ROTARY BLOOD PUMP RELATED APPLI CATI ONS [ 0001] This

application clains priority to U. S. Provisional
wa\ppriicaei on Serial No. 60/787,738 filed MarchPGr/1s$2007/065717

2006 entitled Rotary Bl ood Punp which is hereby

i ncorporated by reference. BACKGROUND OF THE | NVENTI ON

[ 0002] Bl ood punps renmain particularly useful for the

treatment of cardiac di sease and especially heart

failure. Typically, igpl anted within a
patient and connect @f&ﬂyﬁ&nggﬁénwlgpm rcul atory
systemas a ventricul ar assi st device or, in sone

ci rcunst ances, as HEBATEDH AP R IJEBONS However, the

fragile nature of blood and the absol ute necessity of
np's reliability have presented numnerous

t he pu
[0001<]>bstT§‘d'$ eaprligatiers i dainmsy PEOHDr é0 péS eRfoMigion@l Aapfication Serial No.

c0r78y SPETERT \RABNE ©: 2088 o IR PUTRS BRBLALABVIARY is herety

such as an’ i npe i'nt o and

incorportiteaf byt lefegimap. housi ng. | f these noving parts are not
properly designed and adjusted, the blood passing

t hrough the pu , j henol ysi s or
t hr ombosi s. Fu;g)%é?&F&ﬁlégﬁna%sﬂﬁEﬁ@S(mq%ﬁ wear on
each other, causing an increased |ikelihood of part
[0002{]}al IB16&d Sﬁu‘#n&e?émﬁw bakiBulRgtudetull BPaRé @R diPehh8f cardiac disease
| ood. [0004] Two recent bl dod punp exanples can be
and espegially heag. fairaree nt ymieallys big| g ps cargdamplanted atithin a patient and

.S, Patent No. 6 25 W d. et al. Th .

conndlh 1o e RRIERY's PRuctofy 3usEh B8 2 VG A" Bhnit HRAPE or. in some

circurh$ghbgéesagnar Epwldi@ir héarppoHbRevex chesirigiley nBlurd of blood and the
hydr odynam ¢ beari ng. The Wanpl er patent describes a

absolpigr aegessivoal poePunRes ralieblie Hayst Pregentagt ayiRiAUe obstacles to
.S ' di al magnetic bearing that
deSIQﬁlthgﬁ);r{gerEaﬁggﬂ?@pgg%n{ gnetic force. [0005] In the
case of either patent, the inpeller of the blood punp
[00033 ontFadrrexamybloy most blood pumps contain moving parts, such as an 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 impeller. Electromagnets are



drive magnets di sposed within the bl ades of the
i npel l er. Electromagnets arepositioned within the punp
whomgiing21 o generate a magnetic field that driREBUSI07/065717
rotation of the notor drive magnets and therefore the
i npeller. [0006] Both blood punps suffer from
hydraulic inefficiencies due at least in part to the
onventional inpeller blade

positiclptglqgég g{i)thunt Wpﬂpq%gotp g%%at%ép@gr%tlcg&tlé ﬁr@tecﬂ'lves the rotation
of thel ASId: flMAGRi8 ntlRgRISeshaHhpBlIée because of the

natural attraction between the notor rotor magnets of

the inpeller and the back iron of the el ectromagnets.
[0006/}\ddi30tbrm0w pmeuf!&rofmdmpnyqrau&@irmﬁ&ciea@eaauwatyleast in part to

rely on dr.adynan ¢ ng for axia u
the 14 bBEoTNETANE FkSIe) BaE Bed e L LBt 08, baatAliS the motor
rotor hiEyridt9OF @brCieiRicTRISS F tROSE|deeRinsCAfse bhechBse of the natural
attracgatl ent's health. [0007] In view of the above

PR WEBR, thet Mptoraiterr Blagnekmef divei@peleraanddhefkackairon of the
electrgbﬁéﬂgfyn’p AB&EPH&{I C?H@scetgl%og gﬂls aagﬁlgﬂg te%ld% \)eg{ rely on

peci fical Wwhat " 1's hee punp

hydrotigaamesbéameid farlaarmwe@portham&m camrgyultan excespivehear forces that
designs that can lead to punp failure or bl ood dama% .
cand Be Rlge SaRlBRYSOM 'ICﬂmEWﬂ@@S{ I@dbg]pafﬂ?nt g hgalth.

obj ect of the present invention to overcone the

[00073' mlh%ﬁév%%tﬁé abb% BistAssighlit id Q;?&é’r}en{ fhd'é%h&efis"at M&&d for a blood
provi

bj ect of the present Invention e a rotary
pumppihap owetdomed thegkmitalidres phthet paor it @p@iﬁcailgswgasm needed is a
[ 0010] .S _ano ect, of the pres i nventio
blood %Jr’B Q/@torgdgc?%{rhqffgmﬁnﬂ%wmrem la» ozre%'r?ggﬁﬁagge?gn%nhat can lead
to pumﬁtfgmnb(ﬁ%&pgambgg_l 1] It is yet another object of
the present invention to provide a rotary punp that

i ncl udes reduced power consunption over rlor art
desi gns. [ GRUHCTS AND i8] YbhjFetHEMNVYENTISNs ent

invention to provide a rotary punp that nore

[00082f f 'IPfseéH é}éj[e%ypg@fbﬁ)r%%%n% MVEHEEh %o blEcWhH ﬂ{eyllrﬁbfétﬁcgﬁ'% of the prior

resent invention atte
art. achleve these obj ects by prOV|d|ng arotary

[0009] It is a further object of the present invention to provide a rotary pump with a
longer lifespan than prior art designs.

[0010] It is another object of the present invention to provide a rotary pump that
minimizes damage to a patient’s blood.

[0011] It is yet another object of the present invention to provide a rotary pump that

includes reduced power consumption over prior art designs.

[0012] It 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
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bl ood punp with both a magnetic axial bearing and a
hydr odynam ¢ bearing. In one enbodi nent according to
WO b@7pt1esent i nvention, a rotary punp incl udesP@I/US2007/065717
rotorassenbly supported within a punp housi ng assenbly
by a magnetic axi al bearing and a hydrodynam c
beari ng. The magnetic axi al bearing includes at | east
V\P %gets ariented to attract each other. ﬁﬁ?
assemRly seePPIteH ¥dthim ateNR BPHENE asee Bmﬁﬁ“ﬁ%%ti'%@x ating and a
hydroHPﬁar?\W%bahﬁgd' ?H@Sﬁﬁgﬁ’bﬁ 'eﬁqétheé e&ﬁn@ﬁ&@é@tﬂeast two magnets
oxi mate to the spin hi's respect
orientadgneattract eatk ahemat Grm:mag@eam plositioned intthe sp:und:lleam‘tthe pump

rous LS B0 S 40 A Bl BB bt i o spinc
In th|§%§}9&rﬂ OB In&gH 8 cpsatehan aftt%éﬂvb' bl D88 RACES|east partially
bel ow t he rotor assenbly. As blood enters the pu

np,
maintaine the deledye axiat ppsitipn ey the wgb@ssejmlur dTrw(hmrodwﬂ@“elc bearing is

formeftadiebr S BhoBrafited wal i Il dNFeRgoa R IBR oy ssemby.

