLOOD PUMP RELATED APPLICATIONS [0001]This application claims priority to U.S.
Provisional Application Serial No. 60/787,738 filed March 31, 2006 entitled Rotary Blood Pump which
is hereby incorporated by reference. BACKGROUND OF THE INVENTION [0002]Blood pumps remain
particularly useful for the treatment of cardiac disease and especially heart failure. Typically, blood
pumps are implanted within a patient and connected to the patient's circulatory system as a ventricular
assist device or, in some circumstances, as an artificial heart. However, the fragile nature of blood and
the absolute necessity of the pump's reliability have presented numerous obstacles to designing a
more perfect blood pump. [0003]For example, most blood Bum S contain moving parts, such as an
impeller, that force blood into and out of ﬁ1§ !OQQPQ PHEse moving parts are not properly
designed and adjusted, the blood passing through the pump can be damaged, causing hemolysis or
thrombosis. Further, these moving part&€afivieBr AnRidCA btdfScausing an increased likelihood of
part failure and heat buildup that is imparted to the blood. [0004]Two recent blood pump examples can

ble ?ﬁenv:/qé?j& (];Patamw%p@%%‘ﬂﬂr? 218 M\éfglr;ﬁ\%%d ity efcaluand %&iﬁ@ﬁ%ﬂl%&aﬁ@éﬁﬁﬁ@@rt@(g VM@O.ldard,let
al. The Woaodard patent illustrates a rotary bloo p that inclydes an impeller supported exclusively
by a hydrdth/A8micBedifR. %%hpﬁ%t@ﬁﬁﬁé@cr%%‘% rc%g?’?dolg:dﬂ}iﬁhﬁ%] t'iﬁcl%%f@?lboth a
hydrodynanuerpupets bgasiegeand.a radial magnetic bearing that utilizes a repulsive magnetic force.
[0005]In the case of either patent, the impeller of the blood pump contains motor

BACKGROUND OF THE INVENTION

[0002] Blood pumps remain particularty useful for the freatment of cardiac disease
and especially heart failure. Typically, blood pumps are implanted within a patient and
connected to the patient's circulaiory system as a ventricular assist device or, in some
circumstances, as an artificial heart. However, the fragile nature of blood and the
absoiuie necessity of the pump’s reliability have presented numerous obstacles io

designing a more perfect blood pump.

[0003] For example, most biood pumps contain moving parts, such as an impeller,
that force blood into and out of the pump housing. I these moving parts are not
properly designed and adjusted, the blood passing through the pump can be damaged,
causing hemolysis or thrombosis. Further, these moving parts can wear on each other,
causing an increased likelihood of part failure and heat buildup that is imparted to the
blood.

[0004] Two recent blood pump examples can be seen in U.S. Patent No. 6,234,772
to Wampler, et al. and U.S. Patent No. 6,250,880 to Woodard, et al. The Woodard
patent illustrates a rotary blood pump that includes an impeller supported exclusively by
a hydrodynamic bearing. The Wampler patent describes a rotary blood pumgp that
includes both a hydrodynamic support bearing and a radial magnetic bearing that

utilizes a repulsive magnetic force.

[0005]1  in the case of either patent, the impeiler of the blood pump contains motor
drive magnets disposed within the blades of the impeller. Electromagnets are



drive magnets disposed within the blades of the impeller.Electromagnets are positioned within the
pump housing to generate a magnetic field that drives the rotation of the motor drive magnets and
therefore the impeller. [0006]Both blood pumps suffer from hydraulic inefficiencies due at least in part
to the large, unconventional impeller blade geometry required for containing the motor rotor magnets.
Further inefficiencies of these designs arise because of the natural attraction between the motor rotor
magnets of the impeller and the back iron of the electromagnets. Additionally, these blood pump
designs exclusively rely on hydrodynamic bearing for axial support, which can result in excessive
shear forceesifignediibindge MeBaysina ngsashigicaMagnpliediedh sNalHdveatibaromaanh.

[0007]In viguhaf thasahavr disgissionnd inaepaeHdhabiirse is a need for a blood pump that
overcomes the limitations of the prior art. Specifically, what is needed is a blood pump that reduces
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overcomettte langeationscof theipnir iarnd0O00]ids adartraEnobjerteitHepreseaningetitiomegrovide a
rotary pump, it aJnnger IFGRR3n HamAURLEE BPSINS designs arise because of the natural
attraction between the motor rotor magnets of the impeller and the back iron of the
electromagnets. Additionally, these blood pump designs exciusively rely on
hydrodynamic bearing for axial support, which can result in excessive shear forces that
can damage the blood and cause medical complications in the patient's health.

[0007] In view of the above discussion, it is apparent that there is a need for a blood
pump that overcomes the limitations of the prior art. Specifically, what is needed is a
blood pump that reduces inefficiencies inherent in prior art pump designs that can tead

to pump failure or blood damage.
OBJECTS AND SUMMARY OF THE INVENTION

[0008] It is an object of the present invention 1o overcome the limitations of the prior
art,

[0008] |t is a further object of the present invention to provide a rotary pump with a

longer lifespan than prior ari designs.

[00101 it is another object of the present invention to provide a rotary pump that
minimizes damage to a patieni’'s blood.

[0011] It is yet another object of the present invention to provide a rotary pump that
inciudes reduced power consumption over prior art designs.

[0012] 1 is another object of the present invention to provide a rotary pump that more
efficiently pumps blood through a circulatory system of a patient.

[C013] The present invention attempls {o achieve these objects by providing a rotary
blood pump with both a magnetic axial bearing and a hydrodynamic bearing. [n one
embodiment according to the present invention, a rotary pump includes a rotor
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[0010]It is another object of the present invention to provide a rotary pump that minimizes damage to a
patient's blood. [0011]lt is yet another object of the present invention to provide a rotary pump that
includes reduced power consumption over prior art designs. [0012]lt is another object of the present
invention to provide a rotary pump that more efficiently pumps blood through a circulatory system of a
patient. [0013]The present invention attempts to achieve these objects by providing a rotary blood
pump with both a magnetic axial bearing and a hydrodynamic bearing. In one embodiment according
to the present invention, a rotary pump includes a rotor assembly supported within a pump housing
assembly #ssemidysenoerkes wihiing pivo ahmuiiodyasaaiobis airty RIS siagoéidarin headsy

includes af eastiwa magnels-prienied to.afirateach ot Qne magaetis posiliaped heapindie of

the pump hqusingNwhile the other is disposed within the rotor assembly, proximate to the spindle. In
this respe®fREEVS RHEREIS P8BSR altBRIVESNRI foRESHRR 1BaS1DARIBMENRAIHISIMS e

relative axig) RAsHARIRS the fater aserIpERETRRNTY drechrigntseeasinadriaraes letesmsirning

surfaces that form tight clearances below the rotor assembly. As hlood enters the F%mp, the
hydrodyndhi e TRE Prdtific U PIRERE SxFPRIFC 8D ARSI reeiRig . TR S 58 eV BAAIESsition of
the rotor amﬂ%immwmamdmwmiﬁper@%m \zvitb_rramimabm rimphmc_:adjmfm_twmme‘spump
nousing ch e aRSLANSDH 0BAE G RIELR TR SRR R T IR BLSSSEN e sl 2 pume

As blood enters the pump, the hydrodynamic bearing produces upward axial force on

the rolor assembly. Thus, the overall position of the rotor assembly is maintained

during operation with minimal or no physical contact with the pump housing during

operation.

[0014] One preferred embodiment of the present invention includes a pump housing
defining a pump chamber having an inlet port and an outiet port; a rotor disposed within
said pump housing; and an axiai magnetic bearing disposed in said pump chamber o at
least partially support said rotor, said axial magnetic bearing including a first magnet
shaped such that a center of mass of said first magnet is offset from an axis of said
axial magnetic bearing, said first magnet generating a magnetic force in a specified
radial direction.

[0015] Another aspect of this preferred embodiment may further comprise a spindle
and wherein said first magnet is disposed in said spindle.

[0016] In another aspect of this preferred embodiment said axial magnetic bearing
further comprises a second magnet, said second magnet shaped such that a center of
mass of said second magnet is aligned with said axis of said axial magnetic bearing,
said second magnet being disposed in said rotor.

[00171 In another aspect of this preferred embodiment a cross-section of said first

magnet is non-circular.

[00i8] In another aspect of this preferred embodiment said non-circular cross-

section of said first magnet is substantially a "D" shaped cross-section.



defining a pump chamber having an inlet port and an outlet port; a rotor disposed within said pump
housing; and an axial magnetic bearing disposed in said pump chamber to at least partially support
said rotor, said axial magnetic bearing including a first magnet shaped such that a center of mass of
said first magnet is offset from an axis of said axial magnetic bearing, said first magnet generating a
magnetic force in a specified radial direction. [0015]Another aspect of this preferred embodiment may
further comprise a spindle and wherein said first magnet is disposed in said spindle. [0016]In another
aspect of this preferred embodiment said axial magnetic bearing further comprises a second magnet,

said secof@ltignefshirsd wieterthat arekemBr ol malsser SURFEBEIRERIEIhR P4 SRGned Rgfisaid
axis of said pxiat magnetic-Rearing, saidisgcaithmaansiheingMnesed iNgsaidiniopd@hdlkhanother

aspect of this preferred embodiment a cross-section of said first magnet is non-circular, [0018]In

another aShUEt RothisApreiaie T ABBR IR fARi BHHBR-EFRIIRPEr G R ICE AiBPSPEa AT dliet is
_Substantiqhkvﬁﬁa"éﬁ@@gﬁgsgaﬁﬁgﬂp@(d@@é%ﬂ%Eﬁd{éet@fﬁq@mbadﬂm of ﬂagt preseat; |
invention includes a blood pump comprising: a pump housing defining a pump chamber having an inlet
Dot ant A6 ELERS 4 ARG e CA S SN, SeF T TSRS PR GRH it
housing atichatleastgpartiatiy sy ainckishbspimbleagait ietoffasttdimgaa fasisnodgaet; spiddéesecond
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first magn%g%%gﬁgg% rgggpmigga}m&xial magnetic bearing.

[0020] In another aspect of this preferred embodiment said center of mass of said
first magnet is aligned with an axis of said rotor.

00217 In another aspect of this preferred embodiment said first magnet is ring

shaped.

[0022] In another aspect of this preferred embodiment said second magnet has a
non-circular cross-sectional shape.

[0023] In another aspect of this preferred embodiment said first magnet includes

poles oriented in an opposite direction of poles of said second magnet.

[0024]  Another preferred embodiment of the present invention includes a method of
compensating for radial bias in a blood pump comprising: providing a blood pump for
circuiating biood; retating an impelier on an axial magnetic bearing within said blood
pump so as to cause movement of biood through said blood pump, said movement of
blood causing a radial bias on said rofor; producing a magnetic force having a
substantially opposite direction and magnitude to said radial bias, said magnetic force
being generated by a magnet shaped to have a center of mass spaced from an axis of

said axial magnetic bearing.

[0025] In another aspect of this preferred embodiment the producing of said

magnetic force includes providing a magnet having a non-circular cross-saction.



[0020]In another aspect of this preferred embodiment said center of mass of said first magnet is
aligned with an axis of said rotor. [0021]In another aspect of this preferred embodiment said first
magnet is ring shaped. [0022]In another aspect of this preferred embodiment said second magnet has
a non-circular cross-sectional shape. [0023]In another aspect of this preferred embodiment said first
magnet includes poles oriented in an opposite direction of poles of said second magnet. [0024]Another
preferred embodiment of the present invention includes a method of compensating for radial bias in a
blood pump comprising: providing a blood pump for circulating blood; rotating an impeller on an axial
magnetic HR@2Fig withiansiiteblesdasirap Yisagredarisemboeiment dhlosevevtugh saiBadgost pump,

said moveﬁ%%mgoékHBH%E@H@PSr@é@Q@étFB@%%5@%5%%v@98%'ﬂ%@1@1@%%§ foree bRying

substantially opposite direction and magnitude to said radial bias, said magnetic force belng generated
by a magrféP&FS86HAD have a center of mass spaced from an axis of said axial magnetic bearing.
[0025]In another aspect of this preferred embodiment the producing of said magnetic force includes
providing §ad2itinet mavngthenomspizctlal chéspsdetiad. embodiment producing a force further

comprises providing & spindle arcund which said impeller rotates and providing a

magnet in said spindle.

