WD 2007/ 115222PCT/ U52007/ 065717 ROTARY BLOOD PUWP
RELATED APPLI CATI ONS [ 0001] This application clains
priority to U S. Provisional Application Serial No.
woW78722738 filed March 31, 2006 entitl ed RotemysBloaoes7i7
Punp which is hereby incorporated by reference.
BACKGROUND OF THE | NVENTI ON [ 0002] Bl ood punps renain
particularly useful for the treatnent of cardiac
di sease and especially heart failure. Typically,

bl ood punps are mpi{ ¢¢ tient and
connected to the pa |ent95EW'lt PD’@ ry systemas a
ventricul ar assist device or, in sone circunstances,

as an artificial MEATEDARRISCATIONSI ragile nature
of bl ood and the absol ute necessity of the punp's
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._punp that in es both a hydrodynam ¢ support
deS'gnE@g)mée Hﬁ'&feé qaj%‘?ffa'l’mﬁagnetl c bearing that utilizes a
repul sive magnetic force. [0005]In the case of either
[0003] patrrtaxairpte, MBS! blRbdQIurips cOh@RImMRVINg S, adudh FBER impeller,

' that force blood into and out of the pump housing. If 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 pump that
includes both a hydrodynamic support bearing and 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
drive magnets disposed within the blades of the impelier. Electromagnets are



drive magnets di sposed within the bl ades of the

inpel ler. Electromagnets are positioned within the
punp housing to generate a magnetic field that drives
the rotation of the notor drive magnets and therefore
the inpeller. [0006] Both bl ood punps suffer from
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pump designs that can lead to pump fallure or blood damage.

OBJECTS AND SUMMARY OF THE INVENTION
[0008] Embodiments of the present invention seek to overcome the
limitations of the prior art.
[0009] Embodiments of the present invention also seek to provide a rotary
pump with a longer lifespan than prior art designs.
[0010] Embodiments of the present invention also seek to provide a rotary
pump that can minimize damage to a patient's blood.
[0011] Embodiments of the present invention also seek to provide a rotary
pump that can include reduced power consumption over prior art designs.
[0012] Embodiments of the present invention further seek to provide a
rotary pump that can more efficiently pump blood through a circulatory system of
a patient.
[0013] Embodiments of the present invention provide 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



punp with a longer lifespan than prior art designs.

[ 0010] Enbodi nents of the present invention also seek

to provide a rotary punp that can minim ze danmage to

a patients blood. [0011] Enbodi nents of the present

i nvention also seek to provide a rotary punp that can

i ncl ude reduced power cons tion over rLor art . .
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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] One embodiment may further comprise a spindle and wherein said
first magnet is disposed in said spindle.

[0016] In another 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.

[0017] In another embodiment a cross-section of said first magnet is non-
circular.
[0018} In another embodiment said non-circular cross-section of said first

magnet is substantially a “D” shaped cross-section.



[0014] A first aspect of the present invention

provi des a bl ood punp conprising a punp housi ng
defining a punp chanber having an inlet port and an
outl et port; a rotor disposed within said punp
housi ng; and an axial nagnetic bearing di sposed in

d pu chanber to, at | east rtlaII S ort sai
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shaped "cross-sec
aligned with an axis of said rotor.

[0021] In another embodiment said first magnet is ring shaped.

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

[0023] In another embodiment said first magnet includes poles oriented in
an opposite direction of poles of said second magnet.

[0024] A third aspect of the present invention provides 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 bearing within said
blood pump so as to cause movement of blood through said blood pump, said
movement of blood causing a radial bias on said rotor;, 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 one embodiment the producing of said magnetic force includes

providing a magnet having a non-circular cross-section.



[ 0019] A second aspect of the present invention
provi des a bl ood punp conprising: a punp housing
defining a punp chanber having an inlet port and an
outlet port; a spindle disposed in said punp chanber;
a rotor dlsposed in said punp housing and at | east
tiall aro i d, spi sa tor including a
0F281s: *radh@nothan srapLBAb heagrdidite Shcs et HRHRG & non-
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[0031] Another 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.

[0032]



[0025] I n one enbodi nent the producing of said
magnetic force includes providing a nagnet having a
non-circul ar cross-section. [0026]1n another
. enbodi nent the providing of a magnet having a non-
circular cross-section conprises providing a magnet
&ﬂﬁing a "D' shaped cross-section. [0027]1n anot her
[0 odi nent producing a force further conprises
providing a spindle around which said inpeller
rotates and providing a magnet in said spindle.
[0034128] A fourth aspect of the present invention
provi des a bl ood punp conprising: a housing assenbly
including an interior space; a rotor disposed in said
[0@3feri or space; an axial magnetic bearing consisting
of: a first magnet disposed in said rotor and havi ng
a north pole and a south pole, the first magnet
[0636Jped such that a center of mass of the first magnet
is offset froman axis of the axial magnetic bearing;
and a second nagnet disposed in said interior space
mg@qr a center of said rotor and having a north pole
and a south pole. [0029] One enbodi nent may further
conprise a spindle disposed in said housing assenbly
[Oﬁﬁﬂ wherein said second nagnet is disposed in a
sprndl e.

[0039]
[0040]

[0041]



[ 0030] I n anot her enbodi nent said north pole and south

pole of said first magnet is oriented in an opposite

direction of said north pole and south pole of said

second magnet. [0031] Anot her enbodi ment may further

conprise a position adjustnment assenbly coupled to

sai.d second magnet to nodify a position of said
[0Q44 ond magnet relative to said first magnet. [0032]

[ 0033] [0034] [0035] [0036] [0037] [0038] [0039]

0040] [0041] [0042] [0043] [0044] [0045] [0046]

[01{43547] [ 0048] [0049] [0050] [0051] [0052] [0053]

[ 0054] [0055]

[0044]
[0045]
[0046]
[0047]

[0048]

[0049]



8 WD 2007/115222PCT/ 1JS2007/ 065717 BRI EF DESCRI PTI ON
OF THE DRAW NGS [0056] Figure 1 illustrates a
perspective view of a rotary bl ood punp according to
the present invention; [0057]Figure 2 illustrates an
expl oded view of the blood punp of Figure 1;

[0080)58] Figure 3A illustrates a perspective view of a
housi ng 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

[0051]

[0052]

[0053]

[0054]

[0055]