As blm)cﬂlleﬁvérthererﬁbymleClﬁﬂferQmmtc wéddhg produden dpwmrwqal force on
during operation. tk0014 One preferred enbodi nent of
t

the retpe gseeadMt. | Mustihenoyeyall mﬁw@ plirthe HotRsi agparedly Hsngaintained
durln%l PR ARE miftehd g AS. érﬂJsﬁIal RN Ea&r\ﬁltﬁrih@‘ﬁdgrﬁbahno&:smg during

a rotor disposed W
operaannam al magnetic bear| ng di sposed in said punp
chanber to at |east partially support said rotor, said

10014, Pond BEEIE e AehodT iRk oL i PEked ivPBHoRaades § Furip housing
definif§ S J%mf)rc%mrﬂﬁr%vﬁgoén ﬁﬂél%(ﬂfi‘hﬁb AMPEIRRS Igertd @abtdtdisposed within

sal first r@kgnet enerating a magnetl cr1orce in a
said pymeye nPLsigr ad an alial evagneiic PEUTg]digpesdeein sRippumpothamber to at

cas S AL CHRPLAOL TS B M, o6 et st maone

shapetisdcis phadh Q;enf&Odmealsﬁ dnpdidgirstanagasét if oﬂféétsfrom an axis of said
preferred enbodi nent said axial magnetic bearing

axial madnede keafiia swdd dirdemegachagneratingas anaareitufaragrista specified
radlalsdjl%%ﬁ? such that a center of mass of said second

ma is aligned wwth said axis of said axial

magneti ¢ bearing, said second nagnet being disposed in
[00153ai dAnather 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.

[0017] In another aspect of this preferred embodiment a cross-section of said first

magnet is non-circular.

[0018] In another aspect of this preferred embodiment said non-circular cross-
section of said first magnet is substantially a “D” shaped cross-section.



[0017] In another aspect of this preferred enbodi nent
a cross-section of said first magnet is non-circul ar.

WO 0®18]152en anot her aspect of this preferred enb@UUs®NT/065717
said non-circular crosssection of said first nagnet is
substantially a "D' shaped cross-section.[0019]

Anot her preferred enbodi nent of the present invention

i.ncl udes a bl ood pu ris . a pu housi ng
[0019] of iAﬂq#gera pﬁ%rﬁﬁeeﬁs%@ﬂm i 6 1 PeRENT BBANUgRdIngiudes a blood
purmp B HIRG BRSO RO I B B0t anct an

outletpaort;i alslp;nctke @hfrmbsedl id wdrmﬂrmo c@arrdberrpacrotorrmsmﬁemgirasaid pump

first net: and a sec dIS d wt
nousity e BT At el g i el SOt el dapt magnet
and Q§eéﬁﬁ§n@gn§ﬂd%p‘é§é@%tﬁm%&ﬁi spindR, fs‘éﬁi sééé’r'iﬂ ﬂ’ﬂagﬁ‘?é't $haped such
of said spindle so that said second magnet provides a

that o eeniee @f mafsap! saigreacondimagest isroftsebfedatasy akined said spindle so

that sglf SRR e B EERAN AT (I L8 roetermined

direction alitwahg hein ealkessdomg. mhgASY wHereianeHid ¢iFstanagedt &fd said second
this preferred enbodi nent said center of nass of said

magnef eaMPHEG A8t Y MAIYHIEDPSANS- an axis of said rotor.
[0021] In another aspect of this preferred enbodi nent

ai dnfd; [
002017, ol dthor 958 s ARIaPREBILIANER], s B00LPEE maos of s
first meam ehinalignedrwitih an axiosissad cotoanal shape. [ 0023] In

anot her aspect of this preferred enbodi ment said first

g | udes pol orie ted [ n.o Sit.
o021 08 st 55eEC obing, e EEd AmARgRBET "+ it magnet is ring
shapelot her preferred enbodi ment of the present I nvention
|ncludes a net hod of conpensatlng for radial bias in a
punp conpr|3|n provi ding a bl ood punp fo
[0022&| rdi]l%i'tqtrrh@r BsieRAd ; of tsapffﬁgrrﬁﬁ ernlp@qilrr@nt(ﬁa@ﬁeasm%magnet has a

o EIBELL AR AL, S0, 200 pup o 2 Lo st

ugh said bl ood punp, said
novenent of bl ood causing a radial bias on said rotor;
[0023)r odocamaiher aagect ofc tHisrprefdned egbodiment 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 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 another aspect of this preferred embodiment the producing of said

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



substantially opposite direction and magni tude to said

radi al bias, said nagnetic force being generated by a
wore@nets2ghaped to have a center of nass spacedPET/U808T065717

axi s of said axial magnetic bearing. [0025] In another

aspect of this preferred enbodi nent the produci ng of

sai d magnetic force includes providing a magnet having

non-circul ar cross-section.[0026] |n another a
[0026if tlhi angihes aepeet ndivRi Prefsirephem PQW%ntnTS‘eoProé{' @rﬂita magnet

vV n C C
P e e i SHy o a8 88t having 2 'D” shaped
crossf{s@@H@M. | n anot her aspect of this preferred enbodi nent
producing a force further conprises providing a
ound which.said i.opeller tat and .
[0027; pdzflr}]%hgr ﬁﬁaﬁ%tt oF ﬁﬁc’lgapra;f gzqmqrrébm? ]prgﬂl&;lﬂgra force further
compﬂé@§ q:frbﬁdur@moepmm PbundeviiERsSNd inpesiat irothtes dritd@Foviding a
6EP conprising: a housing assenmbly including
magn&h”ﬁﬁﬂ@ﬁp l&pace; a rotor disposed in said interior
space; an axial magnetic bearing consisting of: a
10028 " SindTAS Hholi A0SRt 6 1A FeR8fh NSRRI a biood
a sou ; and a secon et dispose
pumpsmrdpurmngr adrowpqpasmablyancledtng anmﬁntsaod spad:@;ra aoidr disposed in

029
said gt Spare i S5 atas et Ao GRRRISTRRYH  ibTagnet disposed in

said r%RineIdosﬁa\ﬂnél%i ﬁ‘é’t‘tl‘r‘ g?!)eagﬁ § @dsdUih IS Mé's%%oﬁé%éf disposed in

d wherei n”said magnet i's disposed in a
said |sl|erlnds|eace{ 06304 centenod saigrrotgy@nst having hiroritr pdleranelda south pole.
enbodi ment said north pole and south pole of said

0025) FoelBeEtntd i HEi 4L FRoBRRag Rl il EnBlise a spinale
dispob&® i katnpbdlisihg Eé‘s@@ﬁﬂolyﬂén@Mﬁer@rrﬁé@ldrﬁéboﬁdhﬂdpﬁ@ﬂﬁs dBposed in a
further conprise a position adjustnent assenb

spindoupl ed to said second magnet to nodify a position of
sai d second magnet relative to said first magnet.

[0030E| Ooelﬁ]anéﬂ%rlb%‘b f@lftﬁrs{ﬁr‘éfenghﬁﬁ%mm%t 48 nBRAESIOM and south pole

nvent1 on 1 ncl es a
of said first magnet is orlented in an opposite direction of said north pole 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.