[0028] Another preferred embodiment of the present invention includes a blood
pump comprising: a housing assembly including an interior space; a rotor disposed in
said intetior space; an axial magnetic bearing consisting of: a first magnet disposed in
said rotor and having a north pole and a south pole; and a second magnet disposed in
said interior space near a center of said rotor and having a north pole and a south pole.

[0020] Another aspect of this preferred embodiment may further comprise a spindle
disposed in said housing assembly and wherein said second magnet is disposed in a

spindie.

[0030] In another aspect of this preferred embodiment said north pole and south pole
of said first magnet is oriented in an opposite direction of said north poie and south pole

of said second magnet.

[0031] Another aspect of this preferred embodiment may further comprise a position
adjustment assembly coupled to said second magnet to modify a position of said

second magnet relative to said first magnet.

{00321 Another preferred embodiment of the present invention inciudes a blood
pump comprising: a housing assembly comprising a first housing member and a second
housing member, said first housing member being formed from one continuous non-
assembled piece of material; said housing members defining a pump chamber having
an interior surface; a piurality of lifts formed integrally on an interior surface of said first
housing member; said iifts providing a hydrodynamic bearing surface to a rotor during

operation of said blood pump.



[0026]In another aspect of this preferred embodiment the providing of a magnet having a non-circular
cross-section comprises providing a magnet having a "D" shaped cross-section. [0027]In another
aspect of this preferred embodiment producing a force further comprises providing a spindle around
which said impeller rotates and providing a magnet in said spindle. [0028]Another preferred
embodiment of the present invention includes a blood pump comprising: a housing assembly including
an interior space; a rotor disposed in said interior space; an axial magnetic bearing consisting of: a first
magnet disposed in said rotor and having a north pole and a south pole; and a second magnet
disposed i983&] intdriorrspace aspec cérites ofretdd eotemapebaeiigsainotiisipotesing ansotitkpole.
[0029]Another aspect:9fthis, Rraigrred embodiment may further comprise a spindle disposed in said
housing assembly and wherein said second magnet is disposed |n a spindle. [0030]In another aspect

of this pre embodiment said north p e and so th pole of said first ma net is oriented in an
opposite 025 g%n o] %aﬁfﬁm?ﬁ p%?@%ﬁ’;d LHHSpo‘Pée ?%gﬁ% seéEBH %%@tnesta fé)oé Rﬁoﬁ%@f‘éﬁ‘:ﬁect of
this prefervetherteadimemionsyduthessonaiseraplesiiieny accessing said stator chamber from

an exterior of said biood pump.

[0035] In another aspect of this preferred embodiment each of said plurality of lifis

comprise an elongated sloping surface.

[0036] In another aspect of this preferred embodiment each of said plurality of lifts
further comprise a shortened flat surface coextensive with said elongated sloping

surface.

[0037] Another preferred embodiment of the present invention includes a biood
pump comprising: a housing defining an interior pump chamber having an interior
surface; a rotor disposed within said interior pump chamber; said interior surface
beneath said rotor being formed from a coniinuous, non-assembled material that
constitutes a lower portion of said housing and having a plurality of lifts integraliy formed
from said interior surface, said lifts forming a hydrodynamic bearing with a bottom

surface of said rotor,

[0038] Another aspect of this preferred embodiment may further comprise a stator
chamber accessibie from an exterior of said bicod pump.

[0039] in another aspect of this preferred embodiment said lifts are comprised of an

elongated sloping surface.

{00401 In ancther aspect of this preferred embodiment said lifts are further comprised
of a shortened flat surface coexiensive with said elongated sloping surface.

[0041]  Another preferred embodiment of the present invention includes a blood
pump comprising: a housing assembly, an impeller disposed in said housing assembly
a pump chamber formed from said housing assembly, said pump chamber having an
intet and an outlet; and an outlet flow path including a first groove positioned around a
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adjustment assembly coupled to said second magnet to modify a position of said second magnet
relative to said first magnet. [0032]Another preferred embodiment of the present invention includes a
blood pump comprising: a housing assembly comprising a first housing member and a second housing
member, said first housing member being formed from one continuous non-assembled piece of
material; said housing members defining a pump chamber having an interior surface; a plurality of lifts
formed integrally on an interior surface of said first housing member; said lifts providing a
hydrodynamic bearing surface to a rotor during operation of said blood pump. [0033]In another aspect
of this preféicetarassgingéritsaritet RbagIAG niefied iRcligtes &REprasambesciOOBAIROAother

aspect of fisniefpad SAPANMaRLSaId SiadalLhaRbesfaapLseS @5%”19\’1%9!6 gegss %¥6F for

selectively accessing said stator chamber from an exterior of said blood pump. EQ 35]In another

aspect of thR PRette] SR HRHERPYSCAF IR BIOPYRP GRRHECBMITEEUIEIGN RS SR5piRG
surface. [Q@8|buaaother mspss) ekibs prederegeenahodinest easiicofispiniel wadity 08 Ifs kg er

comprise a shortgned flat surface coextensive with said elongated sloping surface.
assembly.

{0042] in another aspect of this preferred embodiment said second groove

progressively increases in size towards said outlet.

[0043] In another aspect of this preferred embodiment said leakage flow is between

said impelier and a spindie of said housing assembly.

[0044] In another aspect of this preferred embodiment said second groove
cooperates with said body to form an outlet passage in communication with said outlet.

[0045] Ancther preferred embodiment of the present invention includes a blood
pump comprising: a pump housing defining a pump chamber having an iniet port and an
outlet port; a rotor disposed within said pump housing; and a torus-shaped volute
defined by said pump housing; said volute circumferentially disposed around said pump
chamber and forming an outlet passage in communication with said outiet port and
increasing in diameter towards said outlet port; said iorus-shaped volute having & size
that throttles fluid fiow upstream of said outiet port and thereby cause a leakage flow

between said rotor and said pump housing.

[0046] In another aspect of this preferred embodiment said velute is disposed

around the entire circumference of said pump chamber.

[0047] In another aspect of this preferred embodiment said volute is comprised of

matching grooves of mating portions of said pump housing.

[C048] In another aspect of this preferred embodiment said outlet passage has a

generally circular cross section.

[00491  Another preferred embodiment of the present invention inciudes a method of
pumping biood comprising: providing a pump housing defining a pump chamber moving
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[0037]Another preferred embodiment of the present invention includes a blood pump comprising: a
housing defining an interior pump chamber having an interior surface; a rotor disposed within said
interior pump chamber; said interior surface beneath said rotor being formed from a continuous,
non-assembled material that constitutes a lower portion of said housing and having a plurality of lifts
integrally formed from said interior surface, said lifts forming a hydrodynamic bearing with a bottom
surface of said rotor. [0038]Another aspect of this preferred embodiment may further comprise a stator
chamber accessible from an exterior of said blood pump. [0039]In another aspect of this preferred

embodiméneeaitidifisadrénssripagisiioiam kborsiadbrsiiiing surfalier [0Daahranthetaaspeictof this
preferred EH‘BB@ET‘WE&@%{U%@f@u@iﬁ@?ﬁ&?ﬁﬂ@%ﬁiﬁé@é@&ﬁ@ Hpkaaee GaeEaRsEWith said

elongated sloping surface. [0041]Another preferred embodiment of the present invention includes a
blood punfii@BipTisiE eRRbAGIFRYASSEIRLRP a8 1 PRIk BisRIKAPIAQNI@ROHSATSRKe MBI E pump

chamber formehlemssaidrhosirnaassemvnrgaishpymyp chamber having an inlet and an outlet; and
an outlet flow path including a first groove positioned around a

[0050G] In another aspect of this preferred embodiment said increasing of the
pressure of said blood in said pump chamber comprises passing blood through a
throtiling veolute in said pump chamber.

[0081] In another aspect of this preferred embodiment passing blood through a
throttiing volute in said pump chamber comprises passing blood through said volute
having a diameter between about 2-5 mm.

[0052] In another aspect of this preferred embodiment passing blood through a
throtiling volute in said pump chamber comprises increasing the pressure inside the

pump relative to the outlet between about 50% and about 100%.

[0053]  Another preferred embodiment of the present invention includes a blood
pump comprising: a pump housing defining a pump chamber having an inlet and an
outlet; a rotor rotatably disposed in said pump chamber; and at least one [ift positioned
on a surface of said pump chamber to create a hydrodynamic bearing surface with said
rotor; said lift including a first surface extending at an angle from said pump chamber
and a sascond surface connected to said first surface and extending substantially parallel
to said surface of said pump chamber; wherein said first surface is at least longer than

said second surface.

(00541  Another aspect of this preferred embodiment may further comprise a plurality
of fifts.

[0055] In another aspect of this preferred embodiment said first surface is angled
from said surface of said pump chamber is between about 0.5 degrees and about 3

degrees.



circumference of the pump chamber forming a torus shape and a second groove connecting to said
first groove and said outlet; said second groove having a size larger than a size of said first groove;

- said first groove sized so as to throttle flow upstream of said outlet and thereby cause a leakage flow
between said impeller and said housing assembly. [0042]In another aspect of this preferred
embodiment said second groove progressively increases in size towards said outlet. [0043]In another
aspect of this preferred embodiment said leakage flow is between said impeller and a spindle of said
housing assembly. [0044]In another aspect of this preferred embodiment said second groove

cooperates with said body to fdPm!&h SiRfee PAREEGN RfcdmmRRANBNGRh said outlet. [0045]Another

preferred embodiment of the present invention includes a blood pump comprising: a pump housing
defining ajpoa®) chamghes hating aeinep epandan onttdtpmiagy totadisposetedthingaidheump

housing; and a}]?ﬁHg-%q%%ed volute defined by said pump housing; said volute circumferentially
disposed RIGERY &G pump chamber and forming an outlet passage in communication with said outlet

port and increasing in diameter towards said outlet port; said torus-shaped volute having a size that
throttles fIlR8FIOW upéteam BHekRISUBBIPOIPERE NV RABIRCE RERAGE filk Between said rotor

and said pump housing. [0046]In another aspect of this preferred embodiment said volute is disposed
around th¢geste cirtigmtergAck it pumprepachberview of & housing top according to the

present invention;

00597  Figure 3B illustrates a profile view of the housing top of Figure 3A along line
3B-3B of Figure 3A;

[0060] Figure 4A illustrates a perspective view of a housing middle according to the

present invention;

[0061] Figure 4B illustrates a profile view of the housing middle of Figure 4A aiong
ling -4B-4B of Figure 4A;

[0062]  Figure 4C illustraies a top view of the housing middie of Figure 4A;

[0063] Figure 5A illusirates a perspective view of a housing bottom according to the

present invention,

[0064] Figure 5B illustrates a view of the housing bottom of Figure BA according to

the present invention;

[0085] Figure 5C illustrates a plan view of the housing bottom of Figure 5A according

to the present invention;

[0066] Figure 5D illustrates a bottom view of the housing bottom of Figure 5A

according o the present invention;

[0067] Figure 5E illustrates a bottom perspective view of the housing bottom of

Figure 5A according to the present invention;