[0060] Figure 4A illustrates a perspective view of a
housi ng m ddl e according to the present invention;
[0061] Figure 4B illustrates a profile view of the
waeogizp2m ddl e of Figure 4A along |ine -4B- #BTafS2007/065717
Figure 4A; [0062]Figure 4C illustrates a top view of
the housing mddle of Figure 4A; [0063]Figure 5A
illustrates a perspective view of a housing bottom

T ust r at es SEGFAAESERTRTIGN O HOERRRAANGS /50 o sa
according to the present invention; [0065]Figure 5C

[0056] | | ERjurat dRistrapdsd perspecive vibe dieuditary Bisdd pumplaccording to the

Fi,gure_ 5A according to the present invention;
present invention;

[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;

[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 botiom 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;



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

housi ng bottom of Figure 5A according to the present

i nvention; [0067]Figure 5E illustrates a bottom
wWOWeEpszRi ve vi ew of the housing bottom of Firgurs2oes717

according to the present invention;

WO2007/ 115222PCT/ US2007/ 065717 [ 0068] Fi gure 5F

illustrates a bottom perspective view of a preferred

oo R 2, DO OE 1 et BB RE R Y BT oo emoocimen

accordlfy 6 e @@gémhmwndl ng to the present invention;
[ 0070] Fi gure S5Hillustrates a perspective view of a

ha ass from Fi gure 5F;
[0069]'s ngre 5% |Ilu¥;trates a boftom view of the housing bottom according to the

present invention;
[0070] Figure 5H illustrates a perspective view of a shaft assembly from Figure 5F;
[0071]  Figure 5l 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 6D illustrates a top view of an spindie magnet according to the present

invention;

[0076] Figure 6E illustrates a perspective view of an spindie magnet according to the

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 7D illustraties a cross-sectional view of the thrust bearing plate of
Figure 7A;
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[0071] Figure 51 illustrates a profile view of the

shaft assenbly from Figure 5G [0072]Fi gure 6A

illustrates a top view of a spindle magnet according

wa mot/hs2pr esent i nvention; [0073] Figure 6B i IAcastsaetr®65717

a cross-sectional view of the spindle magnet of

Figure 6B; [0074]Figure 6Cillustrates a top view of

an spindl e magnet according to the present inventijlon;

00Z5] Figure 6D illustrates top view of an spindle

10081} 0 e B s £ o0onT Hewsdla TxblerRicoH acsording 1o the present
inventld?@76] Figure 6E illustrates a perspective view of an

spi ndl e magnet according to the present invention;

[0082] Figure 9A illustrates a perspective exploded view of a motor assembly

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 9C;
[0086] Figure 9E illusirates 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

present invention;

[0090] Figure 11B illustrates a cross-sectional view of the rotor housing top of Figure
11A;

[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;
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[0077] Figure 7TA illustrates a perspective view of a

thrust bearing plate according to the present

i nvention; [0078]Figure 7B illustrates a magnified
woReoBpeti ve view of the thrust bearing pl at ecafus2007/065717

Figure 7A; [0079]Figure 7Cillustrates a top view of

the thrust bearing plate of Figure 7A; [0080]Figure

7D illustrates a cross-secti onal vi ew of the thrust

earl n f Fi re A
1009415 oFti 338 fstiason &GS Rertiptalaviqw:of dhe raotor magnet of Figure
12A; illustrates a bottomview of a flexible circuit
according to the present ‘i nvention;

[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 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 biood 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 1o the present invention;
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[0082] Figure 9A illustrates a perspective expl oded

view of a notor assenbly according to the present

i nvention; [0083]Figure 9B illustrates a cross
wosmeviisral view of the notor assenbly of Fi gwcan®2007065717

[0084] Figure 9 illustrates a perspective view of a

coil according to the present invention; [0085]Figure

9D illustrates a top view of the coil of Figure 9C

r00106H,F Qe 46 Thisgmies 8300 Proos Apeiaral sicton  PralePaRERbosimen of

a maghefic ¥kiaWo@drirg éé&&aung%%\@ cRehtileiemor ding to the
present invention 088 gure 10B ilfustrates a

cross-sectional view of the rotor housing bottom of
[00107] Figure 19 illustrates a contour plot of the hydrostatic pressure acting on the

rotor assembly according to the present invention; and

[00108] Figure 20 illustrates a contour plot of the hydrostatic and hydrodynamic
pressure acting on the bottom of the rotor assembly according to the present invention.

DETAILED DESCRIPTION OF THE INVENTION

[00109] Figure 1 illustrates a preferred embodiment of a rotary blood pump 100
according to the present invention. The rotary blood pump 100 is coupléd to the
circulatory system of a patient, allowing blood to enter through an inlet 110 then exit a
short time later 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 rotor
assembly 105 is supported by an axial hydrodynamic bearing created between a thrust
plate 114 and a bottom surface of the rotor assembly 105, a radial ‘hydrodynamic
bearing between the inside diameter of the rotor assembly 105 and the outside diameter
of the spindle portion of the thrust plate 114 (or, 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 spindle ‘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 Blood 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 to zero
contact, thereby reducing friction, minimizing heat generation, and decreasing power

requirements over prior art designs.

—13-



Figure 10A; [0089]Figure 11A illustrates a top view
of a rotor housing top according to the present
i nvention; [0090] Figure 11B illustrates a

werogstseect i onal view of the rotor housing t a@Tafs2007/065717
Figure 11A; [0091]Figure 11C illustrates a magnified
cross-sectional view of the rotor housing top of
Figure 11A; [0092] Figure 11D illustrates a si rrpl ified

I f the rotor housm to
oot ¢ Paig Jo FRBe ) Bty Sxalodsn e ueials dHire Bamassemblies that
make@ tAe"RiAY PRBECHURABC DG Nehd Uil HIBTRNEsSEMBPL 161 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 that

accommodates an inlet passage 102C.

[00113] Figures 4A-4C illustrate various views of the housing middle 106 which
includes a groove 106B disposed around a circumference of the opening of the housing
middle 106 which connects to an outlet groove 106A forming a constricied volute shape.
Both grooves 106A and 106B cooperate with the raised portion 102A to complete the |
outlet passage 102B when the housing top 102 is bolted (or alternately welded) to the
top surface shown in Figure 4A. The groove 106B includes a relatively constant width
or shape while the outiet groove 106A increases in width towards its end (i.e., towards

~ the exit point of the outlet).