[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.



punp conprising: a housing assenbly conprising a first
housi ng nmenber and a second housi ng nenber, said first
woemgitng2nenber being forned from one conti NnUORGT/US2007/065717
nonassenbl ed piece of material; said housing nmenbers
defining a punp chanber having an interior surface; a
plurality of lifts fornmed integrally on an interior
urface of said first housjng menber; said |ifts ,
[0033ir ol (ﬁ“?fﬁ{‘%r RSPS9 s cpr%%éé%ﬂn@%eﬂfrﬁ%@ ?%daff'rﬁbthQPS'”g member
includderd %t&ﬂﬁfa@%&f‘ of said bl ood punp.[0033] In another
aspect of this preferred enbodi nent said first housing

menber includes a stator chanber. [0034] In another
[00343spdot anbthetii aspeetf of r Hils eptaieirednenbwidimentatssid stator chamber

chamber co i ses a renpyabl ccess caver fo
compYEFE At PUIVGD S AEEesF £ VER ol Selart¥r Ty AhgrBorsalthstator chamber from
an exgfloelof 8aidMlos@iptnty.cod punp. [0035] In another aspect

of this preferred enbodi nrent each of said plurality of

lifts conprise an el ongated sl oping surface. [0036] In, ,
[00333 hot!Reanotiagreaspast of Hhis Ryetaread embosiypaniheach eherichplurality of lifts

compﬁ%tgngém@tgag )i(rt]%islfj,_tfgcé_urther conpri se a shortened

ce co nsive with said el ongated sl oping
surface. [0037] Another preferred enbodi nent of the
[0036)r ederanatimreaspent af bisyoretereedbeatmbdonept eadhpof sagplusality of lifts

housi ng_defi ni an interior pu chanber. havi an ,
further  ¢QIPPdse GrglEned Bk Spridee FEsHPNR WL 5Pl Slonbated sloping
surfadgit eri or punp chanber; said interior surface beneath

said rotor being forned froma continuous,

non- assenbl ed material that constitutes a |ower
[0037dor tAnsrihes psefetredoasioeginaent Rhvhagoregsphuiryantipnoincludes a blood

] 1 | i f . said i i _ o
pump, EotrByisoE Y Jhéing”SeRGnb o8 ARy fb otk §86ing an interior
surfadmt 4 ot disposedf withind sail nterigO@38ip Ahaiiisr; aalkdhteibr surface

this preferred enmbodi nent may further conprise a ,
beneaihapaid EHAMRGINGIOETEH bireMF B0 /PRINOUSer NH1-agferghlegl material that

| 1o d: : ' f.
const@m#%g% l?rewrﬁ? pggt?%??fi ﬁl(ﬁs‘ hgpghgga{rppo?ﬁ%g@é gﬁfl%ﬁﬁmtysoﬂqff% iRfdgP&ly 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 embodiment said lifts are comprised of an

elongated sloping surface.

[0040] In another aspect of this preferred embodiment said lifts are further comprised
of a shortened flat surface coextensive 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
inlet and an outlet; and an outlet flow path including a first groove positioned around a
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el ongat ed sl opi ng surface. [0040] In another aspect of

this preferred enbodinent said lifts are further
weowpniger of a shortened flat surface coextenBCTESHTH65717

sai d el ongated sl oping surface. [0041] Another

preferred enbodi nent of the present invention includes

a bl ood punp conprising: a housing assenbly, an

el |l er disposed i housi ng asse
CWCUfE Bifes o othﬁeeumpoﬁﬁé@gar HBUQ'PHgga@é@n%}éesﬁﬁ‘gr%Lﬁ%ond groove
r I t
é‘%“" B IS BhsaR ufil, 3ol SconBitodlio Rl size larger
than asizecofndaidl éirstgrodve;reaig irgh groavebsized sonasip ﬁnromeu‘k)w upstream of
and a second groove cannecti n id first : :
said iﬁlﬂ%@ ﬁ‘&r%@’ gauR %e'?ak'%%‘? ﬁog’e*&%t ar%%éémg ¢hgng said housing
asserfibge larger than a size of said first groove; said
first groove sized so as to throttle fl ow upstream of

said outlet and thereb){ cause a | eakage flow between
[004234i dni pethesr aghects A1fd fHéu@fo@”Q@s@mhqﬂ'mPObmldl gecond groove

progré‘éls‘?&élg nc?é&seéstmoézé FH\ﬁarBE%faﬁ:T&‘ft?ete”bOd' ment said

st Vel'y 1 ncreases in size towards
said outlet [0043] In anot her aspect of this
[0043pr eflararmdwamctrehthls prefelredkageodiment issidkeakege floai id between
.,.i.nmpeller and. a sp of . sai d housi ng assenbly.
said iTGBYR] S1ch SriG B SQBAUSTS ESaRIBVer or fod anbodi ment

said second groove cooperates with said body to form

[0044?n QHt 'aﬂth@S%@E@ct' rbfc@rﬂ'guﬁfé?é?rbén e‘MBd@ilrﬁéhﬁl &4é! 8bcond groove
Anot her preferred enbodi mnent of the present

cooperatﬁ@m\/lﬂm gaidrxndydedoem sinceidieh papsagarisy ¢anmynicatipaomgth said outlet.
housi ng defining a punp chanber havi ng an inlet port

[0045ﬁnoI ,@rﬂ)tﬂé'rt ﬁ?éfepr%t em%o 8 StR? eﬁ%s%’h .ana[gﬁ‘i%. din@%s a blood

ousi ng, d”a torus-s ape volu

pumpmumpriim@lalgun@aﬂwsn?bdémmg ragpurhe rceatribalr |h¥1vﬁ|195@138ﬂ9@t port and an

around sai d er and formng an out| et passa
outlet; HoréonﬁJﬁFQfa@'nseﬁsw HENiR SRIG IRUTER f}%’ﬁtngarﬁﬂq ﬁc%ﬁ%ﬁshgped volute

deflnétd‘otra sﬁ@@%@a v\gl%ut : %R‘J \‘70I8i~étcl:f‘ﬂunﬁ’f@%1 |a‘ﬁ? Sposed arpund said pump

aving a sizet
chambéowndpﬁmrnnmgnaofostmtdpanﬂalgetmpommrramicatim@r efﬁy sad smutket port and
fl
mcreasmg n‘?glameot\évr ?oevgél\%%ns Y outlé’[ofogrrt salg tgﬁjs sf?apr}% v&ute Hgvmg a size
that throttles fluid flow upstream of said outlet port and thereby cause a leakage flow

between said rotor and said pump housing.

[0046] In another aspect of this preferred embodiment said volute 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.

[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
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[0046] In another aspect of this preferred enbodi nent
said volute is disposed around the entire

w@recanf2er ence of said punp chanber. [0047] | nP@NUSI96T/065717
aspect of this preferred enbodi nent said volute is
conprised of matching grooves of mating portions of
sai d punp housing. [0048] In another aspect of this

o4t S22 B B i oA R pup e o

an oufﬂétefnef] g%@ﬁgﬂgbgﬁg, at ooﬁ@aﬁﬁgﬁﬁé‘ rédB(PEF gﬁld ﬂ%bHﬁﬁ%ald pump

unpi n conprising: providing a
chambeusipsigeaiaf dfnsaid cmtlptmp ah torbece rp\aakge dov oramd hetween mating
us n through an inpeller of said

i nl
surfa%%.'% %&@I@@?'P%f ”EIP?%‘EPP@ MOHL9-d punp housing; and

i ncreasing the pressure of said blood in said punp

[0050Fhaﬂheén@ﬂh§¥r@§fj€c@foﬁ@h|§ prefe@Ed SemBddinfeitOER| ancreasing of the
eakage flow bl ood between mating surfaces of said

pressufq)é}fw@d draod dndsgit npumpuehaigber @:ggtquspﬁ pasfiIM@E olood through a
throttlﬁﬁ)g\?c%te% Staryj @%‘Wg h?rﬁt?@r enbodi nent sai d i ncreasing of