[0047]In another aspect of this preferred embodiment said volute is comprised of matching grooves of
mating portions of said pump housing. [0048]In another aspect of this preferred embodiment said
outlet passage has a generally circular cross section. [0049]Another preferred embodiment of the
present invention includes a method of pumping blood comprising: providing a pump housing defining
a pump chamber moving blood from an inlet in said pump housing through an impeller of said pump
chamber to an outlet in said pump housing; and increasing the pressure of said blood in said pump
chamber upstream of said outlet so as to force a leakage flow blood between mating surfaces of said
impeller afid06&H pungurousingufese) i owthar aspeptdiivhisiprefetradoedfiyoetinfenbeditieénéreasing

of the pre {gzr(% q@tg@t?pegéﬁgiq»%%chamber comprises passing blood through a throttling
volute in sal pum% chamber. [0051]In another aspect of this preferred embodiment passing blood

olute in said pump charnber. (6051 an ! thispre _ |
trough @ [N yolute 1) i PUTIR et CoTSP R RRR S B OB Sl v

present invention;
{00701 Figure 5H iliusirates a perspective view of a shaft assembily from Figure 5F;
[0071]  Figure 5l itlustrates a profile view of the shaft assembty from Figure 5G;

[0072]  Figure BA illustrates a top view of a spindle magnet according to the present

invention;

00731 Figure 6B lllustrates a cross-sectional view of the spindle magnet of Figure
68,

[0074] Figure 6C illusirates a top view of an spindie magnet according to the present

invention;

[0075]  Figure 8D iliustrates a top view of an spindle magnet according to the present

invention;

{0076] Figure 6E iliustrates a perspective view of an spindie magnet according to the

present invention,

[0077] Figure 7A illusirates a perspective view of a thrust bearing plate according fo

the present invention,;

[0078] Figure 7B illustrates a magnified perspective view of the thrust bearing plate
of Figure 7A;

[0079] = Figure 7C illustrates a top view of the thrust bearing plate of Figure 7A;

[0080] Figure 7D illustrates a cross-sectional view of the thrust bearing plate of
Figure 7A;
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[0052]In another aspect of this preferred embodiment passing blood through a throttling volute in said
pump chamber comprises increasing the pressure inside the pump relative to the outlet between about
50% and about 100%. [0053]Another preferred embodiment of the present invention includes a blood
pump comprising: a pump housing defining a pump chamber having an inlet and an outlet; a rotor
rotatably disposed in said pump chamber; and at least one lift positioned on a surface of said pump
chamber to create a hydrodynamic bearing surface with said rotor; said lift including a first surface
extending at an angle from said pump chamber and a second surface connected to said first surface
and extentf§ Qubsfdatiey pliralieies saiottunfadevopsgideximg ehewiacoriioein Sasdmesesirface is
at least loﬂﬂ%nﬁti@ﬂ said second surface. [0054]Another aspect of this preferred embodiment may
further comprise a plurality of lifts. [0055]In another aspect of this preferred embodiment said first

surface is led fram said surface of said pump chamber is between about 0.5 degrees and about 3
degrees. @&%ﬁ D%&'QP%Q%WEEDIQ%%H ‘ée[(fd%?lgﬁ\%rg'ﬁmlt? trate@a@f%elas%seeéﬂ ié/ view of
a rotary blacebptimpiaccendiageta thegpitesent invention;

[0083] Figure 9B illustrates a cross sectional view of the moior assembly of Figure
9A,;

[0084] Figure 9C illustrates a perspective view of a coil according o the present

invention;
[0085]  Figure 9D illustrates a top view of the coil of Figure 9C;
10086]  Figure SE illustrates a cross-sectional view of the coil of Figure 8C;

[0087]  Figure 10A illustraies a top view of a rotor housing bottom according to the

present invention;

[0088] Figure 10B illustraies a cross-sectional view of the rotor housing bottom of
Figure 10A;

[0089] Figure 11A illustrates a top view of a rotor housing top according to the

present invention;

[0080] Figure 11B illustrates a cross-sectional view of the rotor housing top of Figure
11A;

[0081] Figure 11C iliustrates a magnified cross-sectional view of the rotor housing

top of Figure 11A;

[0082]  Figure 11D illustrates a simplified cross-sectional view of the rotor housing

top of Figure 11A;

[0093] Figure 12A illustrates a top view of a motor magnet according to the present

inventon;
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[0057]Figure 2 illustrates an exploded view of the blood pump of Figure 1; [0058]Figure 3A illustrates a
perspective view of a housing top according to the present invention; [0059]Figure 3B illustrates a
profile view of the housing top of Figure 3A along line 3B-3B of Figure 3A; [0060]Figure 4A illustrates a
perspective view of a housing middle according to the present invention; [0061]Figure 4B illustrates a
profile view of the housing middle of Figure 4A along line -4B-4B of Figure 4A; [0062]Figure 4C
illustrates a top view of the housing middle of Figure 4A; [0063]Figure 5A illustrates a perspective view
of a housing bottom according to the present invention;

[0084] Figure 12B illustraies a cross-sectional view of the motor magnet of Figure

12A:

[0065]  Figure 13A illustrates a top view of a rotor axial magnet according to the

present invention;

[0096]  Figure 13B illustrates a cross-sectional view of the rotor axial magnet of
Figure 13A;

[0087] Figure 14 illustrates a cross-sectional view of a magnelic axial bearing

according to the present invention;

[0088] Figure 14A illustrales a cross-sectional view of a magnetic axial bearing

according to the present invention;

[0089] Figure 15A illustrates a cross-sectional view of a magnetic axial bearing

according to the present invention;

[0010CG] Figure 15B illustrates & cross-sectional view of a magnetic axial bearing
according to a second embodiment of the present invention;

[00101] Figure 15C illusirates a cross-sectional view of a magnetic axial bearing
according to a third embodiment of the present invention;

[00102] Figure 16 illustrates a side cross-sectional view of the rotary blood pump of

Figure 1;

[00103] Figure 17A illusirates a perspective cross-sectional view of ihe rotary blood

pump of Figure 1;

[00104] Figure 178 illustraies a magnified cross-sectional view of the rotary bicod

pump of Figure 1;

[00105] Figure 18A iilustrates a top cross-sectional view of a magnetic axial bearing

according 1o the present invention;
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[0064]Figure 5B illustrates a view of the housing bottom of Figure 5A according to the present
invention; [0065]Figure 5C illustrates a plan view of the housing bottom of Figure 5A according to the
present invention; [0066]Figure 5D illustrates a bottom view of the housing bottom of Figure 5A
according to the present invention; [0067]Figure 5E illustrates a bottom perspective view of the
housing bottom of Figure 5A according to the present invention; [0068]Figure 5F illustrates a bottom
perspective view of a preferred embodiment according to the present invention; [0069]Figure 5G
illustrates a bottom view of the housing bottom according to the

[00106] Figure 18B illustrates a top cross-sectional view of a preferred embodiment of

a magnetic axial bearing according to the present invention;

[00107] Figure 19 illustrates a contour plot of the hydrostatic pressure acting on the

roior assembily according to the present invention; and

[00108] Figure 20 iliustrates a coniour plot of the hydrosiatic and hydrodynamic
pressure acting on the bottom of the rotor assembly according to the present invention.

DETAILED DESCRIPTION OF THE INVENTION

[001097 Figure 1 itlustrates a preferred embodiment of a rotary blood pump 100
according to the present invention. The rotary blood pump 100 is coupled to the
circulatory system of a patient, allowing blood to enter through an inlet 110 then exit &

short time tater through an outlet 108.

[00110] Blood is primarily driven through the rotary blood pump 100 by a rotor
assembly 105 within a housing assembly 101, as seen in Figure 2. The rotor assembly
105 is not physically connected to the housing assembly 101. Instead, the rofor
assembly 105 is supported by an axial hydrodynamic bearing created between a thrust
piate 114 and a bottom surface of the rotor assembly 105, a radial hydrodynamic
bearing between the inside diameter of the rofor assembiy 105 and the ouiside diameter
of the spindle portion of the thrust plaie 114 (cr, in the alternative, between the outside
of the rotor assembly 105 and the inside diameter of the housing assembly 101), and by
an axial magnetic bearing created between a spindie magnet 119 and a rotor axial
magnet 124. The nature of these bearings are discussed in detail in U.S. Application
Serial No. 10/940.419 entitled Rotary Blocod Pump which is incorporated herein by
reference. Thus, during operation, contact between the rotor assembly 105 and the
housing assembly 101 are minimized and, in one embodiment, even reduced o zero
contact, thereby reducing friction, minimizing heat generation, and decreasing power
reguirements over pricr art designs.
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present invention; [0070]Figure 5H illustrates a perspective view of a shaft assembly from Figure 5F;
[0071]Figure 51 illustrates a profile view of the shaft assembly from Figure 5G; [0072]Figure 6A
illustrates a top view of a spindle magnet according to the present invention; [0073]Figure 6B
illustrates a cross-sectional view of the spindle magnet of Figure 6B; [0074]Figure 6C illustrates a top
view of an spindle magnet according to the present invention; [0075]Figure 60 illustrates a top view of
an spindle magnet according to the present invention; [0076]Figure 6E illustrates a perspective view of
an spindle magnet according to the

[00111] Turning to Figure 2, this exploded view illusirates three main assemblies that

makeup the rotary blood pump 100: the pump housing assembly 101, a motor

assembly 103 and the rotor assembly 105.

[00112] Generally speaking, the pump housing assembly 101 makes up the main
body of the rotary biood pump 100, including a housing top 102 and a housing bottom
104 which fastens by welding and aligned by alignment pins 112 1o a top and bottom
side of & housing middle 106. Figure 3A illustrates a perspeclive view of the housing
top 102 including an outlet passage 1028 partially positioned through a side area.
Figure 3B shows a profile view of the housing top 102, having a raised area 102A that

accommaodates an iniet passage 102C.

[00113] Figures 4A-4C illusirate various views of the housing middie 106 which
includes a groove 106B disposed around a circumierence of the opening of the housing
middie 106 which connects to an outlet groove 108A forming a constricted volute shape.
Both grooves 106A and 106B cooperate with the raised portion 102A to complete the
outlet passage 1028 when the housing top 102 is bolted (or alternately welded) to the
fop surface shown in Figure 4A. The groove 1068 includes a relatively constant width
or shape while the outlet groove 106A increases in width towards its end {i.¢., towards

the exit point of the outlet).

{00114] Generally, this volute shape minimizes the risk of thrombus formation by
providing a steady "leakage” behind the rotor assembly 105 to prevent stagnation of the
flow. As seen best in Figures 16, 17A and 17B, this leakage begins in the cyiindrical
gap between the outer diameter of the rotor assembly 105 and the inner diameter of the
housing middle 106, flowing axially to the backside of the rotor assembly 105. Nexi, the
blood flows toward the center of the rotor assembly 105, between the thrust plate 114
and the backside of the rotor assembly 105. Finally, the blood flows forward in the
clearance between the bore of the rotor assembly 105 and the outer diameter of the
spindle 114D, flowing back over the top of the spindie 114D. Low flow can therefore be
achieved with this blood circulation path by generating a pressure gradient that is higher

at the periphery of the rotor assembly 105 than at the center of the rotor assembly 105.
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present invention; [0077]Figure 7A illustrates a perspective view of a thrust bearing plate according to
the present invention; [0078]Figure 7B illustrates a magnified perspective view of the thrust bearing
plate of Figure 7A; [0079]Figure 7C illustrates a top view of the thrust bearing plate of Figure 7A,;
[0080]Figure 70 illustrates a cross-sectional view of the thrust bearing plate of Figure 7A; [0081]Figure
8 illustrates a bottom view of a flexible circuit according to the present invention; [0082]Figure 9A
illustrates a perspective exploded view of a motor assembly

[00115] Normal operation of a typical centrifugal pump generaies a pressure gradient

so that the pressure rises as fluid approaches the outlet of the rotor blades. In a typical

left veniricle assist device (LVAD) impiantation, this pressure wouid be high enough to

ensure good leakage around the rotor, similar to the flow path previously described. In

such an arrangement, the static pressure at the periphery of the impeller is less than the

pressure at the pump discharge nozzie. This is due to the volute and discharge nozzle

being shaped to convert velocity head to siatic head and improve the hydraulic

efficiency of the pump.