[00114] Generally, this volute shape minimizes the risk of thrombus formation by
providing a steady “ieakage” 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 cylindrical
gap between the outer diameter of the rotor assembly 105 and the inner diameter of the
housing middle 108, flowing axially to the backside of the rotor assembly 105. Next, 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 spindle 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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WO 2007/ 115222PCT/ US2007/ 065717 [ 0094] Fi gure 12B
illustrates a cross-sectional view of the notor
magnet of Figure 12A; [0095]Figure 13A illustrates a

wa mp7/viseay of a rotor axial magnet accordi ng te@Tidd®007/065717
present invention; [0096] Figure 13B illustrates a
cross-sectional view of the rotor axial nagnet of
Figure 13A; [0097]Figure 14 illustrates a

10011§] C BBFAGORSfar Op A diarel GevENGRRITD GaDBPS R Peessue gradient
SO *tha*él it(l?é;?ﬁeggg:ﬁsrrl]s%s‘%{é’ﬁﬁd SOPFRARL thé B of I dRABEDEBes. In a typical
left ventricle assist device (LVAD) implantation, this pressure would 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 nozzle. This is due to the volute and discharge nozzle
being shaped fo convert velocity head to static head and improve the hydraulic

efficiency of the pump.

[00116] 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 low and therefore if an efficient, optimized volute and discharge nozzle
(i.e., outlet 108) were used, the driving pressure wouid not be enough to insure

sufficient leakage across the leak 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 losses in the volute result in a lower
pressure at the outlet 108 compared to the pumping chamber inside the pump 100. The
resulting higher pressu're at the periphery of the rotor assembly 105 provides enough
driving pressure (e-g.,'about 100 mm Hg at a given design point, e.g., 1.3 Ipm, 25 mm
Hg at flow rates below a given design point, e.g., 0.7 Ipm and 200 mm Hg at flow rates
above a given design point, e.g., 2 lpm) 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 at the outlet.

[00118] Figures 5A-5G show the housing bottom 104 that defines an annular
depression or compartment 104A (seen best in Figures 5D-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; [0099]Fi gure 15A
illustrates a cross-sectional view of a nmagnetic
axi al bearing according to the present invention;

wo 0071106322Fi gure 15B illustrates a cross-sect ipeials2008y8717
of a magnetic axial bearing according to a second
enbodi nent of the.present invention; [00101] Figure
15C illustrates a cross-sectional view of a nagnetic

axi al bearing according to a third enbodi nent of the _
Comp%iﬁr@%rétnlo‘}aﬁh{ﬁeg%aﬁ@ﬁ;(6{9001%6% welded) at aebettam(if the esimp 100 with a

bono@b&%rqrﬂ%%eé‘?ﬁééz]%aﬂ_i Mbqwl.of the rotary blood punp of
[00103] Fi g

Figure 1; ure 17A illustrates a
erspective cross-sectional view of the rotary bl ood
[00119),ndy agidilipnyde dha :mpiop BSaeMbIvy P2 theBcompaiment 4644 also allows

Al » . o . _ _
cccos YA i 9 PB. 4 orig ly ! FELgEE°A70) whi
contain®phe repirgdls evagoetall 19 eeenfin aFigageebHe gXiald BEardmythe shaft

asserr%%%@éggatz%érgﬁé%ggg%é%%%’;a(?(rét tljrf») the a%% 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 spindle magnet 119 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 spindle magnet 119 within the interior of the
spindle 114D. In other words, the user can rotate the shaft assembly 109A to axially
move the spindle magnet 119 (visually tracking the rotation of the assembly 109A with
the marker 109E). Thus, the user can fine tune the axial magnetic bearing as desired to

optimize performance of the pump 100.

[001 20] In an alternate preferred embodiment, not shown, the compariment 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 removable, preventing access

from an outside 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 spindle 114D
containing the spindle magnet 119. The thrust plate 114 has at least three lifts 114A,
each being made of an elongated sloping surface 114B and an elevated, shortened, flat
surface 114C. In one example, the elongated sloping surface 114B is between about
0.5 degrees and about 3 degrees relative to 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 plate 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
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[00106] Figure 18B illustrates a top cross-sectiona

view of a preferred enbodi nent of a magnetic axi al

beari ng according to the present invention; [00107]
woRogurie2z219 il lustrates a contour plot of thepcr/us2007/065717

hydrostatic pressure acting on the rotor assenbly

according to the present invention; and [00108]

Fi gure 20 illustrates a contour plot of the

hydro ta nd nam ressure acting an
seen B0 Bo BAT Yoo 2R PR SS THORGArH L o e ricRNes pHigaAte hereby
mcorpbfa{&jﬂb Qéferépg'e’Al LED DESCRI PTI ON OF THE | NVENTI ON
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oot TR b SR i P e B A B hare the trus
plate deci£ast e with &l inbas® tﬁotﬁ)fﬁﬁmflé’g aghe me@stg;slate 114 is
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and
104, the;tiggniym il [SAiNGGeRPAY] e 106. Figure 3A illustrates a
perspective view of the housing top 102 including an
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constrlcted vol ut e shape. Both grooves 106A and 106B
cooperate with the raised portion 102A to conplete
the outl et passage 102B when the housing top 102 is
bolted (or alternately welded) to the top surface
shown in Figure 4A. The groove 106B incl udes a
relatively constant width or shape while the outl et
groove 106A increases in width towards its end (i.e.,



[00114] Cenerally, this volute shape mnimzes the

ri sk of thronmbus formati on by providing a steady
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waosiegnatnon of the flow. As seen best in Fi gwcaasidzoss7y
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assenbly 103 described l'ater in this specification.



conpartnment 104A is sealed (e.g., |laser welded) at a

bott om of the punp 100 with a bottom cover 115 (seen

best in Figure 16). [00119] In addition to the notor
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114 (Figures 7A-7D) which contains the spindl e magnet
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WO 2007/ 1152221' CT/ US2007/ 065717 [ 00125] Addi tionally,
the notor assenbly 103 includes outer nenbers 135B,

i nner menber 135A and top nenber 137 which are
wqonef/esszhal y conposed of a nonconducti ve nmat empicalusted7/o65717
hel p electrically insulate the coils 130. [00126] The
outer shape of the rotor assenbly 105 is defined by a
rotor housing bottom 126, as seen in Figures 10A and

118 as seen in Figures 11A-11D.
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100A F3f, BESRET Pk« VD, BivSBie SR5e o6G " fol Beneatn is
threshcﬂGOTVrijb'ﬁﬂib?E’@ﬁdﬂéSﬁagﬁétOﬁ@ Iy G8H28ly be ppiopedffroretof many

iment, the notor rotor magnet 122 i's conposed of

dn‘ferencf fmntarf?lﬁiw%to theghlr axiayMageei 224 havi ng al ternating
polarity, as seen in Figures 12A and 12B. As the