ressure brood in said punp chanber
conpri ses passing blood through a throttling volute in
[00513ai dnpamgthehashect of QBElbrdferradoembodiamcpassing tolsod through a

throttl r{gregg {fe?ﬂr@e %E.ngeqnfq g} SI nrpga%oblro@%gnégsﬁgmq%gyough said volute

havmg%xsﬁhﬁ%t@r‘ S ebRRdah oSy vol ute having a di ameter

etween about 2-5 mm [0052] In another aspect of this
2E)r ef erred enbodi nent BaSSI ng bl ood through a
[0052] hr dot anathew dispeet ioh thisi pretemed cemhbdimerinpassieg blood through a

ot i UGE: B pif oBE SHbTPeESo e S BT Bh g Bhtsfre nsice the

pumpAegdtiverto pie betstasbiaaba bR 0% atd@belEer®IY%. | nvent i on
|ncludes a bl ood punp conpri sing: a punp housing

a punp chanber haV|n9§an inlet and an out] et

[0053& r ﬁﬁﬂ*ﬁ?rotpé@fﬁﬁle? 8[@6’6‘5@@% AT B¢ dPriesRpt éﬂ%ﬁ%‘@ﬂ mg}p@les a blood
pume2bohEAShoCBS DN LRFAGR AR AR AT i anc an
outlets airdtarabtatably adisbdsett ini said! pd'mp:gclaarhbelstarmmf Iaaet one lift positioned
on a sur}fcnedcgfn sqa tpu‘rﬁlnnp cngmge}c troocr:rr]e% ea rR/dncdenamlc %earlng 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.

[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 angled
from said surface of said pump chamber is between about 0.5 degrees and about 3

degrees.



and a second surface connected to said first surface

and extendi ng substantially parallel to said surface
w@Roogait2punp chanber; wherein said first surfBCBHUBN0H065717

| east | onger than said second surface. [0054] Another

aspect of this preferred enbodi ment may further

conprise a plurality of lifts. [0055] In another

s angl ed 11 BREERESGRREONSENE BBl INGSber 1<

bet ween about 0.5 degrees and about 3 degrees. BRI EF

[0056rE|)|E|SSFﬁ%lE’ el ONuSratBdta PEANENER: [@APEH o Fdtas lSIo@ad U oP accordlng to the

. rates a perspective view of a rotary b
preseatiwedtion to the present invention; [0057] F| gure 2
illustrates an expl oded vi ew of the bl ood punp of

10057 2§z HEeRies & Diiady biew 5t S RogpRERIRTH0L%,

i nvention; [0059] Figure BBlllustrates a profile view

[0058)f ch@uﬂ&OBAi igsttatescd pergpaativdAvialvooigal hawsidB1SB aeicording to the
Fi gure 3A; [0060] Figure 4A illustrates a perspective

presepf BWEBHOR: housi ng middl e according to the present
invention; [0061] Figure 4B illustrates a profile view

[0059?‘c tF'Tgurléo?B'|Iﬂ£§5tr@té’sdbepr8flle':\}|§\Hrcﬁ A ey o6 FlggﬁréQA along line

ure 4A; Figure 4C il lustrates ato Vi ew
3B- BB)Df tigerd8Asi ng m ddl e of Figure 4A; [0063] Figure 5A
illustrates a perspective view of a housing bottom

roosof 7 1aghareA M'9Redy e Bing s i he bl aduaing o te

preseAcpRediiog; to the present invention; [0065] Figure 5C
| I lustrates a plan view of the housi ng bottom of
gure 5A according .
[0061] Flgure 4B |IIustrates 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 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;



to the present invention; [0066] Figure 5D illustrates
a bottom view of the housing bottom of Figure 5A
w@ewonti2ey to the present invention; [0067] FiRCr/ESHBE/065717
illustrates a bottom perspective view of the housing
bott om of Figure 5A according to the present
i nvention;[0068] Figure 5F illustrates a bottom
referred enbodi ment acc

erspective view of a p or di ng ,
[0068] 5 (Figuisr 85 dlistaies i PEHO™ BEESECHIG I 56 4 Prefeieat embodiment
accoréin@%ﬁﬂ@‘p\‘é@é’ﬁt%véﬁﬂi nhousi ng bottom according to the

résent invention; [0070] Figure 5Hillustrates a

Y
perspective view of a shaft assenbly from Figure 5F,
[0069] 00 Figurei fGridusiratesia bottpar gewaopiths ihbasvigebptidmtansording to the
shaft assenbly fromFigure 5G [0072] Figure 6A
presephnlygpﬁ\%q,es a top view of a spindle magnet according
to the present invention; [0073] Figure 6B illustrates

[00702 crm%@resaaﬁlmnatesva porgplectitie vien oidh ehamarsémbfy fro@UFigure 5F;
6B; [0074] Figure 6Cillustrates a top view of an
spi ndl e magnet according to the present invention;

[0071] oo FHgure; }Jdhustisties ﬁl%@ﬁgé‘d% of theophali %Wedf‘b'é(gr%i':ﬁﬁﬂr@ 5G;
magnet according to the present invention; [0076]

[00721 9Ui§urREBA lill Jstiaéd 8508 AT DPRCEPiNEIehaYh&f adrdiRyE!tRe present
ghex oy

. magnet according to the present I nventi
invenforgure 7A illustrates a perspective view of a thrust
bearing plate according to the present invention;

10073y 0 et B s b SR Spr B d AP Clnel SHABRY bighipt of Fioure

6B; Figure 7Cillustrates a top view of the thrust bearing
pl ate of Figure 7A;

[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 spindle magnet according to the present

invention;

[0076] Figure 6E illustrates a perspective view of an spindle 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 illustrates a cross-sectional view of the thrust bearing plate of
Figure 7A,;
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[0080] Figure 7D illustrates a cross-sectional view of
the thrust bearing plate of Figure 7A;[0081] Figure 8

WO kdoasix2at es a bottom view of a flexible circuP€T/US2007/065717
according to the present invention; [0082] Figure 9A
illustrates a perspective exploded view of a notor
assembly according to the present invention; [ 0083]

[ 9B i | | ustrat a Cross se vi.ew of the
[0081509 3{19%@5% |s§;agﬁs @%@Up@ ygw (P @ga« @lngt ageording to the present
mvenhé]n ustrates a perspective view of a coil according to
e present invention; [0085] Figure 9D illustrates a
top view of the coil of Fi gure 9C, [0086] Figure 9E
[0082]| | Udguret 84 dlustratas seqerspedtivei explotied héewoif afmotor assembly

Figure 9C [0087] Fiqure 10A illustrates a top view of
accorgln%gpgpe B?éﬁfrﬁén &I'Pgm according to the present
i nvention; [0088] Figure 10B illustrates a

[0083]r OFig SeCOB ANGratbeW @bss kectiot@rvieausfi the metdramsembly of Figure
Fi gure 10A; [0089] Figure 11Aillustrates a top view

9A; of a rotor housi ng top according to the present
i nvention; [0090] Fi gure 1lB illustrates a

o8 OFigaEe ORI Sortiefel o6t a8 Leyling 1o o prosen

inventorss- secti onal view of the rotor housing top of
Fi gure 11A; [0092] Figure 11D illustrates a sinplified

1008 o 3aTEH0 MRl e el RoL T PRBE KT op vi e

of a not or nmagnet accordl ng to the present invention;