[00118] However, the design of the present preferred embodiment considers
applications that are not configured with a higher pressure head at the outlet of the
pump versus the inlet. More specifically, the “working head” of the present preferred
embodiment is fow and therefore if an efficient, optimized volute and discharge nozzle
(ie., outlet 108) were used, the driving pressure would not be enough to insure

sufficient leakage across the teak path.

{00117] Accordingly, the present preferred embodiment increases the driving pressure
across the leak path by increasing the pressure in the pump housing by throttling the
flow with a constricted volute shape, as previously described. The diameter of the
torus-shaped volute is so small (e.g.. between about 2-5 mm in diameter) that there is
significant pressure losses in the volute. These iosses in the volute result in a lower
pressure at the outlet 108 compared to the pumping chamber inside the pump 100. The
resuiting higher pressure at the periphery of the rotor assembily 105 provides enough
driving pressure (e.g., about 100 mm Hg at a given design poini, e.¢., 1.3 Ipm, 25 mm
Hg at flow rates beiow a given design paoint, e.g., 0.7 Ipm and 200 mm Hg at flow rates
above a given design point, e.g., 2 Ipm) and leakage fiow to minimize the risk of
thrombus formation. For example, when the rotor assembly 105 is rotating between
about 2500 RPM to 6000 RPM there is an increase of about 50%-100% over the

pressure measured ai the outlet.

100118] Figures 5A-5G show the housing bottom 104 that defines an annular
depression or compartment 104A (seen best in Figures 50-5G} which receives the

motor assembly 103 described later in this specification. As seen in the Figures, the
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according to the present invention; [0083]Figure 9B illustrates a cross sectional view of the motor
assembly of Figure 9A; [0084]Figure 9C illustrates a perspective view of a coil according to the present
invention; [0085]Figure 9D illustrates a top view of the coil of Figure 90; [0086]Figure 9E illustrates a
cross-sectional view of the coil of Figure 9C; [0087]Figure 10A illustrates a top view of a rotor housing
bottom according to the present invention; [0088]Figure 10B illustrates a cross-sectional view of the
rotor housing bottom of Figure 10A; [0089]Figure 11A illustrates a top view of a rotor housing top
according to the

compartment 104A is sealed (e.g., laser welded) at a bottom of the pump 100 with a

bottom cover 115 {seen best in Figure 18).

[00119]1 In addition to the motor assembly 103, the compartment 104A alsc ailows
access 0 the interior of spindle 114D of the thrust plate 114 (Figures 7A-7D) which
contains the spindle magnet 119, seen in Figures 5H, 8D and BE, and the shaft
assembly 108A (5H and 51) that partially make up the axial bearing of the pump. As
seen best in Figure 5H, a center aperture of the spindle magnet 119 slides over a
spindle shaft 109B and is supportied by a journaled base 109C. A threaded portion
108D of the shaft assembly 109A screws into the threaded center passage 104C so that
the spindle magnet 118 is positioned within the interior of the spindle 114D, While this
threaded arrangement maintains the position of the shaft assembly 109A, it also allows
the user to adjust the axial height of the spindie magnet 119 within the interior of the
spindle 1140, in other words, the user can rotate the shaft assembly 109A to axially
move the spindle magnet 118 (visually tracking the rotation of the assembly 108A with
the marker 108E). Thus, the user can fine tune the axial magnetic bearing as desired to

optimize performance of the pump 100.

[00128] In an alternate preferred embodiment, not shown, the compartment 104A of
the housing bottom 104 may be accessible from a top or inner surface. More
specifically, the thrust plate 114 may be nonintegral or removabie, preventing access

from an ouiside of the pump 100.

[00121] As seen in Figures 7A-7D, a top surface of the housing bottom 104 includes
an integral thrust plate 114 which includes the previously mentioned spindlie 114D
containing the spindle magnet 119. The thrust plate 114 has at least three iifts 114A,
each being made of an elongated sloping surface 114B and an elevated, shortened, flat
surface 114C. In one example, the elongated sloping surface 1148 is between agbout
0.5 degrees and about 3 degrees relative o the top surface of the thrust plate 114,
These lifts 114A produce a hydrodynamic bearing when the clearance between the
rotor assembly 105 and the lifts 114A of the thrust piate 114 falls below a predetermined
threshold. In one embodiment, the predetermined threshold is within a range of about
0.0002 inches to 0.001 inches. Additional examples of hydrodynamic bearings can be

—16 —



present invention; [0090]Figure 11B illustrates a cross-sectional view of the rotor housing top of Figure
1 1A; [0091]Figure 11C illustrates a magnified cross-sectional view of the rotor housing top of Figure
11A; [0092]Figure 11D illustrates a simplified cross-sectional view of the rotor housing top of Figure
11A; [0093]Figure 12A illustrates a top view of a motor magnet according to the present invention;
[0094]Figure 12B illustrates a cross-sectional view of the motor magnet of Figure 12A;

seen in U.S. Patent No. 6,250,880 o Woodard et al., the contents of which are hereby

incorporated by reference,

[00122] Within the sealed, annular compartment 104A sits the motor assembly 103,
as best seen in Figure 2, 8, 9A and 9B. The motor assembly 103 generates magnetic
fields by conducting eiectricity through the wire 130A of coiis 130, as shown in Figures
9C-8E. The wire 130A of each coil 130 is connected to a contact point 132A on fiexibie
circuit 132, as best seen in Figure 8. The fiexible circuit 132 is generally thin and
circular in shape, connecting via three coniacts 132B to an elongated region of ieads
131 that exit the pump 100 fed through a passage 133 within the wall of circuiar
compariment 104A of the housing bottom 104, as best seen in Figure 2. The end of this
outer elongated region of wires 131 then connects to a cable {not shown) and uliimately
i0 a controller {also not shown) which provides the electrical power necessary to
generate the desired magnetic fieids to drive the rotor assembly 105. 1l should be
understood that the position of the contact points 132A on the flexible circuit 132 may
be arranged in a variety of different configurations. For example, the contacts 132A
near the circumference of the fiexible circuit 132 may be located closer to the center of

the circuit 132 to better electrically insulate the contact points 132A.

[00123] it should be noted that in an alternate preferred embodiment where the thrust
plate 114 is not integral with the housing bottom 104 (e.g.. the thrust piate 114 is
attached with a bonding agent or epoxy), the top side of coils 130 are covered with a
titanium foil which is welded to the housing bottom 104 to provide a hermetlic seal
beitween the blood and the motor assembly 1C03. The thrust plate 114, which may also
be composed of titanium, can additionally be welded to the housing botiom 104. In the
preferred embodiment where the thrust plate 114 is an integral part of housing bottom

104, the titanium foil is not necessary.

(00124] The motor assembly 103 aiso includes a back iron 134, having a circular
shape similar to that of the circular compariment 104A. Preferably the back iron 134 is
positioned underneath the flexible circuit 132 to enhance the magnetic fields generated
by the coils 130. Once activated, the motor assembiy 103 generates magnetic fields
that drive the rotation of the rotor assembly 105, positioned above the thrust plaie 114,
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[0095]Figure 13A illustrates a top view of a rotor axial magnet according to the present invention;
[0096]Figure 13B illustrates a cross-sectional view of the rotor axial magnet of Figure 13A;
[0097]Figure 14 illustrates a cross-sectional view of a magnetic axial bearing according to the present
invention; [0098]Figure 14A illustrates a cross-sectional view of a magnetic axial bearing according to
the present invention; [0099]Figure 15A illustrates a cross-sectional view of a magnetic axial bearing
according to the present invention; [00100] Figure 15B illustrates a cross-sectional view of a magnetic
axial bearing according to a second embodiment of the present invention; [00101] Figure 15C
illustrates {0BMEE-sedtdditbumly, dha matpretissaxivl hdAingnaocaslingito amitkesnbdsiinentaf the

present inYﬁéW)%B'r 135A and top member 137 which are preferably composed of a nonconductive
material to help electrically insulate the coils 130.

[00126] The outer shape of the rotor assembly 105 is defined by a rotor housing
botiom 1286, as seen in Figures 10A and 10B, and an rotor fop 118 as seen in Figures
11A-11D. Both rotor top 118 and rotor housing bottom 126 inciude a center aperiure
sized {o it around the circumference of spindle 114D of thrust ptate 114. The rotor top
118 includes curved impeller blades 118A that drive the incoming blood out of the outiet
108. Preferably, each blade 118A has a height and curve sized to meet desired flow
and pressure requirements. Also, the rotor assembly 105 is sized and shaped based on
a desired nominal flow and pressure head for a preferred flow range in which the pump
will be designed to operate. in one preferred emboediment, the flow range is between
about .5 and 2.0 liters/minute, and optimally a flow rate of about 1.3liters/minute. As
seen best in Figure 11D, the top surface 118B of the rotor top 118 includes an overali
angled ramp shape. Unlike some prior art designs, the angle of the top surface 118 is
relatively shallow, providing an overall thinner profile. For exampie, the top surface
118B may preferably be angled less than about 10 degrees and more specifically in the
range of about 3.80 degrees to 4.00 degrees relative to a horizontal ptane.

(001271 The rotor assembly 105 contains three main components: the rotor axial
magnet assembly 124, a motor rotor magnst 122, and a back ircn 120. As best seenin
Figures 2 and 16, the back iron 120 and the motor rotor magnet 122 have
approximately the same diameter, allowing the back iron 120 to sit on top of the motor
magnet 122 to enhance the magnetic fields. The roior axial magnet assembly 124,
seen in Figures 13A and 13B, is positioned around the inner diameter of the rotor
assembly 105 and within the center aperiures of the motor magnet 122 and the back
iron 120, as best seen in Figure 18. Preferably, a spacer 123 is also included around
the outer perimeter of the inner space within the rotor housing bottom 126 to maintain
the position of the motor rotor magnet 122 and back iron 120 within the housing botiom
126.
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[00102] Figure 16 illustrates a side cross-sectional view of the rotary blood pump of Figure 1; [00103]
Figure 17A illustrates a perspective cross-sectional view of the rotary blood pump of Figure 1; [00104]
Figure 17B illustrates a magnified cross-sectional view of the rotary blood pump of Figure 1; [00105]
Figure 18A illustrates a top cross-sectional view of a magnetic axial bearing according to the present
invention; [00106] Figure 18B illustrates a top cross-sectional view of a preferred embodiment of a
magnetic axial bearing according to the present invention; [00107] Figure 19 illustrates a contour plot
of the hydrostatic pressure acting on the rotor assembly according to the present invention; and
[00108] Fiffire22) illustrateprafeoso wrplociohtvd, Hpdrostaticratu hyarodynaehic pressaseactirgy on the
bottom of r v, [ : i ' I THE
INVENTI%&é%{JQOCa?ﬁ%E% i%ﬁ@?a%;g E%S%géfggﬁ%ﬁ%%%{%g}%o% tﬁfﬁ pugg%%%gcording

to the presedtt-invshtibf. ATeotaraBIRieE pRniRE10WIs catpRebly thekirkfatony syt AEoLERatient,
allowing blagg {erenieriesaien inleHio hamexti sherdimelnigriraieh A omis) 168, 00110]

Blood is primarily driven through the rotary blood pump 100 by a rotor assembly 105 within a housing

assembly RS seen in Figure 2. The rotor. assembly 105.is not physically connected ta the housing
eserbly D2 e B B 2o LR o R A B creaton
between ditlrbsicplditen1134ant] thdonolor stsfecebdf tHiBrotdbhizssdnabliot 0Bnds ddigiutlythedgiamic

bearing befuesn e sl divsier gl e foler assembyAgSanibe pUsIdeIATROL s spindie

portion of plate 114 (or, in the alternative, between'the outside of the rotor assembly 105 and

the inside F&ATERYY dPthe MGEING sREEMBIMOES KIS bSUAR axidhesagrrart Bdarnd alestddasetween

a spindle gagnetAl9and ag0tesexia|magnesd 2 The-paiwettheseleatings aredisrussed in
detail in U.S. Application Serial No. 10/940,419 entitled Rotary Blood Pump which is incorporated

herein by HRARIRIOFINEG 0FM g PERYESNS ISR RE Tt e bR #85 NG tR%Housing
assembly 308icse bytviewres @insh, dnoreemgsime thegyestieg basstitmaeregspuachdhenebyceeducing

friction, mipiiZing PRl OPNEaIon, A0 JeSISRP NG L QUL S AILETENS VRL RIIOh Atk desians
strong shear forces, creating serious complications such as hemolysis and ciotting.
Further, the power required to sustain the hydrodynamic bearing increases as the load
increases. Thus, highly loaded hydrodynamic bearings can impose a significant power

penalty on the pump.