[00135¥0Vﬁguﬁe51§ﬁémiu§|%té§ ahBﬂ]éFDéreferéb%Séﬁ%M:rﬁ&ﬁ oft ih% 5>9!a|| fhagnetic
ener at e magnetlc ields that drive the

beaﬂngrargn@mcnze;acht gl dhe gragnaty 1tk andt a4 @é%m@ﬂSEGSOf two distinct
T f
magnel$AG8he BEARY f BhSly HEN e\ g BBl QALY i pote. For

examptehdaherMmmme&u‘mdagqoﬁOi&4AThi meatdtmraa:xléaiamagmtdﬁtt iz paditioned so
rot.or. ass 105 t.owar he thrust plate 114, .

that its RS Bolg 1S PEREB A Io ekt e pois Grtha dskig paoneti

105. Previous rotary punp designs, such as those seen

in US Patent Nos. 6,234, 442 and 6, 250, 880,

primarily rely on hydrodynam c thrust bearings to

overcone this axial |oading force. However, since

t hese hydrodynam c bearings utilize a thin |ayer of

bl ood between a rotor and a thrust plate, the passing

bl ood nmust support the full force of this axial I|oad.



WD 2007/ 115222PCT/ US2007/ 065717 [00132] As seen in

Figures 14, 16, 17A and 17B, the axial nmagnetic

bearing i ncludes the rotor axial nagnet 124 and the
wospbTidszEzzmagnet 119. I n one preferred enbodi mewmuss®enss717

in Figure 14, the rotor axial magnet 124 and the

spi ndl e magnet 119 have oppositely aligned nmagnetic

fields in the axial direction. As a result, the

feg'O“g??Bacﬁ”Bif? r}ggiﬁéo%f‘é@?ﬁeg'ﬂaﬂe@ Ie gf:gong{#gagﬁggpt 119 is

orienté®@6 ®At ithSsdudh Qiol@%sﬁﬂmlﬁg TRwnviArs 8wt the south pole of the
illustrates a simlar preferred enbodi nent as Figure

bottom magnelipredion Hd 9Bollathis yespedt Hbe v snagnetio beadng zaduces axial

o2 o S BHET 35 00tk SR BG4 950 B ot o v o

magneiwrzm@wchﬂ'@emmqje oiagriet 142iand armgmmlwe:fdo@@bemen the ends of one

Pr ef C SI tive, f houl
magn i B vetendl s for bt axemBie 25 Suferanuy Balss:of rotor axia
magnelr Ger piodlugé abidpulsivd hifcé @hoheasaséduth Hakesabidinar it magnet
undesirabl e notion at the nmaxi nrum speed. A ni ni num

119. {nthis wsperk nih Alacive aod Jepuisve torees pre-reaiad between the

o 198 16T B Ay ANEASS BORBIEH 83968 0 cnenw

imposed e e rator assamlsly 46p! i cati on) and may increase
henol ysis. [00134] Preferably, the optinmm position

[001363“ |hh%n%p1e?dhﬁerf|8ﬁ%&‘:é ég];@{r‘?&ﬁaﬁﬁ?eg}a%wg{ﬁqeﬁ 9@ 124 can be

compoaadljouiga plnra&:tymfc&ﬁe:qem ebatbinatiohs @b F:egj’ IS, rrEnlr gxamples efle magnet
i s determned, hy characterizing. the raulic
119 maZ hAGs AARQS O SHBOmATeE9S G1° BifiepG1adase A2¢ s A Mhfagion on

top angReELN- $$e§i§héﬁélcb\$*'le% d@?i‘éfbdoi‘rhnﬂggfe L F%:Hﬁléh#tdné’ﬁ'na net 119
unps i s adjusted to a flow of | pm and a pressur
could aver g8 N 1qgiamean tee apdsan S regiontelewivdieraag it othep magnet
{: otor assenbly 105
124 h#ﬁd gﬁ%;h;egs &Fé(dlod Qsc‘Hgﬁb{éd il F% urghl%c{ ening to the pump
housi ng assenbly 101 for a change in the sound
[001373r othe: dayce \Weanerateds by ntheabaialt ynagnetishbkedring in either of the

embodﬂ'ﬁéﬁt@t Slgr%vvi § Fc‘a}ér{ea f% ea%ué %%S aan blaé{&jstt%cifpé(a{qplacmg the

magnetdil $9 tahaasamm higiies or t%r%@eﬂ@ﬂﬁrrﬁ@@ét%t ofiéﬁnmiﬂby adjusting the

el OSIt,IOﬂ d at one of many differe
height R SRS TAHEL 125 (44 BB 109 B SRl thesiroaded shaft 109
posmoﬁ@c@%&%gﬁ'cﬁHg& Fila'%éagé '1'62?3"5\‘ %ﬁ&gbeﬁémpﬂﬁf em@‘%ﬁmdle magnet

nbodi nént o axl| al rragnetl earing 1 n
119 cagale® pesitioned rﬁi@wbmew@vahdn Telative do dbemio@edixtﬁ nagnet 124 as

shown ‘ﬂ'\ E %JP%% é ﬁr%gﬁel%{ﬂ\ V%g%gooﬂﬁix rﬁ g§ tlﬁ# H@‘ﬁg (ﬂthgd a¥<|al force on the
rotor aesrem’pllyel 05 bleatlowerre@lvatlmm 0 eghionizd 24 upﬁmatrdjlq didcedd axial force

a 24 is positioned so that its north pole
on the r°§° %??‘?t’gﬁq Qéwnward towards the north pole of the
bot t om rmgnetl c WO 2007/115222PCT/ 13S2007/ 065717

[00138] egh 9ol AdBer SmBddfhibdis dfftBe iMntBaNSk Btdradia Wﬂé@*ﬁthf% could
the spindle magnet 119 is oriented so that its sout

be a pegnanent BGOAE n@ea%aﬁnm arindlenatagsaet Hd o seauith moae‘ea'pmagnenc

materidl N8r U%Et\%'&ga%}gfllbﬁ Y néiégrﬁa &i ﬁf@ SnH&HRSal rlhggnet 124
axi al magnetic ear! ng r Uces adial | o4 by creat

could ke cemprisedi ofeaftwioc sefraise cegiohe centoeirg @ madel ofka permanent

meref e g 155805, e PoePBA0 Bk b AR of o

one magnet and the center of the other. For exanple,
the outer south poles of refor axial nmagnet 124
produce a repul sive force on the inner south pol es of
the spindle magnet 119. In this respect, both
attractive and repul sive forces are created between
the magnets 119 and 124, thereby countering at | east
a portion of the axial Ioad ot herw se inposed on the