[0086] 00Hgurel IETRIskERd 4 brigkradiciondl BEWS e ebil oNBiguve o,
of the notor magnet of Figure

[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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12A; [0095] Figure 13Aillustrates a top view of a
rotor axial nagnet according to the present invention;
WO 0®98]1528%2 gure 13B illustrates a cross-secti onBCT/UBENT/065717
of the rotor axial magnet of Figure 13A; [0097] Figure
14 illustrates a cross-sectional view of a magnetic
axi al bearing according to the present i nventi on;
009 ure 14A illustrates Cr QSs- se ional vie
[0094&f ﬁéﬂ g@éd llysisaies @egr,qsagsega%aldylﬁ\g @o(fquglog)qreg@.gpet of Figure
12A.invention, [0099] Figure 15A illustrates a
'cross-sectional view of a magnetic axial bearing
according to the present invention; [00100] Figure 15B
[0095] | | Udguret #8Aaillgsteries sedop ofiew ofi @wotsr axiakgragniet asxbeding to the
bearin accordlng to a second enbodi nent of the
meseafgggﬂﬁo 'nvention; [00101] Figure 15C illustrates a
cross-sectional view of a magneti ¢ axi al bearing

[00963CCHiglired 18B Blubthated &ndrods-zedtiordl Jib® of esenbtor axial magnet of
I nvention; [00102] Figure 16 illustrates a side

Figurg 188s- secti onal view of the rotary bl ood punp of
Figure 1; [00103] Figure 17A illustrates a perspective

ross ctyiy0 0 s ; u i i ;
oos7} 3SR Sl i os 8OVl gl voarng
accord'rrxgsts ‘tbe présemdlinwandianpf the rotary bl ood purrp of

Figure 1; [00105] Figure 18A illustrates a top

f | . b , ) )
10098 JraR ' #8  THelrBRSs e OsNogHived: 666" Faific, ggal bearing

accordingudtth@torssent iertibAss- secti onal view of a preferred
errbodl ment of a magnetic axial bearing according to

resent invention; [00107] Figure 19 illustrates a
[0099&ont agurepil o &ﬂSFﬁ@Sh%@r@%"&@PHO@ﬁ e¥swr ef & tmagnalie axal 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 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;
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rotor assenbly according to the present invention; and
[00108] Figure 20 illustrates a contour plot of the
whywroset i ¢ and hydrodynam ¢ pressure acti ng RPCI/UR®07/065717
bottom of the rotor assenbly according to the present
i nventi on. DETAI LED DESCRI PTI ON OF THE | NVENTI ON
[00109] Figure 1 illustrates a preferred enbodi nent of
rotary bl ood punp 100 according to.the_present ,
100108} dHgir 6 R BiER 3 O Godserionaloyiey o GUpRIRITacbempediment of
| i j i A ng bl ood to
A Ry R BI04 b e D o7t T e
| ater through an outlet 108. [001 10] Blood is
[00107] i rfagurey1Qillusatesh acaegitouwrnelot of ey hptikestatisupiesso®@ boting on the
tor & rotqr assgrblr &%@ Wit hi.n athousing assenbly 10 1,
rotor gyselRkly 3CROEN, Fens PreRgNTIBYGPiAL &89 y 105 i s not
physically connected to the housing assenbly 10 1.
[0O108)StRigere ROEillustratesaaseditbdr XISt bf thepR@Irbetibyam hydrodynamic
axi al ' hydrodynam c bearing created between a thrust ,
pressgreaetingian Hieibattepial dhe &APF aseerpblytassording fo Hgsrigset invention.
105, a radial hydrodynam c bearing between the inside
aianet er - ofpi gL T PESSRETON SRoTARINVENBEHe! de
di aneter of the spindle portion of the thrust plate
114 (or, in the alternative, between the outside of
[001009he Figurer 1adlsetibley aoprederded reambodiimdmt difaaetodaryoblooklepump 100

accorg |\ n HEETR IReaben o B RS BEGHeR RGN d oS poupled to the
circul&t@hPEyseshabf BRSHlRht, IAbwidd ®IdtRt t entef thidegh LEMIStNO® then exit a
are discussed in detail in US. Application Serial No.

short figyedater4hrogigaran vt 18t ary Bl ood Punp which is
i ncorporated herein by reference. Thus, during

[0011@E2r@668.”is ﬁﬁ%&ﬂ%p@@%ﬁ%&@? tiﬁé’%ia@iﬁ@%! %Pngga gﬁdby a rotor

ousSi ng~ asse m nim z
asserapiyoidiSnwithin eheosingdissechbly1@eras seent ac Figurd@r elye rotor assembly

105 3certoRBVHERYo REMEERL ot DU BEPGPAGT. Tnstead, the rotor
sssef R0 ABPolth 557 BMCFIHER bebf g BRI s
plate riddaandbé deattoporqurie@e: of iee paiop dssesibly H¥s earbiagial hydrodynamic
bearir‘?g Hgttv?erenatﬁseelﬁgljg |a9r%e e?%f tthheerc;rt(())rt gsrse‘?rslgﬁ%%yan%o%e 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.
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[001 12] GCenerally speaking, the punp housing assenbly
10 1 nmakes up the nain body of the rotary bl ood punp
wae®;y/1imel udi ng a housing top 102 and a housi NnRCTU82007965717
104 which fastens by welding and aligned by alignnent
pins 112 to a top and bottom side of a housing m ddle
106. Figure 3Aillustrates a perspective view of t he
h 02 incl udin n_ out | assage 102
[001153 S'L%ﬁm dégweo%e@'% ﬁ?‘aeaﬁdéﬂ%’i’ ﬁ'é’sgﬁk%“ ﬁ@@maén ggsemblies that
0 f he
makeﬁg W fotdhPTd) 0{0d: tﬁ@iﬁfgg@aﬁ]&{%lrﬂ%%ssa%‘ﬁlﬁﬁﬁ a motor

i sed area 1%2At accommmod t passage
assemblg .03 @od thexjotdw EgiﬂemblyJ,AOEC illustrate various views
of the housing mddle 106 which includes a groove 106B

10011 SRRS Gl P2 Be’ Wi o B TRUEIT AsoSmBRE bty the mai

body 0@ fREF Bigod pLane tIDOS irfLaieg & Kosdiag €op BobMar@r 8RSIng bottom
le 6A andm106B Ccoo Iégzrate V\nthﬁ?he r ai gg;:d port| on 102A g

104 whick dagipes é)Yt\N@db“lﬁ ped aﬁaaga@' alm@memnﬁ Hd 2nteuaitag and bottom
side 5f°§’ P%Bglnghmﬁﬂé q%g( Ohrga §An|%§tlr§tew gSﬁ%)gEﬁvé Qfev& 8Pthe housing

top 102| iatiudedgy aﬂooalﬂ@tnpawayeh1OEBSbamally\/fpdsﬁldnbel tmbu@’i a S|de area.
groove 106A increases in width towards its end
F'QU“P HrashRvs RePrelier V'BWl *fttherhqusindian b@% hq\am alr@]sed area 102A that

accorﬁﬁ%@%@é wﬂ& S\é%b%t1%2§-j1ape m ni nm zes the ri sk of

y providing a steady "l eakage"
behi nd the rotor assenbly 105 to prevent stagnation of
[0011t3ﬂ16 Higuies AA-Hechusiecaie varidtisgwieyss 18, thB?Aoaaiﬂgldedle 106 which

o BRSBTS ST BRIBRD s v
mlddléﬂ@@ihl%h %nh@@tsh@laﬁ' aietigestve 168n fdrhﬂﬁ‘?\&%o@%tr@té& vblAte shape.