[00130] The present invention distributes this axial load force between a
hydrodynamic bearing and an axial magnetic bearing as discussed in detail in U.S.
Application Serial No. 10/940.419 (previously incorporated by reference). However, if is
useful {o elaborate on this configuration in the present application.

[C0131] As previously discussed, the hydrodynamic bearing includes three thrust
tapers or lifts on the thrust piate 114 which, due to the relative motion beiween the
bottom surface of the rotor and the thrust tapers 114 creates an upward force on the
rotor assembly 105 when in a predetermined proximity to the thrust plate 114. In a
preferred embodiment, the cumutative total area of all the lifts 114A is within a range of
about 40% to 80% of the total area of the thrust plate 114. It has been determined that
three lifts in this configuration provide the necessary hydrodynamic bearing effect

necessary for the inventive pump.
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[00111] Turning to Figure 2, this exploded view illustrates three main assemblies that makeup the
rotary blood pump 100: the pump housing assembly 101, a motor assembly 103 and the rotor
assembly 105. [00112] Generally speaking, the pump housing assembly 101 makes up the main body
of the rotary blood pump 100, including a housing top 102 and a housing bottom 104 which fastens by
welding and aligned by alignment pins 112 to a top and bottom side of a housing middle 106. Figure
3A illustrates a perspective view of the housing top 102 including an outlet passage 102B partially
positioned through a side area. Figure 3B shows a profile view of the housing top 102, having a raised
area 102A @46 cohsnsedatis dguirdet Paskage/202¢ [0 1BERg@te AT Hlastingeneirides views
Of the hougiag IS AR NEh 1D!ARs R.OKAAYRE AGR P RASEd ATBHE G ARIRIMLAIBAGRRHIDe

opening of the housing middle 106 which connects to an outlet groove 106A forming a constricted

volute shafReBdth jatoed 40k dREPLOBREEITREREE (¥t & rdise dRIBAR MR 0! dSnipite the
outlet pasgagp IRAB WhBLhRhPUshG iR 1Q3rs boliediecalsrnalely waldedhio Mg karstykace

shown in Figure 4A. The groove 106B includes a relatively constant width or shape while the outlet
groove 108AGHG2AE8NAGRIRIESW RS IR BXRBE AR R TRETERINBO AT IRESONIEH U0 E4]
Generally z%is Volude shape mindmizesahiisk 0f thrembrs fosmaiiostiatgaroxidimglarsieadhrideakage”
behind the rotor assembly.-105 tq prevent stagnation.of the flow. As se est in.Figures 16, 17A and
17 this 1B TR e o e B A B B T e ST e veteed 10

and the inner diameter of the housing middle 106, flowing axially to the backside of the rotor assembly

105. Next,[ 85 BRodHieviiR\psgdApe eehias RGOS ENBI§ THENSssWdenaie tRiuatplie 114

and the bagkside phtligirtRkasismbivAd 2xnabgibacieedifgwefarsidyin dheislaarapsmietween
the bore of the rotor assemi%[}gi 105 and the outer diameter of the spindle 114D, flowing back over the

top of the SPRRIRNESPE BAPHEW (RGHEFR HRVEE LN 6GaH AithT MY BRSHEREUI TR YRR HF
generating@qressiueigiadient traf isreigher ahtsipssipheryiairthatroter assembly 19etnn atthe
center of tgwe:ré%g{rna’?c?%@%]%lqu'b O%llﬁéc’i'%mac'rg&?er%?é‘ of &, hupica %{%”%Qféje%asﬁ & TPewi atesa
pressure gradient so that the pressure risés as fluid approaches the outlét of thérotor blades. In a
typical leftinerseisteraswist desécei LA Dydnguigneatiorinthis presdge (eoultbbieshighasoubbreoiensure
good leak ; r-similar previously described. In such an arrangement,
the static grgegsgé%g%%m rﬁﬁpﬂ%@@%%%ﬁéﬁ% s less than the pressure at the pump discharge
nozzle. This is due to the volute and discha%gte nozzle beipg shaped to convert velocity head to static
head and [Hfpt%é e HGERAIic EficieRlMYFth8BUIRR. Bo1L6] HBIERr MREMRIsidAbf A8 pPEsent
preferred egthadimentoqnsidtiscapiplicationsitbatiarsnaltnanfitnoe cimdtbcpihighmesgressuteitrgad at
the outlet of the pump versus the inlet. More specifjcally, the "warking.head" of the present preferred
embodimaRE R 100 SR Tor T S B Dot e e e ael el B 0s)
were usedyftlee Lﬁtlmht}’ mfessmBaNo@bmcﬁoﬂWereaxiqghﬁcﬁﬂ%%ﬂe&ﬁﬁ@bﬁﬁﬂe:dk@@e?amg thietfeak path.
[00117] A FQ!%B@ s0fBLaselRLeigTed ﬂmp%@_'%%&ﬂﬁﬁé%ré%%vdﬁ@ﬁ SRTHIR,aF1g3adhe leak

path by inCreasing the pressure in the pump housing by throttling the flow with a constricted volute
shape, asRRelionsl MesarisddnatestihhfersteTiact YBHIIsRREY v Ithe LY seeamely.] Betieen

about 2-5 gy Hediagigtenkibaltnereisisioniica M L [ResH 18JoSSRS4BsERMOlute:. Toheserassesn the
volute result in a lower pressure at the outlet 108 comgp?red to thesgum inﬁ?g chamber inside the pump
%Lﬁ.‘)%? 0

100. The "ESURMY IS Ut B th e st 8t tHE PO 48 SSr SURIESEFHINEH driving
pressure (e(@aabant B00rotmddg (aka givevedesigimppinice igoutidd ponibrmnég adrflemhrates below
a given degign paint, £.9., 0.7 Ipm and 200 mm Hg at flow. rates above a given design paint, e.g., 2
iy and BURBEE fow n el S Ao PR o My e B SR gy
assembly diferisiotatiigetaien talibatr2BOGREN &yGI0ERPM there is an increase of about
50%-100% over the pressure measured at the outlet. [00118] Figures 5A-5G show the housing bottom

104 that dgjtessan ﬁ@ﬂ#@ﬁ depiassiender saotRartpIer QA aasn-hest ior rirgahOnagnavbich

receives the motor. assembly 103 described later in this sr[?ecification. As seen in the Figures, the
bearing in which ‘each of the magnets 119 and 124 are composed of two distinct
magnetic regions, positioned to axially align one poie towards another like pole. For
example, the top magnetic region 124A of the rotor axial magnet 124 is posifioned so

that its north pole is pointing downward towards the north pole of the botiom magnetic
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compartment 104A is sealed (e.g., laser welded) at a bottom of the pump 100 with a bottom cover 115
(seen best in Figure 16). [00119] In addition to the motor assembly 103, the compartment 104A also
allows access to the interior of spindle 114D of the thrust plate 114 (Figures 7A-7D) which contains the
spindle magnet 119, seen in Figures 5H, 6D and 6E, and the shaft assembly 109A (5H and 51) that
partially make up the axial bearing of the pump. As seen best in Figure 5H, a center aperture of the
spindle magnet 119 slides over a spindle shaft 109B and is supported by a journaled base 109C. A
threaded portion 109D of the shaft assembly 109A screws into the threaded center passage 104C so
that the spgitiaghet Si0ilarposipried withpnetic irteitor dPtheospinellepindp. wWatifethis threaded
a”angem%ﬂ’eﬁl@lﬁ“@éﬂ%@f@i@"é&lﬂﬂ %foﬁB_efé: Fﬂth&ﬁﬁe FREBRAARMY Thalsrsallows G kses Lo gdinst the

axial height of the spindle magnet 119 within the interior of the spindle 114D. In other words, the user
can rotatetPECsh AREASSEIMEHEIL00I 85 axtialilisnEseehe Hiindtiiahiageeeticl beRisisalRraeriAg2he
rotation ofjthe assaailyd GAANYEBrhe imREkeE ) ihesniBe userfandinesiunaribeaxiadmagnetic

bearing as desired to optimize performance of the pump 100. [00120] In an alternate preferred

embodimeRBIRG SROWHIARRECITIFARMEAN €b A AXH IR HERS L B BRGH QW eHRAY e L2 S5 1€ from a

top or innenggmtacendVivie speeifioalivetbenthrusicplateatiibdonine heroriotagrabrysremeyableia;
preventing access 1(?3.”1 an outside of lthe ?pyorpﬁp lOOnO (e)O%%ll Asu§h en 'QSF(iJgL% %537'56551%)’ 2 atorg)e%urface
of the hou ﬁari? ttom EboéijnCcEiu%égpéjnsfH egra SHtls pléteeiﬁlpw i IRCIGHEStH previousty
mentioned $pindle 1Hi4Demreainingtbtheispicttie mag meplkdver her terustrplatedibd Hadwedeadtehree
lifts 114A, [ an. el ' e n e t flat
surface 1&%&?#&?@%%%%?&?2% 0 ga%gc'iﬁl s%@r%%é%&%ﬁ?ﬁ@s%@ﬁﬁe%@a%@%%%@%ﬁr%es and
about 3 dégressteitietrineastesitadéf the thrust plate 114. These lifts 114A produce a
hydrodynamic bearing when the clearance between the rotor assembly 105 and the lifts 114A of the
thrust platppdidenllsbetmpiagpreseterrathedrtiveshalds Intone rempediment thegpradetesarnedst

threshold is within % rafn%elo; aﬁ ou¥ giggoz inchrﬁ ito t0{5901 %r}ches. Ad itiroggn';}:!t ex?m&ljesn% net
hydrodynac’r%ﬁ’%pé)esg n%s BT BEYs8ERN ﬁ,@_cﬁateﬁ}aﬂo_%,(}s&%ﬁﬁ% vodard et a y the 2ontents of
which are h&febgyircorper atedidNréfergrrew0E22] i thinathsgodd d 2Znnatamrc Satp e frioent1 04A

Sits the m?égrm%wi%eﬁﬁ %%?6@%?@%%'5}9#{5 "nSFi?{ﬁlj?n%.%B' RIS A SEa 103

generates magnetic fiel conducting electricity through the wire 130A of ‘coils 130, as shown in
Figures 9Co9IE! TR¥endfe N30ACesReR Eoil 380 RcanNderiandalesnydesemtna 2Aieh Tegité circuit