[00138] In yet further enbodi nents of the invention,

the rotor axial magnet 124 coul d be a pernanent

magnet whereas the spindle magnet 119 could be a
wdadmnT/osEgnetic material, or vice versa. Sim |mrinszoedrzees717

spi ndl e magnet 119 and the axi al magnet 124 could be

conprised of a two separate regions, one being a nade

of a permanent nmagnet material and the other a

ferromagnetic mate rse the polarity of th
magnes m@?ﬂafsﬂ%ﬁ}%ﬁ@ﬁo@@%é IMegh et PYldnaPRicm & iape of the
embodifen®d disBeSRAYUHRE BRI tHHbWIE BHY 26 Bé%irﬁl Goitd aﬁ BRscussed in
enbodi ments di scussed above in order to pro |de
conneastcprawnbélw inygnMii@hd as di scussed in connection with
the invention. [00139] It should be not ed t hat
[001381 It%ﬂpuﬁfﬂpﬁbtga RHnbNEERARENS of¥iPinddRafic BaPbéaring are

possi bl e accordin e presen |nven
pOSSlbée(anmrdlngttloetheq:treseraxnmntlmg nlécnrsemlzlple,othieorow axial magnets 124

S e quter ci um‘er e of the r or :
coulc He BRRGSP 58N, ot u M SrefindiRoT el TS rdios a35erbp 405 whie the
spmd@masgtmq 19idolichbé entsdddiedawithin ftihé BRI Be 'lﬁbddﬂng middle 106.

respect, the different position of

t hi
In th'SrFﬁﬁPF‘c‘é%tsthﬁéi}%%ﬂeQb P¥itien ok thinmaegngls May @lsa BrogyRp @nsaia force to
compér%'éltéjfb\“@%hﬂlaﬂf s.lép@éawlag oP{het rofor” %*sembggwgrbl y 105.

As best seen gure 1 d enters the

nR 100 t hrough inl et passage 102C and i s di sbursed
[0014tﬁy foephran br Fipueride, Dlogd esers tha@umip 1068 thraegh inlet passage

102C Qﬂt?lise{jl'é?@{?e Wwbhﬁx%gég@ﬁgggq 19 6’\%3 (Sf?%trtopggafo tl-% Top9rand either

into thewtobutd eanalf driviea ouwitairthasssiebl §8 mmdnhe didtee of teopump 100 or around

o SR LA Rt T o e LS o e
hydrod?lﬂaﬁﬁ& ghraBdbédihd) Grief trRESEHhy ghg%éi%@hlth@%pﬁﬂiﬂe and the rotor

for the journal bearing In sone
assemplyst melgplying e g f@rxlihgﬂmé{nﬁb@@@ﬂngm as exerted on
the rotor assenbly 105 due to the novenent of the

[001 4‘ﬂ| (’Iﬂ%cfrﬂlé)iﬁsfd?{c% %’eﬂehﬁa@ Q%t 4 QQdeQiés eXaRRY %{1 tRS réiBE assembly

is forced to exit punp 100, “an out
105 dq@rt@stban‘@o\&tmerﬁ@f the bl@pddh%é'mowgi’athecwmpa@@e Hdn@xample as the

blood %I%?cge:hfgog eg 'Frb%z%%ﬂn{rd‘?gg %ﬁ ror%x?léf gﬂgggx %%?trg.ic%u@% arjses that can

cause thedafb8d3aid bizp @mstatirotor @bsémely #38. aln (h'leaﬁreffr@'!’edJembodlment seen

in FIguEES B it b SR THES CRIGRISAIPY ol ihé 11aaiak P can be achieved
througmﬂﬁé‘ﬁéé 6f Q?é’dlall}gaéﬁnrfléﬁﬁ‘faﬁoﬁﬁoﬁé%ﬁ@ Plrﬁ)‘l’é n@ﬁ@ﬁ 1n§m the axial

. For exa he spindl e magnet can
magneagﬁﬂaéﬂgut@are@e arbﬁaymamtmaldnmt@efmw orfdr exaaps, the Splnd!e

magnoth o280 ey el et b0, SIEASlo Syhe spon as e

shape Bf gpindicc@agmbi $13 iapauren Bﬁ)eamﬁlEt archegindle siaghe@1 VB ghown in

. tq, L ncrease the magneti for in_a predeterm ned

Figure &G o JYS R CAB R PoR %ﬁﬁb%% avRK fS (BIORER A magnetic

force PPefidre@alelminebheiiret e aried Qﬂégﬁftud‘eo' Bﬁb@snﬂ@@@eihell)?as force.
produce a greater nagnetic f d relative to the f

Specmgalbfe the guptererreqp i Spindhe naganed|1d Onpigaeee a1grepter magnetlc field
t n A | &

v ARSA Y, UBind ool o g 588 aucn it e

center l@éaisl magssa redoffded rfefroram amsaifsrotatﬂ‘ohscm‘ttheeamll meaghetic bearing and

r ot or, axial net t he rotor e 05.
thorefolg o158 SS3a RS i85 58 P AxehagacHen d 2 hg rotpp assebly 105,
spi ndl e magnet 119 having the greater magnetic field
can be oriented opposite_igg_ﬁirection of the bias
force (bias force pointing rnto flat side of nagnet
119), producing nore force on the rotor axial magnet
124 in that direction and thereby reducing or
substantially elimnating the effects of the bias
force on the rotor assenbly. [00142] |In another