backsi de of the rotor assenbly 105
Both QTQQYGSf1Qﬁf95 aﬂdvua}ﬁﬁ caeperain Wthoﬁhet neisacopertioasKifity complete the

outletlpg%ssglggq’&g\é@%ﬁlthglr@fswﬁ 1(31%'% ﬁgﬂ%{! zgr Qlft%:rjﬁ mgecil}? V\%Ided to the

top stirtacsasitowm ir F@mbem anmee grebv@ar%macmme Dfelainely ebostant width
assenbly 105 and the outer dianmeter of the spindle
or Shqn&whllﬁltbwaebgtq@w@vb%& mcre%escm wigkkh §%WW Se'tSﬁWE (i.e., towards

the eirpﬁ%fwt Qﬂhgadbﬂbﬁerefore be achieved with this bl ood
i'rcul ation pat’h by generating a pressure gradient

that is higher
[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 cylindrical
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. 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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at the periphery of the rotor assenbly 105 than at the

center of the rotor assenbly 105.[001 15] Nor nal
woepwratizen of a typical centrifugal punp generBCEESW07/065717

pressure gradient so that the pressure rises as fluid

approaches the outlet of the rotor blades. In a

typical left ventricle assist device (LVAD)

1001155l b alaaled AR NG BB B TIPREFAPS HoptapaLre gradien

so thdt'tA %&&ur@rr%eﬁ%sfhﬂd %?BFCHC*PI%@ thé %uﬁé‘ﬁ@f A8 rotar blades In a typical

arrangenent e statl pressure at the perlp ery of
left vartidclergasidtetevice (LASSD) hramania?eopr tes pressare woalg ephigh enough to
iS.is du vol u

di h
ensufi e gRafie v i B e sitien 8 el perBUicusdespriped.
such hﬁ @ﬁaﬂbbﬁre‘?@%e%ﬁﬂl S8R éﬂﬂerbé‘ﬂlbﬁery &f tﬁfefn‘r@eﬂ@rcl)é |84s than the

t he punp. wever , desi gn of the present

preSSpréeﬂEH’IGe@U@ﬁﬁb%nh%m neausi dehls l%ﬁpe ite e MQL'U'[Q Bad digaharge nozzle

being og eéé’c? ggé@%m\{e%@tr hggﬁhgomsﬁt?c{”h%ﬁg gﬂdaﬁnﬂ)r%ve the hydraulic

efficietR§@ftheplimp. the "working head" of the present
preferred enbodi ment is low and therefore if an

efficient, optim zed voI ut e and di schar e nozzl e

[00116] | &Toweysr) ether dBsigr @@ (584 Presriit dpre/efigdpeskadiment considers

[ I
aopI LS ) nBpRUlgbr TS e Sy RBEASR o outet of e
pumppversestth@rmeer mwewpmﬂiawm thmcmcera's’rgshearda dfr thei pesent preferred
embo@rrﬁé@tullrsjoﬁfér?qi@ 3y cr e qs ngiqq%nql diggharge nozzle

(i.e., W'ufl@t aog?r\ﬁérre' %8@ Yﬁ’é Lﬂrﬁllrﬁ‘%ﬂéss@ré oM Yeslde enough to insure
descri bed. The di ameter of the torus- shaped volute is
sufficient laakhpe @erags, theeealepathabout 2-5 nmin di aneter) that

there is significant pressure |losses in the volute.

[00113{?65{000 ﬁﬁ@t @O@Jeggﬁgé‘ Eéjrec?éﬁpod'irﬂer@t |h§?’%§g§_6ﬁ§‘8m/rﬁg pressure

acrosk ke deak patpbppndé@singhitier pregbtiienin theghemppicssing ®yahrottling the
the periphery of the rotor assenbl &105 provi des

flow \@ﬁr@@gﬁoawm%vgwé%ﬁr,a@e( asgrrevigysin deseribgd. Hg ha digmeter of the
I )

torus-‘%h%gé‘d @Sﬂé%n%@gléﬁaﬁll gaegr gbrejcvblglerﬁ]t%'ﬁbugé Emﬂrﬁgn %‘iar’rr!efe‘f’ﬁ that there is

signifizant pmslégrallos‘slee\nnrtheemltabov'éheeegIossesdashgrvqhﬂen’esult in a lower

pressiie anite.o Rt 408 comtaran te e GGG ddethe pufio 100. The
resultRRPRIGREY pt&ssurs dit h8tdpnBAE WEBKE 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 lpom and 200 mm Hg at flow rates
above a given design point, e.g., 2 Ipm) and leakage flow 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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about 2500 RPMto 6000 RPM there is an increase of

about 50% 1 00% over the pressure neasured at the
woeioza15223 001 18] Figures 5A-5G show t he housi PQGI/B8100TM5717

104 that defines an annul ar depression or conpart nent

104A (seen best in Figures 5D-5G which receives the

rmtor assenbl y 103 described later in this

eci fication. seen jn the Figures, thecoppartnent ,
Compi‘ ment 10€f€‘a!3e%ea('%d de g- '§§@F Widder Bt adtbOQEOBprg?ﬁ BEMMA00 with a
r 115 (seen best in Figure
bOHOM E 5?1?% |on o the notor assenbly 103,

the conpa(t ment 104A al so all ows access to the
[001194t dniagditidn @ith@ilreomzassefnbjmé OBhithe tcopiparenari4104A also allows

Fi 1A= TD) h i ndl t
acceselh fen Middor L sBRORGA AR AR btist RafE i PaaTkme 5 70) whicn
contaiHe thd Bhirrnél rﬁhgnéthaﬁgp@@bhaulnl Fidirke 31, Be apyi 8E, and the shaft
bearing of the gﬁmﬁhAS seen best in Figure 5H a

asserglly bQ%,ﬁ@rH@ﬂ% padigilyi nakergribe axial kearingsobihe pump. As

seen %e%?'lqglg@r%h@{-ihreggﬁﬁ%%@ﬁﬁg@ tg@ {] éﬁ;ﬂ# q&}beghdes over a

plnd@ssleafbhywmaﬁd Ssrseyppottati oyt bejouhfae@lmseem% pashagried portion
Cso that the s Hfl ndl e magnet 119 is positioned
109D\Mftﬂh¢ ahafhassemaly Y9 becrems | I e terepded cafe RASSFOS 104G so that

the sé ﬁg@f&ﬂggse n{fé‘y%ﬁ@@%ﬁoﬁ@d Wﬁtﬂln”g]lel |H?erl%9%fttl'1é’%|pﬁ’1fdlé l??4D While this

it also he user to adj
threacﬂebdaaa*zahgemleet gtdintafnst the Eqsitiai ef Megstetft asfﬁamblymm?ﬁt hitealso allows
nteri 14D. ot her r ds

the usdl & adlisClng, BXiah BREnL &t I Bpindle Mqgenite Whishte- fsior of the

sp.ndfeou nbe peghet whtds, (mb%@rlaeri FR&HE m@ émaﬁt é@ée%b@m ®dA to axially
the assenbly 109A with the marker 109E)

moveuberspiztie fmagnatuie (visuiadlyitedckingg et rrodauuimnf thy assembly 109A with

the mggﬂég)%ﬁt)h Hts e#.ier | Bp@gﬁgéﬁégﬁﬁﬁgf% %%%g{lng as desired to

optimieqyétioriiz@ceampies pueipt 1004A of the housing bottom 104
rmy be accessible froma top or inner surface. Mire

ecifically, the thrust plate 114 may be nonint egral
[00129 r'@rﬁb\/awré‘at%%@féﬁ?ﬂr@n%@gﬁ‘t,f’f‘%tnsﬁhﬁwfbutth@l%nléfﬂrtmﬁ@t 104A of