132, as besi.pagn Ndrg e T J}%@&?i@}% 32 deygensrally thin and circular in shape,
connecting via three contacts 132B to an elongated region of leads 131 that exit the pump 100 fed

through a e 133 within the wall of circular compartment 104A of the housing, bottom 104, as
best seen@%%‘ﬁre .erhéoghed gfetrﬁ%agﬁ?zrbé/lo %%tea irE(E:-Egig)nna ?%%Ll(r:esgﬁfﬂr%ﬁeﬁncoer%r%}eecrtso?; Jzglhc(?able
(not showa}rmwilmmmtamwm_ irorﬁ'r@uEﬁS(z_ﬁlépartﬂ §mm@/mh povdisthe deoedacpanie
”ecessaryn’i%g%lgr%% %dﬁﬂﬁﬁtﬁ”ﬁ%ﬂ@'%? '%Q%J%ﬁéwgtﬁhﬁ é%%té,séﬁﬁ?méﬂ%%- dLRRAAHI Re

understood that the position of the contact points 132A on the flexible circuit 132 may be arranged in a

variety of AEfeRsmf configier e Fbl eiRipdhenalsantHets isadlusdinetie drcantirdeiadiofife
flexible cirgyitidmanbedocaiod closardathe cenienel e chisuh3dio betersgiaaidcalyisulate

the contact points 132A. [00123] It should be noted that in an alternate preferred embodiment where
the thrust b?%‘tecﬁizf’% RBEHRBGFRANRNIRBS 0B RY BSR40 3S tREPHATR pRRE A4 Raftiched
with a bongliagrnageriqirepaxylnine 3ppsside of aaila k3@ dre opwered, wite@adtianiuntdatbvdniches
welded to %e housi?ﬁgpot}ag 104 ﬁg V\PerVil%ea igr?rtrgetiﬁz ;sn(%&gbaeéw%eqm thr Lbl E?—gc‘"i‘é‘g thﬁe mg}o(g
assemblyr 3. FRETHSt P 818 , Whic r\ﬁay 21<3 B composeyd 6t tl?am}flm, can addi |onaﬁy be
welded to ¢hetmusimgasetoipivi 045 1n the preferred embodiment where the thrust plate 114 is an
integral part of housing bottom 104, the titanium foil is not necessary. [00124] The motor assembly 103

also includgg-mBpckiros: k3dnbavingarHeHtarcshape-isnlRtoiaal.eh theeiressanepmpatsgnt 104A.
Preferably the back iron 134 is positioned underneath the flexible circuit 132 to enhance the magnetic

fields genEfa PRy RO T ES0EOHEE ZER MESRNAIR IRy 85 ¢ & dRIEINAGABHE fields

that drive thatseiation ofdbe totar aSseinbly, 1108, poistiened ghave theatittuseptatel Ihdgnet 124
[00125]Additi?nablla/, the motor a senﬂ%/ 103 includes.outer mergbers 135B, 'nnefr member 135A and
i

top memb%?l‘l‘i? wh?&mgrréssgef%raably ComMPOLad of & HoRconductive mater ooheefppeeltrangf?lnc%rfy
insulate theawilst 188terial and the other a ferromagnetic material. Of course the polarity of the
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[00126] The outer shape of the rotor assembly 105 is defined by a rotor housing bottom 126, as seen
in Figures 10A and 10B, and an rotor top 118 as seen in Figures 11A-11D. Both rotor top 118 and
rotor housing bottom 126 include a center aperture sized to fit around the circumference of spindle
114D of thrust plate 114. The rotor top 118 includes curved impeller blades 118A that drive the
incoming blood out of the outlet 108. Preferably, each blade 118A has a height and curve sized to
meet desired flow and pressure requirements. Also, the rotor assembly 105 is sized and shaped based
on a desired nominal flow and pressure head for a preferred flow range in which the pump will be
designed tagpwtite ialenalprefersey erhdbdirnestnihesifoantanygeisbewvdenrabouorand 200
iters/minuisRAnoHRaRcallaN aiafaRL LI IRHIINKC A5 PEaNRERID Bl ddBy e top
surface 118B of the rotor top 118 includes an overall angled ramp shape. Unlike some prior art
designs, tRETHIRFIBOST A {6 §1MPaEeN18 is relatively shallow, providing an overall thinner profile. For
example, the top surface 118B may preferably be angled less than about 10 degrees and more
specificallyogrtie] rangsofiabtienh3180 degrees¢o dedifodegeees delatve dgeehorizomtabplameafe0127]
The rotor agsemply, 195 sentains (nies main.companents: fe foter el madnet assembly 124, 2
motor rotd? msagneetaﬁ%r, And s backiron 1207 AL Best seen |anPgu’res 2 and é,athe &Kirof 120 and
the motor ¢otad rhagriepd@Xihager dpproxitateigithdesance diithetepiallawingribg BaCkvdote 1196 to sit
on top of e Melon aanal b5 ineobansedisaagnaicieliseTae seicanaldRunriassebly 124
seen in Figures 13A and 13B, is positioned around the inner diameter of the rotor assembly 105 and
within the Eelfterrappaelds drifieramtpesiiagnet Heorarengie prdkaton AP0lUgs Best¥akbiPTag-igure 16.

Preferably; shananeid 23 isRlsRinelprad aivkns the aitrrReamelen gkthe inner space within the rotor
housing bottom 126 to maintain the position of the motor rotor magnet 122 and back iron 120 within

the housi m 126. [00128].In.0one preferred embodiment, the r.rotor. magnet 122 is
e BRI B ey St o R S U0 Rl
and 12B. A8Zhegyoiwvediszyskedo ttife impetieasdatably 193 aver coilSAB0igdreiciey madrétiefields

that drive [he, MIoMAd ARk f#,dHW: F YRHNg dhadoivkass amPlH08r 1AQ12RL TheMmgray otgy magnet

122 is preferably a permanent magnet attracted to the back iron 134 of the motor assembly 103. This
attraction fBRJBHSIPEIPIHESRIPASSERTBRIYLOBABIRIRISHNS ARSRTPItESERRIYRaAlRySighift 4t axial

load on theyatenRREAM AN IS EURVIO U FOTRBH meepianseRvsdhag thosmarenrn theriatent
Nos. 6,234?;72 and 6,250,880, prima&iﬁly rely on moq%ﬁﬁ thrust bearin%s to overcome this axial

0
loading foRSSSRNEL &P, SREd the Sy ArD BRI 0tize a thin layer of blood between a
rotor and a thrust plate, the passing blood must support the full force of this axial load. Consequently,
blood cell§Mk iorénesmity braionesitraey sud veitd stravigishisarcfoites, arsatingisedsasmbly _
complications sHENAHBSMANRIS AN SIS UL HED e S8 PMUEIRANHSS. (¢.51 sl e Bdrpdynamic

bearing increases as the load increases. Thus, highly loaded hydrodynamic bearings can impose a
significantPRRFeIpEHERT & B HienpL TR 156 ik PricleRtsaTRIRIG HiStMR TS 2HNGAH force
between a-hydeofynaalieeanng andanrawalpaansticibearingas gistussedkinsiaiptdntdean
Application Serial No, 0/940.419ﬁg%reviou%% inccﬁ’tha%)rated bﬁep)erenc,e . However, it is useful to
elaborate On L ESigulitiofin fife FIEsEN? apPIRRIGEV 0 P31 ENEY! \ﬁé@}%l@aﬁiéﬁ%m‘fﬁ@
hydrodynamis.geariag:gchidesathicgie Hagustiapres or hiiartive drnst olateyhdd wWiidh fiduadalthe
relaiive metion between ihe Botiem surface of e otprand the st iabers 114 cragtes apqipward
force on the-rotor assemBﬁ/tfogw%en ih & predeterming prommﬁy to the %rug}pp‘lﬁ’ate 18 'a
preferred srapodimant)zve enmajaivetital arerotiatiine diftsd sagitnalitiiaperaugs 66 dbouP40% to

o0% of e ojal arca e Pial Alddbesheanseeuiaed ioa fremilts y ingapfiguration

provide the necessary hydrodynamic bearing effect necessary for the inventive pump. [00132] As
seen in Fifl#ee 185 167 N7/S0ARE17E) Hfe ROGHITREE HBtRVBBAIMG IhSRiIdR ITHE RSB IiBIGaRR et 124

and the sphgle magnesLhddranedrafeicasernbadiment saes inbigde 14 thadopsaxiatsaagnet
124 and the spindle magnet 119 have opPos,iteI arlgi%ged m%gnetic fields in the axial directign, As a

result, the FREGHSRI 18t Vo4 FETT 8'cOMSRUR: DBt hivaPHi4cs 6h I°E5h BARPUR I Biereby
reduce thesixiakdeadrenfitestotor iassimblyolds. thigyrintitAnihupteate scai sighitgraareferat strazodiment
as Figure 14,10 which the, polarity.of he magnets 119 and: 4245 reversed, (004331 The aal pre-load
or bias force pro ucednBy Re magrnets and 24 dan be aajusqec?é'uring gssembly of thé axial
magnetic beariitgePeefsabijssuficbine positiveocforcaxsioni bet difidlieti tethe oo tasewaisd the rear of
the pump in order to stabilize the rotor assembly 105 and prevent undesirable motion at the maximum
speed. A minimum force should be applied to achie §Lhis pre-load since excessive force will increase
power losses in the hydrodynamic thrust bearings (as discussed elsewhere in this application) and
may increase hemolysis. [00134] Preferably, the optimum position of the spindle magnet 119 can be
determined empirically during a functional test with a blood analog in a mock circulatory loop. The
maximum speed is determined by characterizing the hydraulic performance of a plurality of pumps.

Once the maximum speed is established, each pump of the plurality of pumps is adjusted to a flow of
20 Inm and a nreaccrire nf 105 mm Ho and the nocitinn of the avial mananeat 110 adiiceted 1intil inetabhility/



region124B. Similarly, the top magnetic region119A of the spindle magnet 119 is oriented so that its
south pole is pointing downwards towards the south pole of the bottom magnetic region 119B. In this
respect, the axial magnetic bearing reduces axial load by creating an attractive force between the
centers (i.e. like poles) of the rotor axial magnet 124 and the spindle magnet 119 and a repulsive force
between the ends of one magnet and the center of the other. For example, the outer south poles of
rotor axial magnet 124 produce a repulsive force on the inner south poles of the spindle magnet 119.
In this respect, both attractive and repulsive forces are created between the magnets 119 and 124,
thereby calmteritig agleastiatperspimditthecaxiat lbdd othanwisesingpersied ormthetiotdelissamislg 105.
[00136] Incaaataer BUBIRIEALOREUREN"o i dnBARelS L9 ARl 14RCARRRGOMRAOSRA Al plgrality of
different combinations of regions. For example, one magnet 119 may have a Single N-S region
whereas tﬁ@@ﬂ@éﬂﬁw%)grﬁéﬁ%ﬁi%ﬁ’ﬁﬁé%?e@ﬁb?h@ﬁ b AXRRA RISt e astieepied in
Figure 158, 5imiats ene; Bagnetilsnuidinaveian S r2eian on tap ard aorssNbregiendslow
whereas the other magnet 124 has a single S-N region as depicted in Figure 15C. [00137] The force
generated®yS bxial magnetic bearing in either of the embodiments shown in Figures 14 and
15A-15C can be adjusted by replacing the magnets 119 and 124 with higher or lower strength
magnets, KI0S4Rily by adpibtngotieéeheig heobsginuieimdyaebiasisyvitumpea paiath 100 BuHeRssting the
threaded sRAL39nRATRANeR HHAUGI CRAIEr BRSP0R GOl U RO MBI e Shiadle

magnet 119 can be positioned at a higher elevation relative to the rotor axial magnet 124 as shown in