[00143] I n another preferred enbodi nent, this radial
bias is conpensated for by offsetting the spindle
magnet 116 fromthe center of the spindle 114D and

wormbonsazi al magnet 124. For exanpl e, Figure pt@AIS2007/065717
illustrates the spindle magnet 116 positioned to one
side of the center 140 of the spindle 114D. Dependi ng
on the configuration of the magnets 116 and 124, the

of fset spipdl e magnet 116 roduces a net radial force
Thus, 3ae 2¥ea B W§9ﬁ@51 tha'ﬂ"é@ thengrgatasymagaeliq figld can be
h
orlenté&iaE)?gbﬁ{beI gHSH Ieﬁ?c‘rfﬁo%mu ggghﬁ‘ﬂ)‘t’é’%f&g oo giiall'c%ele ﬁf)ﬂ'ﬂﬁg mlto fiat side of
magnes i Meproduang rmorteeipreg ooﬁna]romn aiad mmptedewﬁ thlateﬂlrectlon and

norof! 8550ha 03 Bl 41085, 8 5 i g om e rotr

assenWmeen the notor rotor magnet 122, the stator back
iron 120, and the axial nmagnet 124 and the

h,th I .
oot o OGE BER SRR ThkhriL b Ebgadd i uroco
featurd ity a@pﬂbﬂh?%rﬁi‘cebhm g Ppddy). ort Bief YUMEEE IgBBRINST changes

bl ades 118A of the rotor top 118 generate hydrostatic
along Wrecibgyft platrokid, dhe ISt wircymigreatial sugiasaroé thie Bpusing Insiddle 108,
or botl’i h glﬁcfnpethggé lf@étuil&suné\,rrbrﬁl/ 'ng%SEéth(eugﬁ'oﬁ%é oft the housing
al'l” wette

ressure 1s a ,
mlddlest(.‘ra‘ aclaedrotﬂyrta‘nmcrbmaongwdrdma:d;on@ne'ﬁide sfuie gfurah it 80, creating a

viasing K T, Aireieb R B RGeSt Bneg e BeRB cedihidsedynamic
bearingginthdeutlef f0SCbibs fbreenabiy QibstavRi¢FedUdegy can nore
easily be predicted with conputational WO

007/ 115222PCT/ US2007/ 065717 f uid am ¢ anal ysi
(00143, 1 3iaihen refers k STEQR{STR: it afecd e d§/rfm%@sated for by
offsettzﬁ@ﬁﬁ)é dpincle Imalrie ﬁ'seﬁ&ﬁht thlér&gftéi”blt fhat spﬁﬁ&il@‘”ﬁ AD and rotor axial
nodel i ng and prediction of per formance of a punp.
magnetgdy e%qugrrmle,t ﬁgyr@h&ﬂy@%ra@%mthermmdi@ magnet 1d6 positioned to
t e
ono SEEBEND ASELTI BRRTELAUR 1A FARGHEyBIREEREd BB of e
magneﬁ ﬂll@laedcwdf tres off setrapiridie m@ne@ﬂdﬂiﬂ@@ces[@ﬁét%bna@ftﬁce as the

Al CE
rotor aSREb 19BuREREaANTS: DY HEANRS eI IRrEe M p@saliand opposite
force, thBeaGial biaBWRAdduRed by tReticst &xififgte fimp B8N BRBILAIRacted.

rotor assenbly 105 with the backsi de housi ng

| ear ances and ydrod nam ¢ bearings was use
[00144],, ANl pepecto &E?.M@S?{H ipMentiasy @rthas@wtgmmfst%aydrostatlc

pressuf&ag%ﬁ ARRD, rkﬂeteﬁ@al rIB% @ pBRRRIMY rﬁ?l%a lragttgg@neﬁﬁg the stator

m nar nodel was used since the ca eyno
back Irﬁmrt?é} angt enaxdahmagopt 234, anthihehhydsodyiamini hesringt ¢reated with

ot 197 SARAEGANIIEI) BT AN, L7, 0" ©

[00148] R=pVD/Ip [00149] In this formula, p is density
[00145] 1.[urkgy dperation of vk quimy 108 Sherm;[)veannpmllel' &iadEICe18A of the

ot o 1 84 Bl PSR bed 6 SRR b5 %kte useru fow

through el 8elléit 108. PIre&is Bertrifgdd! painfys 4 'h?dfdétali'b E8EUTR!iY applied to all
105, The pressure units are in_pascals (1 pascal =
wetted gisfacermpiighe oS ARAROUSING al T 2augn off thiddyseastatia @ressure
LAdi gt t t f
produck P i f?%teod?‘a*;‘ss@%ﬂ’ﬁ%%”%%%7%%{“8222 EfeRfod 73ng forces can
be diffipigdt {0l meaSures inpweVie tham la:laarmweeeamfy behpredimtaxt with computational
assenmbly is 1.041 square inches, indicating that the
net hydrostatic axial force acting on the hub is
1.472 pounds directed towarg the rear or the bottom
of the punp.



[00151] Figure 20 illustrates a contour plot of the

hydrostati c and hydrodynam c pressure acting on the

bottom of the rotor assenbly 105, i.e. the rotor
womusisgzbot t om 126. The outline of the threediifsta7/065717

114A on the thrust plate 114 can be seen in Figure

20, as the different pressure regions produced by

t hese bearings. The function cal culator of the

fluid d@ruggﬁ\{\cgr@ﬁgli/ag %aﬁgéy%%&tpé 2&.2 ghﬁaﬂo‘n&bﬁwdﬁmam:cs (CFD) is a

finite aa%n%ﬁa&r%ﬁﬁltﬁétlél%ﬂ&y/nﬂ%m& alrib‘lgréo%tr%%%f e Eéﬁ&%a%ce of a
or 219 psi. The area on the r
pump.hd; b@lrﬁgﬂtﬁo@fﬂbm argdysis cai éhﬁnlb@m&e@ trudetermimehgusch parameters that

can oA Mo ST ARKREC el SE B PoB1Be! oy

resultihg fdrbes, aresgieatr., t he CFD cal cul ati ons show t hat the
net axial hydr odynam' c/ hydrostatic force acting on

he raotor ass rence betwee
100144,c0n8, AmBERHILCER ety ANV EroE oA ity Sgts @ CFD
modelagfdthie ;hptmrma@cﬁora Ofo BeseiEabht HBHtidre O B8AodieUNEgel of the
in a direction towards the rear of the punp. This net

complgge; VQFW%?HW 469 M‘M?d@%ﬁ'ﬁ@ heysieg slesrpncssnckBydrodynamic
t a
beannﬁ% vl?ast U§e<fl 8ﬁﬁﬁéé 'fr% e{c?lﬁg‘:}{g?e %&?r}?&s = gllﬁli?el O%P5Y ieakage
behlnChthBrratCtrlaseembiyc‘d)E or t he not or magnets 122 and the
back iron 134 would be about 1.1 pounds. Hence, the
[00147) SACAYNAT ;‘-nébee"i”dvgg Js%ro‘T%%cByFﬁeh%aich [ehed HAMN I thumber is a
onpensate for a conbi nat
maximtuyrd b @pa amhhhigdwels withirc tHeolareingr. 20@epandhde)l tasholy tihe transition