1 1 D p
the h%%gcggg [rfﬂé)%h})nay %lgtclte |nc ‘}85 or &P surface.  More
specifically, the thrust plate 114 may be nonlntegral 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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an integral thrust plate 114 which includes the

previously nmentioned spindle 114D contai ning the
wa@pioidie2zmagnet 119. The thrust plate 114 has BET/U8A81/065717

three lifts 114A, each being made of an el ongat ed

sl opi ng surface 114B and an el evated, shortened, fl at

surface 114C. I n one exanple, the el ongated sl oping

surface 114B i s bet ween out 0.5 degrees and about 3
seen Hbg’ §e§a‘ie@|t Elq PerhoeRdo Waoéqu%{@i gtpe CRBIGNS GEY"%'Ch are hereby
incor réfe% cﬁ%‘ere-ﬁ'& se lifts 114A produce a hydrodynam c

earl n en t e clearance between the rotor assenbly

105 and the lifts 114A of the thrust plate 114 falls
[001223| d&dnthlnphhedmaé@dn arnllaheewpartment i OdAesitsrtidmadort assembly 103,

as bel §oBh i ElfihE 2 & 050 R nThe vy eRsfimbRLfa Geadr#t magnetic

fields M@Mﬂﬁ%} @Iétﬁﬁéltwgﬁo@gfmtﬁtemm 30N bf SoilPa8€N4s BRown in Figures
250, 880 fo Whodard et al., the contents of which are

9C-9me BBy 3PP Sach a9yl +38 isrcanpectepnio 1 opniact peint § BeA on flexible

cwcuf?%hh‘%ﬁy@%%eaer ﬁg;&&ﬂﬂég@%ﬂt]’@]@i@é@r@e% EU@ 1"%6\% ﬁgn%rglly thin and

circuldhin s, csmeathy viDthreenwmacs 1828¢3 an dloryatediggion of leads
conducting el ectr]i C|ty t hrough the wire 130A of coils
131 ”l‘@b eXﬁs"@hBWﬁ‘pi hOR; &Gr gyough %pa$ﬁ%\g%1r3§ Mo dhe syl of circular

comp%ﬁh{enﬁ&hsof%é‘Wé%g@ Hotofh $68L A beHA |E'1?P7r§tér.%n%‘h'le;he end of this

exible circuit as best 'seen in Figure
outer elangabéc regiorn of wire32 31sthgareenaktls tbh calzladnei stowrgranchultimately
shape, connecting via three contacts 13 B to, an
1o a ZPpRGlare AP gian VR ST £78V RS e PEcHIeR! e Becessary to
generafd! tlﬁé‘rdéé%darnﬁg\ﬁé@&%epd@tdmdhbé NheNetrbssétholy { (9‘5“ at should be
conpartment 104 housi ng bottom 104, as
understangl ihat EHhegositian afHbeccaitagt pdints bm%bpneuhen‘@qbie CII’CUIt 132 may

ve arl iRl MiefT kil B RAREdRy o 7 PRt M sapipcts 1324

near Wi gicupfifexdritesoftthe fRIxRE icireait 1B8eWRAY BeaBsat@tYcldser to the center of
generate the desired magnetic fields to drive the

the cirqpiitor32:odeatarelaarcallytingiata hemoniadiaontsdd2Mhat t he

position of the contact points 132A on the flexible

[001 Z@y qyéﬁodi(?%e”ﬁéieﬁ%é‘tr |ﬁad?gﬁl?e%t5h PoiEirEd ¥nftlo @hfeﬁ?ﬁvﬁ@b the thrust

nfigurations. For exa Peont acts 1
plate tiHd = noUnﬂtegMomtmfthe Hmusllr@(ibbttermnt)éu(ag 13Be rthyush)qalate 114 is

attacllsEf BUh % PRBINOCETTY Gt nEHEPCEAE ALCOYDi TisatEsgaered with a
titanium foil which is welded to the housing bottom 104 to provide a hermetic seal
between the blood and the motor assembly 103. The thrust plate 114, which may also
be composed of titanium, can additionally be welded to the housing bottom 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 also includes a back iron 134, having a circular
shape similar to that of the circular compartment 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 assembly 103 generates magnetic fields
that drive the rotation of the rotor assembly 105, positioned above the thrust plate 114.
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[00123] It should be noted that in an alternate
preferred enbodi nent where the thrust plate 114 is not

WO paoggrk2 wi t h t he housing bottom 104 (e.g., tPET/UB00B065717
plate 114 is attached wth a bondi ng agent or epoxy),
the top side of coils 130 are covered with a titanium
foil which is welded to the housing bottom 104 to

ovide . a h c seal between_ the blood and t ,
[001Z%itoﬁd§%%@%3r%@otqrheswme@t %mcéuqemoutqrrrnew 1358, inner

membEr éﬁ?aﬁ@ %lg‘%rngﬁbgﬁ%rloﬁgf%%%e i e% X ¢ e% nonconductive

matergativo tieheelecitcal e inshate heisoilpl 3@.e 114 is an integral
part of housi ng bottom 104, the titaniumfoil is not

00128 FRClier s PRSI 5 (PefindR gy rotor housing

bottordi 128, ers sdert MaFigafed heAdrd OB as®EpatdrEdb 1134 As seen in Figures
Preferably the back iron 134 is positioned underneath

T1A-1IRe Badkirelos tep ridG and sotor hogagnkeltael dttstideca center aperture

sized tb GFI %?‘o&?dqﬁ{%aé Fc%s@érérﬁ% Speﬂlﬁgrléaﬂ 4[98??1@%@5?&%2?4. tT|P1% rotor top

mot or asse ner at netic

118 inbludes tireed dmptallerrblaﬁei h%AQh@M%R@bh&omQ@ blood out of the outlet
positi oned above the thrust é%ﬂat e 114 .[00125]
108. Ed@fqrﬁBWaleﬁﬁjh blade idBBrhas3 9’91 cle CPH@ ﬁ'é@@ tgneet desired flow

and pies ché ?e%ﬁ r‘lten sﬁ@%to@%@%rﬁ f 8P &IReand 3Raped based on

pre era y ‘conpose a’nonconductrve
a desirat einsihak filowmeinp reesdrei feedd fpr ianpneferted flbw rangesn Mﬂbh the pump

wil by SRS aSsTaM: Thohe: Mt BHDDSITSRS 18 Ja g is between
abouttisO8RED. éQPer@Mn@r%B arﬁ)”gptﬂﬂaﬂyptaoﬂlow Qﬁteléﬁaﬁéuts?%‘ﬂtéré‘/mrnute As

Figures 11A-1 Both rotor top 118 and rotor housing
seen pest inrigRes |1ﬁrE)I rtrme tep suraes 1aBBrafuhe retardaptid & includes an overall

angief B shdbe. LRk 5B 6 "t BRI 2Bt P 3R spdpce 118 i
relativdllyp@ealldw.8 frdvidihg tiin \@etdletHimesmpredildd qagt exdmeie, the top surface
outlet 108. Preferably, each blade 118A has a hel ght