Figures 14iand 1BAB8.a5RBIAAKIMiHRETE @pWEsH anestiat exiarfortdsh tRES B mEddEenivg: 105 or
a lower elgyatign topipimizR an¥dirwadh slireeinchRxial faresnandnenrei arreeTbiiel88uRR38] In

yet further embodiments of the invention, the rotor axial mas{r_;gt 124 could be a permanent magnet

whereas tRESHMEE nFaBYECEYBaBITPER A9dH SRR ARACSHRS, CrURE VeI Uil e
spindle magistd & andththe akialdnagnat. L3vieomdoae scogiwisad of tnbye separateiredionsmione
being a msde of a |?f:érmaqe?t1 %agnetfrr}géeriarl] %réds&h%togq ena E‘%r Lcj)éndggnetic material. Of course the
polarity of ﬁ@r'ﬁg&g i Histerras iﬁsaﬁy of these em%oglme SWolld conform to one of the
embodiments discussed above in order to provide the axial beari}r’:%load as discussed in connection

with the inf@8HFS. (0018 theshatrterehREPHANRIhdPEnTBEHMBIRE Bt PRMABHRARIR a)AAI Bearing
are possitlgag6aiding W thaPresaninvestintmhacexamietherefpnaxiahmpaneisrdas eqidd be
disposed near the outer circumference of the rotor assembly 105 while the spindle mﬁ;net 19 could
be embedBETRthiAthe STETRTIRIFtHE S BB SIHG MiRiialeDdN frRiIEdPasnthd HrRIENPRESIfdN of the
magnets roay 8ige profuce:araxisl o gectesampansdie fOegdemdimgich phelaadiiguedtibe odtore
assembly 105. [00140Q] As best seen in Figure 16, blood enters the pump 100 through inlet passage
102C and @ rgé%] thﬁff]imﬁ?‘e‘ﬂé’r Bﬁ'% PBR'D g?fﬁé%r&%r%%fgsrgtgﬁ %a ggk?%?{:i&r)]t%st Fg}e@volute
and drivenaiot efseenblytie03 08tatetheTside oftheeplingrlGCliat troenditheveide @ﬁdh@t@t@'te
assembly (ipderiie ffaf ety (euaRyIne Rdyider fnDytiadvanriic BiliaLReagag) and then
up the gap between the spindle and the rotor assembly 105 supplying the fluid for the journal bearing.
[00141] In some instances there may exist a radial bias exerted on the rotor asE%g;er%OS due to the
movement & & I SHP IS ARRIGH DS RS 900 P LA HTHI8Ca L HIEHIBB s (8353 H%he
pump 100peszauiet ¢fress wiengs, thiesautiet iaasestitaiszantbause ttherataresagt dids ntteestator
assembly 105, In one.preferred embodiment seen,in Figures .5 C. 6D, GE and 18B, compensation
of the radigf’l%iagocr};\riE %Bef & qgt\%gdatﬁlaounﬂﬁg(ﬂg uﬁ%’o %ﬂgﬁ‘ |§ﬁ9/’ a{g)%#\ﬂr%g}[r{fc% é%'ﬁ n%ﬁ%gﬁgr\ggﬁldle
magnet 119 irstittasxial snabnetie desriiptotwarieivashneletical magnetic field. For example, the
spindle magnet can have an asymmetrical or noncircular cross sectional shape, such as the "D" shape
of spindle jpeonst 149 indigpsesieh andeEpanthspotlensagnesd 1nsbiwmiadegurestOof e shape
can be positioned in such a way as to increase the ma neticf f\’%g:egin a gredetermined di{ec ion and
magnitudé “BPP88itt ' WREHI ng‘?%‘?}&ﬁfgﬁwrﬁné'Md SRS DHERThEETHahEP 1o I duce a
greater magoetit finkd setativeom the fihicsideiigatbemperds)ithe siitcl leresagreetsl 4Bpeshipeld such
that the center af its mass is offset from is. of rotati f axjal magneti rin erefore
is also offSet r%%atﬁluerf o the ?Cﬁéreaxﬁgﬁor%gg]riﬁﬁff} 0 theoﬂq)%o%@ﬁﬁbﬁ@%o@%%%%%%hgrgrge%%f the
spindle magpEtcekochagirigriveayrdageioimayriitic fielst ndse Grchbitarbappeasitd tesdiiegssnthe bias
force (bias,foree NRINNGIAQ fat Sifeobmaanet 24 MoRiadlsing inoreHRIcs aneFbRkaaLmagnet
124 in tha?%?r&gﬁﬁ%%ﬁlr}jg‘%%%% ﬁaa(élﬁeci%d or sul%stanti%lly eIim?natin% the effects of tFr?eéQgias force on
the rotor assembly.
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[00142] In another preferred embodiment, this bias is compensated with surface features such as _
sloping surfaces, tapers, pads, or other surface geometry changes along the thrust plate 114, the inner
circumferential-surface of the housing middle 106, or both. By placing these features unevenly, for
example on one side of the housing middle 106, a hydrodynamic bearing is created on one side of the
pump 100, creating a biasing force in a radial direction. With proper positioning of these radial
hydrodynamic bearings, the outlet 108 bias force can be substantially reduced. [00143] In another
preferred embodiment, this radial bias is compensated for by offsetting the spindle magnet 116 from
the centerfiofdhdyspmdieat24Bimmd rotowaxial tivagriet T FaatsaapleidFitynriSA ([(Hhshiate s the
spindle MadRe! S BASHRNRAIP AP 2I5 0 NS ERRLELAA0 LGSR DA LLALk rpERAINg an he

et 4,the o

configuration of the mag 16 and ' set spindle magér:et 116 produces a net radial force
as the r_otM@e%‘b@@@@ﬁ%tﬁtb’% “ﬂﬁ@bﬂ%ﬁ/@@éhﬁ@ Ber g for 68 RIIAIRM BHiPaFIMGIPSsitEtorce,
the radial piasptegdueced e, Hgatexilingsiie RURP L8k fauniRr aeed-HPLA4LARIASY aspect
of the present invention is the interaction of the hydrostatic pressures of the pump, the axial loads
between tHESHHIEI P66 nEHeR8F?2, the stator back iron 120, and the axial magnet 124 and the
hydrodynamic bearing created with thrust plate 114. This is described in greater detail below. [00145]
During op&satietjof @rmmwnmm_ﬁiaih@?éﬂmemgmmkwﬁréﬂeﬁiﬁﬂ& whthesetottop<is geh&late
hydrostalic,Riessyremashel Which sdrspth a.CreatGusel! flourilioudh (e uetdR Iadlhe

centrifugal pumps a hydrostatic pressure 1S applied to all wetted surfaces of the rotor and housing. The
sum of thisHpEiIStatiE pASSATS Prodboddd e DRIVCEW tH S8 IRTEHARSSERE BYffRAYBFPEarings.
These fot%%%ﬁﬁgsb@éigffe@aat@or@e@m@ howeyeliiRGb R R Pasikeh@predictadamikage
computational fluid dynamic analysis as known in the art. Computational fluid dynamics (CFD) is a
finite elentfitIPFIGRMRIIE AR Sdeling and prediction of the performance of a pump. The results
of this analysis can then be used to determine such parameters that can be expected from a particular
design, sué® té7the Aydraulm pedorhaviee, eficiesivperdBaltivrjdoried, aiwysbidar. [O046] Bne

commercigl GER pragras ANRYSCEY S, A HSPLIRGEFasACERMRISLabine RumR 100,

according to the present invention. A periodic mo the complete rotor assembly 105 with the
backside, 156@sis 2e@Pantes anaHedrsdpadmi B fgE dRidSised to evaluate forces acting on the
rotor assembly 105 and leakage behind the rotor assembly 105. [00147] A laminar model was used
since the ¢pédrigiedrReuids number is a maximum of 236, which is well within the laminar range and
well below the transition range of 2,000. The formula for the Reynolds number is: [00148] R=pVD/p

[00149] InEgede iy SaNALY S%Dden (P YROHN ISP b SiraEAnee SRk dp) and b

is viscosity (3.5 ¢ps). [00150] Figure 19 shows a contour illustration 6f the hydrostatic pressure acting
on the roté?-833ErRBIY At Hh e Bresdyre GriiShre in pascals (1 pascal = .0075 mm Hg). The function
calculator of the software indicates that the area average pressure on the hub of the rotor assembly
105 is 9796qpeBijals~yuf3. 15 mimowty {1cébtopsi)lUEeomulather egafidta o toreassesnbbyirg 1004 1

square inches, indicating th hydrostatic axjal for ng.on.t is nds directed
toward thgnr%é{{r)tcg)rr t%gesggﬁgéﬁ] gﬁhlﬁé% é%%fﬂ%gaf?qué %%ucsgf%r%tgs%g %:%ér?tﬁ u'g"é%%éwg%ﬁ )
hydrostatid g dunyptieodgalamspres suresabirsgointherinsttBial dhenarestevasseenbIpsEore i the rotor
housing battam 186, Theouline.aiine daree diis d 1dAonthe tiugt nigte 144 ¢an éefaéﬂ.en inEigure

20, as the ditferent pressure regions produced by these bearings. The function calculator of the

software iRATtelfEs 3RA tAe HRIGSeatassREBlirdDutdlde SAWR eeliohess thideaifa that the net

hydrostatic axial force acting on the hub is 1.472 pounds directed toward the rear or the

bottom of the pump.

[00151] Figure 20 illustrates a contour plot of the hydrostiatic and hydrodynamic
pressure acting an the bottom of the rotor assembly 105, i.e. the rotor housing botiom
126. The outline of the three lifis 114A on the thrust plate 114 can be seen in Figure 20,
as the different pressure regions produced by these bearings. The function calculater of
the software indicates that the hydrostatic pressure outside of the region of three lifis
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114A is 8395.72 pascals or 62.97 mm Hg or 1.219 psi. The area on the rotor housing bottom 126 is
also 1.041 square inches, making the resulting hydrostatic force 1.27 pounds in a direction away from
the rear of the pump. [00152] In this respect, the CFD calculations show that the net axial
hydrodynamic/hydrostatic force acting on the rotor assembly 105 (i.e. the difference between the force
acting on the top of the rotor assembly 105 and the bottom of rotor assembly 105) is 0.202 pounds in a
direction towards the rear of the pump. This net axial hydrodynamic/hydrostatic force also combines
with the force resulting from the action of the motor magnets 122 and the back iron 134. A typical
attractive foréA fer@BeiniGtorrtaimetstE2Z7 amdti wack ok 184 Whaldrbe abdbe Idigoumdkngience,

the hydrogEmic seahalaen PLiba /it han musisomensain iy A ceplinaion of e et

hydrodynamic/hydrostatic torce (.205 ounds) and the motor magnet 122 and back iron 134 attractive
force (1.1 POt} fér &r estpaRMPIoHEbING 188501BOPWHENdS. In other words, the hydrodynamic
bearing produces an amount of force adequate to compensate for both of these forces, thus
maintainingahezverall ppgition:ghdhe rotes asSEMbly. 06 gising nemowal operatiorewitremiramial to no

hysical t with the housing bly 101. [00153] | lusi ion af.th i
e it b SR Ao R e A U e I e
inlet 110 drehvikerotitefA08. Ttimgser Huivatesite bjod assrMBH0TBS ad4dtiagtthicrd piomp
controller. E@%rﬁ%‘é%ﬂ %eB‘.’ftc?]ée 0 ABRTRPHAlR LIRSHICRL SHILCMAQdP fiexihle girpuit-h3e, yhich

then distri%uﬁes this current to ils 130. The current traveling through the wire 130A of the coils
130 creatéxia nagredi e thrdinséatietéiith 80 rmefobimag et 22 datiRg a5l Fow r ExSeddly 105

to rotate. Thednagaelicligids:eidhesninsiemagnebid fand she miopaxialinaanetibidinerast to

create a magnetic axial bearing to help maintain the axial position of the rotor assembly 105 during