2 .an ck iron 134 attractive force
range Bh2 300 157 R & Mo APmad S umBRcE’ of “at | east
1. 302 pounds. In other words, the hydrodynamc

[00148)ear:pyYDyr oduces an anount of force adequate to
conpensate for both of these forces, thus maintaining

100143]o inei o ouuB Ghis st it & s B Mioniais dearance

(0. o12w&rn drfiey ROWSAdy s Sedpzhy 101.  [00153] I n
conc usion, the operatlon of the punp is described.

operation, the bl ood 0 100 is connected to a _
[0015QJ| rlgVeR &9 hopst @ eoRtous I@aﬁtra@ﬁﬂ gfythe hydrogtalic prassyrejacting on
the rotbhﬁs%b t101508?;hé_ E)‘?e ¢ LARS 'aY@ﬁr?é?%éH}’s HTEQQCEE?‘J:"E)U%Q%m Hg).
act ua ing t pun'p contr er. e
The fucoimrr cilcelatatedfithe software mcirabes that ¢heehrsa avarage pressure on the

r t f i.bl ircuit |ch he
nub ofg el il st B85 e BEStels &0, 72199t Feh 415 psi).  The
annulae udreandf tHeavebi r@stmbhu g 1t ol un@relﬁﬁﬂe@f ifdigatiegl ﬂh&t the net
130 creates a magnetic field that interacts with t

hydrostaiicoxitd gieet acting, Oruﬁhﬁ\nq#glsﬂhw BPYRdsEisRaied joway th% rear or the
boﬁon{&ttﬁé%um}]’le magnetic fields of the spindle magnet 119
otor axial magnet 124 interact to create a

gFetl c axial bearing to help maintain the axial

[00151 o Sriguien 261 illupiEatest @ rcagawnplop afothed livdiegtatist apd didrodynamic
t t

prossf abff 6165 LERRTS) el o LBhpg 0 | 81k Al Housing otor

126. Tinedyudlihenainthe tinrlelelJEﬁB oy n)nnma:the.mt@ﬂatby mhuanlbef $eenlihfAgure 20,

t he thrust ate 114.
as the Ylielolf iy SaeiEe r@BhEoroctiogtitiIBF re e o elnction erjguiator o
the softRaRy indiuaséd thalt Qe hlBrabtatke phiseard buiet mhleme@tonléﬂthree fifts
and inlet passage 102C and out through
2007/ 115222PCT/ US2007/ 065717 the outl et 108 In this
respect, the rotating rotopsassenbly 105 drives the
patient's bl ood through the punp 100, assisting in
bl ood circul ation.



[ 00155] Al though the invention has been described in
terns of particular enbodi nents and applications, one
of ordinary skill in the art, in light of this

wd meghsng, can generate additional enbodi mentpgTaRgdee7/065717
nodi fications wi thout departing fromthe spirit of or
exceedi ng the scope of the clained invention.
Accordi ngly, it is to be understood that the dravvi ngs

descr tlons herein are proffered_by
114Ab°»x L s (F%%Mf.%%%ﬂﬁﬁ%éﬁé?w oft hﬁreéea@methﬁur@wr housing

org 4558045, L1 AT HES s i A i ep s 127

pounds|imaréigctien away frgnb theorgap ohiheqump. si ng: a punp
housi ng defining a punp chanber having an inlet port

[0015%”0'1@%%“ 'rgépéb‘i”thea BT cgl'cﬁl%?ﬁ% ‘é&ggrl nbhsag' qu Mt axial

axial “magnerti
hydrodymasac/hycﬂmstatuchbnd:eractmg an theasjmtpasi?erabllywwmpetuﬂhe difference

betwef 1, 7S =5ty ey iR af 508k SSSemby TR and e bpgm of rotor

assemniis $0@)f isS®PO2 foumibs Wﬁ@@?edt@n%fm‘éﬂis fHeOra=p b W Pullp. This net
sajd axi al magnetic bearing, said first magnet

axial @@F@dvaﬁﬂnqhmf@égﬁt@t io(fcer &<0eCombines i fine dorcadiestilting from the
actuon%'fﬂ?&ﬁlbﬂﬁ magnetd H R ang &R irBh 1%|4aﬂy'b1c I%Héﬂ(l? forge for the

nmprising a sp |n erein sai magne
motor Gﬁﬂ@mﬁ@d EEeriarthlb bpchdﬂoe 138 wo‘uh:b bbl aiuthpun‘ppcmhdsl aﬂmce the

hydrod%.v‘nzzzl}‘}‘lti}(:3 [)Sérr:]ngc’ ?ci)r%‘leacf(i) then?ﬁsn %4& mus nrﬁpénusra e ?or a combination of
the net hydrodynamic/hydrostatic force (.202 pounds) and the motor magnet 122 and
back iron 134 attractive force (1.1 pounds) for a total axial force of at least 1.302
pounds. In other words, the hydrodynamic bearing produces an amount of force
adequate to compensate for both of these forces, thus maintaining the overall position
of the rotor assembly 105 during normal operation with minimal to no physical contact

with the housing assembly 101.

[00153] 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 activates the blood pump 100 by actuating the blood pump
controller. The coniroller delivers the appropriate electrical current to the flexible circuit
132, which then distributes this current to the coils 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 spindle
magnet 119 and the rotor axial magnet 124 interact to create a magnetic axial bearing
o 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
hydrodynamic thrust bearing created by the lifts 114A on the thrust plate 114.

[00154] As the rotor assembly 105 rotates, the impeller blades 118A on the rotor
housing top 118 drive blood from the inlet 110 and inlet passage 102C and out through

-5



conprises 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
wamerisg: said sebond nagnet being di sposed m@Tﬁ@mﬁwm57n

rotor. 4. The bl ood punp of claim1l, wherein a

cross-section of said first nagnet is non- circular.

5 The bl ood punp of claim4, wherein said

-circular cross-section of said first nagnet

IS
the oudghid8nt is fpspecipthestoiping rorsassembli the driegs thetagisat's blood
throughU4AB Wgﬁﬁmm@'dagrsnﬁg ﬂfﬂBoB%hlﬁE lefining a punp

chanber "havi’'n ort and an outlet port; a
@Flndle dlsposed in said punp chanber; a rotor
[00152) sfbkeupn ntheaiiaveniign hbasi hgerandestritesasin piarms alofy pamcular

oG BB oS 3 B LY SO 4088, 1 Bt i cacring
can gezma;hedadmﬂgmat enhbsdms@tts \ant maodifeEtidns pithdledesaating from the spirit
o o SR8 0a TR 36 s BRI Bl LU, TS5l TP dp o ucerstoc
that th‘e‘;rxurawurfgssahd b@gcrﬁﬁ,bﬁswancarmmrea AR Bf XARPIE BFfacilitate

radi al magnetic force in a predeterm ned direction
comprglieRger of therinerntipnsanchshpuighpaldee construed to limit the scope thereof.
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wherein said first magnet and said second magnet

conprise an axial magnetic bearing. 7. The bl ood

punp of claim6, wherein said center of mass of said

wd 1wwttsmagnet is aligned with an axis of sai gTaiR067/065717

8. The bl ood punp of claim7, wherein said first

magnet is ring shaped. 9. The bl ood punp of claim7,

wherei n said second magnet has a non-circul ar

cross-sectional shape. 10. The bl ood punp of claim
VVhat§(9@mg¥@§n said first magnet includes poles oriented

in an opposite direction of poles of said second

et, 11. A net.hod of conpensating for radial bias
1. P@%E?%I%Wﬁ?mﬁnﬁ'aﬁpri sing: providing a bl ood punp
for circulati%g, bl ood; rotating a rotor on an
FxPUPP RoYRIBE; ATINING 3 RYMA §hamPes A1aying bl pest ans a outlet port;
to cause novenent of blood through said bl ood punp,
HIQOTRISRIRSWIERIN SAKRMBR HSHRIGIaaR A di al bias on said

rotor; roduci ng a magnetic force having a

P ! ] : ,
SAfbarvighagnelic Hisgone tdspasedcini $ald annmmetambet o tab least partially
suppoﬁ[a.ia% Fshi al bias, said magnetic force being generated
y a naghet shaped to have a center of nmss spaced

¢ . ' . . . 5 he
SR aRR e o&dirt AELBnd BART rdort 3haPy sudf inal Leenter o
mass oibgaie tirst hagret is oifbetdesm mnoaisiohgaid axg meagrivici btgiriag, said first
qon-ci rcul ar cross;section. _és The CFEt hod of claim
magnglgengraling;dmagaeiic e it Seecl e@mﬁjﬂ%t 1eshPhg a
non-circul ar cross-section conprises providing a
2. ’ﬁ,%nﬁgog %\Urﬁ] o’fa cla[zjm Fhﬁﬁﬁgr gcr)r%?)ﬁsiﬁgcé Isfn){r]fclle and wherein said first

magnet is disposed in said spindle.

3. The blood pump of claim 2, wherein 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 rotdr.

4, The blood pump of claim 1, wherein a cross-section of said first magnet is non-
circular.
5. The blood pump of claim 4, wherein said non-circular cross-section of said first

magnet is substantially a “D” shaped cross-section.

6. A biood pump comprising:
a pump housing defining a pump chamber having an inlet port and an outlet port;
a spihdle disposed in said pump chamber;

a rotor disposed in said pump housing and at least partially around said spindle,
said rofor including a first magnet; and
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14. The nmethod of claim 11, wherein producing a force

further conprises providing a spindle around which

said inpeller rotates and providing a nmagnet in said
wos00Tidb222  15. A bl ood punp conprising: a howsimgg2007/065717

assenbly including an interior space; a rotor

di sposed in said interior space; an axial magnetic

bearing consisting of: a first magnet disposed

in said rotor, and having a north pole and a so
280 B8 B 205 RTR ¢4l 2860t bt shaped such
that amﬁerodf hBes bf kaid &Rt magnef %Sdﬂsef FOM 8A Bxd 8f 8hid spmdle S0
the axial magnetic bearing; and a second nagnet
that sgifl 566986l magnesirioYides & redused sadinemagaciiefares imA radetermined
r le and a south pole. 16.
dlrecthjqbﬁm%ggro'ﬁﬁﬁ%ﬂﬁe%oﬁa nﬁ&irgﬁ further conprising a
| e S ' . er.ej .
%@%c{jﬂé@escéga I rﬁggtl& SR %g%ggec‘eé | nﬁ%ﬁ@%f’%%pgﬂge %’E_z{x%g’nagnetlc
bearingl ood punp of cI aim 15, wherein said north pole and
south pole of said first magnet is oriented in an
opposite direction of said north pole and south pole
7. dihesllpdd pecgndf okEimes, wharin Fdid dentevchfpoags of saiddiren magnet is

) 5..furt her ing a position adjustnment assenbly
a"gne%&‘ﬁtﬂlaéba)f'%ogﬁ?'a‘pgt’éond magnet to nodify a position of
said second nagnet relative to said first magnet.
8. The blood pump of claim 7, wherein said first magnet is ring shaped.
9. The blood pump of claim 7, wherein said second magnet has a non-circular

cross-sectional shape.

10.  The blood pump of claim 9, wherein said first magnet includes poles oriented in

an opposite direction of poles of said second magnet.

11. A method of compensating for radial bias in a blood pump comprising:
providing a blood pump for circulating blood;

rotating a rotor on an axial magnetic bearing within said blood pump so as to
cause movement of blood through said blood pump, said movement of blood causing a

radial bias on said rotor;

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.

12. The method of claim 11, wherein the producing of said magnetic force includes

providing a magnet having a non-circular cross-section.

13.  The method of claim 12, wherein the providing of a magnet having a non-circular
cross-section comprises providing a magnet having a “D” shaped cross-section.
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14. The method of claim 11, wherein producing a force further comprises
providing a spindle around which said impeller rotates and providing a magnet in

said spindle.

15. A blo_od 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, the first magnet shaped such that a center of mass of the first

magnet is offset from an axis of the axial magnetic bearing; and

a second magnet disposed in said interior space near a center of said

rotor and having a north pole and a south pole.

16.  The blood pump of claim 15, further comprising a spindle disposed in said

housing assembly and wherein said second magnet is disposed in a spindle.

17.  The blood pump of claim 15, wherein said north pole and south pele of said
first magnet is oriented in an opposite direction of said north pole and south pole of

sald second magnet.

-18. The blood pum‘p of claim 15, further comprising a position adjustment
assembly coupled fo said second magnet to modify a position of said second magnet

relative to said first magnet.
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