rotation. ARG ORI HLEeHsl DO aBIRECK b afa% R R o8 RO ake PR IR roldFasetfBly by
the hydrogyrpmaigimstieaninofererigdhyribeififis 134Aamnsthe thpesikatatéol tAcfRdibdliés the rotor
assembly 105 rotates, the impeller blades 118A on.the rotor housing top 118 drive blood from the inlet
130 and il FRb AR ar o hel PSRN 10 e e thtng 26,80
assembly i@8«dinvesithe ptsite bloas thtougivtinepuinp 20O assisthddrebladdaciteakitidoriD0155]
Although inyenti SG I f pari r ments plications, one of
ordinary stéll{ﬁl‘[llﬁcytﬁe e?rr? ?r?ﬁegphiﬁé} (g%s %@ggﬁ%é%%gﬁﬁ e@gfe%gdﬁfgr? glgé%; tz)%d iﬁ%@ar@g i

modificatiGie Qe U dupapeng e o tHeobpipi Biase drtersifioum&sddpabiuthecchyfiall RAAIRIbN.
Accordingly, dtds g heundeiistoodshatiRg drwindsapstidasmintionshsrenreRyefierabmaway of

example to facilitate comprehension of the invention and should not be construed to limit the scope

thereof. Wt RETHWIESSEMOEH I pump comprising:
1001531 In conclusion, the operation of the pump is described. In operation, the blood
pump 100 is connected to a circulatory system of a patient by the inlet 110 and the
outlet 108. The user activaies the bicod pump 100 by actuating the biocod pump
controlier. The coniroller delivers the appropriate elecirical current to the flexible circuit
132, which then distributes this current to the ceils 130. The current traveling through
the wire 130A of the coils 130 creates a magnetic field that interacts with the motor
magnet 122, driving the rotor assembly 105 to rotate. The magnetic fields of the spindie
magnet 119 and the rotor axial magnet 124 interact io create a magnetic axial bearing
to help maintain the axial position of the rotor assembly 105 during rotation. As the
rotor assembly 105 spins, additional axial force is imparted to the rotor assembly by the
nydrodynamic thrust bearing created by the lifts 114A on the thrust plate 114.

[00154] As the rotor assembly 105 roiates, the impeller blades 118A on the rotor
housing top 118 drive biood from the inlet 110 and inlet passage 102C and out through
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a housing assembly comprising a first housing member and a second housing member, said first
housing member being formed from one continuous non-assembled piece of material; said housing
members defining a pump chamber having an interior surface; a plurality of lifts formed integrally
on an interior surface of said first housing member; said lifts providing a hydrodynamic bearing
surface to a rotor during operation of said blood pump. 2. The blood pump of claim 1, wherein said
first housing member includes a stator chamber. 3. The blood pump of claim 2, wherein said stator
chamber comprises a removable access cover for selectively accessing said stator chamber from an
exterior oftisaidublebtiogunipihis. MEkedsiodtispumaing sty roresefrthly prEcdding thaimgiisviisrbinoehch of
said pIurangoﬂéﬁtﬁg%pﬁésTo%n %g%%éfg?%wa%i%ﬁ@ﬁ&l 5. The blood pump of claim 4, wherein
each of said plurality of lifts further comprise a shortened flat surface coextensive with said elongated
sloping surface. 6. A blood pump comprising: a housing defining an interior pump chamber having an
interior suFbEEH rotSPAKbs &Rt AP RARY int&Ffor BERD éﬁ%?ﬁ%%?d msafapm?eriBF sHARE Béneath
said rotor peipgietaied Hampsiantipneusnroo-assembledinatarial thaticargtitofasia lewstipgrtion of
said housi&t{:hand havi

generatg]go%itionat embodiments and modifications without departing from the spirit
of or exceeding the scope of the claimed invention. Accordingly, it is to be understood
that the drawings and descriptions herein are proffered by way of example 1o facilitate

comprehension of the invention and should not be construed to limit the scope thereof.
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plurality of lifts integrally formed from said interior surface, said lifts forming a hydrodynamic bearing
with a bottom surface of said rotor. 7. The blood pump of claim 6, further comprising a stator chamber
accessible from an exterior of said blood pump. 8. The blood pump of claim 6 or 7, wherein said lifts
are comprised of an elongated sloping surface. 9. The blood pump of claim 8, wherein said lifts are
further comprised of a shortened flat surface coextensive with said elongated sloping surface. 10. A
blood pump comprising: a housing assembly, an impeller disposed in said housing assembly . a
pump chafbat Forisétgeoi said housing assembly, said pump chamber having an inlet and an outlet;
and an outlet flow path including a first groove positioned around a circumference of the pump
chamber ?rmin%%¥oru shage and a second groove connecting to said first groove and said outlet;
said second groov ha i%n& s??@%?ﬁg}qhan a size of said first groove;

a housing assembly comprising a first housing member and a second housing
member, said first housing member being formed from one confinuous non-assembled

piece of material;
said housing members defining a pump chamber having an interior surface;

a plurality of lifis formed integrally on an interior surface of said first housing

member,;

said liffs providing a hydrodynamic bearing surface to a rotor during operation of

said blood pump.

2. The blood pump of claim 1, wherein said first housing member includes a stator
chamber.
3. The biood pump of claim 2, wherein said stator chamber comprises a removabie

access cover for selectively accessing said stator chamber from an exterior of said

blood pump.

4, The blood pump of any one of the preceding ciaims, wherein each of said

plurality of lifts comprise an elongated sloping surface.

5. The blood pump of claim 4, wherein each of said plurality of lifts further comprise

a shortened flat surface coextensive with said elongated sloping surface.

6. A blood pump comprising:
a housing defining an interior pump chamber having an interior surface;
a rotor disposed within said interior pump chamber;

said interior surface beneath said rotor being formed from a continuous, non-

assembled material that constitutes a lower portion of said housing and having a
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said first groove sized so as to throttle flow upstream of said outlet and thereby cause a leakage flow
between said impeller and said housing assembly. 11. The blood pump of claim 10, wherein said
second groove progressively increases in size towards said outlet. 12. The blood pump of claim 11,
wherein said leakage flow is between said rotor and a spindle of said housing assembly. 13. The
blood pump of claim 10, wherein said second groove cooperates with said body to form an outlet
passage in communication with said outlet. 14. A blood pump comprising: a pump housing defining a
pump chabiyalibaifhiglifis indepaitarfdraeduficrposaid rotterdisposdgonithiaigaiifpufopnhiogsiag; and
a torus-shmqﬁgd/ %ﬁig@‘ggf,g@mﬂig BHW&H?% épégi&otl&tgr'c‘ircumferentially disposed around

said pump chamber and forming an outlet passage in communication with said outlet port and
increasing in diameter towards said outlet port; said torus-shaped volute having a size that

throttles fltid flowhspsteathpafraais olstiet poftianer theretsta acsaleakngenbewlraancsaishiotor
and said pumR ARHSINGL i blood pump.

8. The blood pump of claim 6 or 7, wherein said lifts are comprised of an elongated

sloping surface.

Q. The blood pump of claim 8, wherein said lifis are further comprised of a

shortened flat surface coextensive with said elongated sloping surface.

1C. A blood pump comprising:
a housing assembly,
an impeller dispesed in said housing assembly

a pump chamber formed from said housing assembly, said pump chamber

having an iniet and an outlet; and

an outiet flow path including a first groove positioned around & circumference of
the pump chamber forming a torus shape and a second groove connecting to said first
groove and said outlet; said second groove having a size larger than a size of said first

groove;

said first groove sized so as to throttle flow upsiream of said outlet and thereby

cause a leakage flow between said impeller and said housing assembly.

1. The biood pump of claim 10, wherein said second groove progressiveiy

increases in size towards said outlet.

12. The blood pump of claim 11, wherein said leakage flow is between said rotor and
a spindle of said housing assembly.

13.  The blood pump of claim 10, wherein said second groove cooperates with said

body to form an outlet passage in communication with said outlet.
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15. The blood pump of claim 14, wherein said volute is disposed around the entire circumference of
said pump chamber. 16. The blood pump of claim 14 or 15, wherein said volute is comprised of
matching grooves of mating portions of said pump housing. 17. The blood pump of any one of claims
14 to 16, wherein said outlet passage has a generally circular cross section. 18. A method of pumping
blood comprising: providing a pump housing defining a pump chamber moving blood from an inlet
in said pump housing through an impeller of said pump chamber to an outlet in said pump housing;
and irireasifdrthedopessienufsiticigilood in said pump chamber upstream of said outlet so as to
force a leakage flow of blood between mating surfaces of said impeller and said pump housing. 19.
The method of cRPRTE, hpnereshdsdiaingcrausing Fiambprdusing shdaieislodd:ntsaidptieipatiamber
comprises passing blood through a throttling volute in said pump chamber. 20. The method of claim
19, wherein pas&@igBidYERAREHIHIA heaifiRyvEIiRUFIGI@Imp chamber comprises passing blood
through said V0|lé'[e Qai)l/jg_ & diaéneter betwee? a%?ut 2-5 mm. 21. The method of claim 19, wherein
passing blood thfoud & tRrOHIG vORESn GHNEImPenaifier dfitisdORiNSasiig'd prealife inside
the pump ¢etativéstentielyutiep betwerolmozsi80randianbel 8080forming an outlet passage in

communication with said outlet port and increasing in diameter towards said outlet port;

said torus-shaped volute having a size that throttles fluid flow upstream of said
outiet port and thereby cause a leakage flow between said rotor and said oump
housing.

15. The blood pump of claim 14, wherein said volute is disposed around the entire

circumference of said pump chamber.

16.  The blood pump of claim 14 or 15, wherein said volute is comprised of matching

grooves of mating portions of said pump housing.

17.  The blood pump of any one of claims 14 to 16, wherein said outlet passage has a

generally circuiar cross section.

18. A method of pumping biood comprising:
providing a pump housing defining a pump chamber

moving blood from an inlet in said pump housing through an impeiler of said

pump chamber to an outlet in said pump housing; and

increasing the pressure of said bicod in said pump chamber upstream of said
outlet so as to force a leakage flow of blood between mating surfaces of said impelier
and said pump housing.

19.  The method of claim 18, wherein said increasing of the pressure of said blood in
said pump chamber comprises passing bicod through a throttiing voiute in said pump
chamber.
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22. A blood pump comprising: a pump housing defining a pump chamber having an inlet and an outlet;
a rotor rotatably disposed in said pump chamber; and at least one lift positioned on a surface of
said pump chamber to create a hydrodynamic bearing surface with said rotor; said lift including a first
surface extending at an angle from said pump chamber and a second surface connected to said first
surface and extending substantially parallel to said surface of said pump chamber; wherein said first
surface is at least longer than said second surface. 23. The blood pump of claim 22, further
comprisingth plufdiityreftlifts. o 4ldithelBlosbgpeim padsita b 28t z8ugiheriiroghig firsiuse ifasaids

angled from, saidisurBce ik By DR ChRNRRSI S RBRELAPILL &S Ao e S AN AROHL 3 dggrees.

about 2-5 mm.

21, The method of claim 19, wherein passing bioed through a throttling volute in said
pump chamber comprises increasing a pressure inside the pump relative to the outlet
etween about 50% and about 100%.

22, Ablood pump comprising:
a pump housing defining a pump chamber having an inlet and an outlet;
a rotor rotatably disposed in said pump chamber; and

at least ohe lift positioned on a surface of said pump chamber to create a
nydrodynamic bearing surface with said rotor; said lift including a first surface extending
at an angle from said pump chamber and a second surface connected fo said first

surface and extending substantially paraliel to said surface of said pump chamber;

wherein said first surface is at least longer than said second surface.
23.  The biood pump of claim 22, further comprising a plurality of lifts.

24.  The blocd pump of ciaim 22 or 23, whersin said first surface is angled from said

surface of said pump chamber is between about 0.5 degrees and about 3 degrees.
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