118565?‘1%!5’ piaforably be @ngledhiess thrrspbedt 10 dageaes ckRwie specifically in the

and SRR QoS3 Q0L GRS ARTONR) Ryl
pressure head for a preferred flow range in which the

[0012F il he rd>tobeasde8ibgl},nd@5tooruamsatheeeImamneorppehemnsedthe rotor axial
magngf BEaT R Ak & BRI AR Hare9Pt 22 Bt mbacioron gl ASbdst seen in
Figurds 301 588 S46) HECpad® 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 rotor 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 apertures of the motor magnet 122 and the back
iron 120, as best seen in Figure 16. 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 bottom
126.
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seen best in Figure 11D, the top surface 118B of the

rotor top 118 includes an overall angled ranp shape.
wQiorhes28pme prior art designs, the angle of tPEI/US07/065717

surface 118 is relatively shallow, providing an

overall thinner profile. For exanple, the top surface

118B may preferably be angled | ess than about 10

rees and_no S I th f ut
100158 §0 g WesSTrest sndipghibdbE rariat 1oler FEAGNSI oY Brianposed of a
h
plurall} ?ﬂﬁ\ca%%gﬁ%)gghgﬁﬁ\q{a‘%n éaX| atlb{%_égl%rﬁyprgsaéﬁ] in Flgﬁres 12A and

e rot gnet” asse
12B. aAsother poweoris rm:g:ﬁed tb2the amzion dsaerbiy d@3120e o@sb‘e’iﬁ generate

magn3f GeloR e ie: Pats Mavietdsar Blarainy (rdokyassembly 105
di aneter, allowing the back iron 120 to sit on top of

[001219Ee THet ﬂfotd&flﬂﬂﬂ@lt miadyhet o 2@”@%1@%%‘1}3? ﬁqﬁmmaln@nf heddiet attracted to

e rotor axi al nagnet assen‘olé seen in rm%:r es
the bagnirapd!13IBLS the Meer assaewlar 8 ndThlﬁeatIrﬁﬁ%@n & tepull the rotor

asser%lgr{t%r %’%ﬂsatﬁ H‘H{ rpqé{ 1‘312? %éﬂ%afg{ﬁﬁ gfal Ioad on the rotor

assenilﬁl@ 1088 P@ﬁo@mlarynplﬁngtdﬁlgk@ stI&fasrtabbe!,seenSpaESr Patent Nos.
s al so included around the outer perineter of the

6 234r7r7r?e:an§(%%%0 FEONPHRAMERY 1y op W@ﬂﬂ@arﬁ@ﬁh&ﬂﬁtl@@rms to overcome
this agﬁ| Fﬂ)ta@i fohs. p@égfe\‘xﬂ@ln sﬂcé lﬁ%sﬁ‘i’ﬁlafo aﬂgﬂ{lc BRERRYs dfifze a thin layer

nd ba iron ousi n
of blomdme[t\ﬂ@ema]rotcm amaea m'rs:éteplated tearpasiing btgodt mnelshmpnort the full force

t 122 f [t
of thg 3B B S S nAETHarY o PIBES CR eniepatois i DeComeriHiRaged due to
stron&'%‘éﬁ?s’roﬁe%é %Pé’atﬂr?Bser%ué ré%rrﬁfl’l\c‘}’ﬁforﬁss @R é@%eﬁ%l{&l@ and clotting.

tor assenb the coils 130 generate magneti
Furtheﬁ éh@l@ommtreqtmreﬁbtq Restain e hﬂyndyna_m@ bediing incteasiesas the load

neroddl3. EEL SFORTRAer BB g R AhOL p TGRSt pover
penalBask thg Lﬁlmib34 of the notor assenbly 103. This

attractlon tends to pull the rotor assenbly 105

towards the thrust plate 114 , creating significant
[00138]; dihe oSSRt t HyengPBr hsiEbuigsy tiss. apakyiogds fopgear petween  a

hydrog?rgg%fig%gan% agﬁggaa%gél ﬂwga?n\%gﬁ éa{?lngl 25 d:’ a8baNRSdetail in U.S.

Applidatidndsgned Mo 10946541 9 damavitys|yt mconmxratedﬂoyc feferemgenl However, it is
usefuL@agpﬁg@t%ppﬁhlfecow?éﬁgrarqlo’sﬁgra it?e fopeesse%t agglﬁco?%nam ¢

[00131] As previously discussed, the hydrodynamic bearing includes three thrust
tapers or lifts on the thrust plate 114 which, due to the relative motion between 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 cumulative total area of all the lifts 114A is within a range of
about 40% to 90% 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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of bl ood between a rotor and a thrust plate, the
passi ng bl ood nust support the full force of this
wa@zxeoal1132end. Consequently, bl ood cells can norRCEHESIDY065717
beconme danaged due to strong shear forces, creating
serious conplications such as henolysis and clotting.
Further, the power required to sustain t he
dr odynam c bearlgg incragses as t | pad |ncre ses,

[001324, As Beghin FlosEeRd*nier AR B ?I%{fé neagnet ing includes
the rotbORkikl ﬁ%@hepq’?@ra el §%n(98 hi né’cumla ,rPB gir?fgﬂl"ed embodiment

pr esent ventl on I stripbutes t I S aXl a orce
seen bet gere aﬂ4hytbeodymara'xtal bmagnely 12Adana thri sﬂnnd’@gmg'r@t 119 have

oppo bear! Fé:‘rk%]s di s gsfgfd %\et @mghgqr?,c%qqco@gpl | %Jﬁ]( ghye magnets 119

and 1'2ﬂfé?EQHCa9éondT@Meé’[§fe of éxmlsatt@@f ot td Bash %‘P&fraérﬁi Eh‘érél'S‘} Feduce the
configuration in the present application. [00131]

axial pead/igushg Witeyc assembly H@Shyd-?lgulgeqdm% iihsietery a 3|m|Iar preferred

embopfiiet SRl T WK BHREBlospls biachBie g sz is reversea

the bottom surface of the rotor and the thrust tapers

[0013B}4 Tecatialsprerloag\wabihs forcepaiucbd btherm@@rmﬁhhg arleb124 can be
vvhenlnagredetermned proximty to the thrust ?
adjusteghduring, ag ?ﬁ‘@b’e‘?r@& drplotragaatic depanguRIetaradl. pekfigient positive

force %é@ eggb Ile%dqf%h Hef fofortbhard ?hé{"?é%'cﬁ t p@ﬂﬂg noérd%Pfé‘ArEtablllze the

e total area rust ate 1
rotor Iasslaaﬂ)hbemﬁ ceide pnevesd  thdgsirtafeeemofidn sati thet rmaxmum speed. A
mlnlnﬁjgrgif%)%&r a%@at é]?@:ég S tgech}?ec\feeﬁﬁ H’R/rgﬁgéq?es)(nce excessive force will

mcreé%é”@odil&oll-)%gés n$ tr%‘eeﬁzdﬂo@yﬁéﬂﬂf ﬁﬁué’c"bearﬂﬂ@s %Z"'?ﬂl@él%séa Bisewhere in

the axial magnetic arlnglncuestherotor axi al
this apglipedion) and aray iNkecasei einelyaiggnet 119. I n one
preferred enbodi nent seen in Figure 14 , the rotor

[ t 4 an: e i.ndl ne
001335 TefBR5, 0 A ulfe pRRPH. BloTn Shihd et 119 can be
detershirfegcéinpiticafg daring SUfuhctidrg tostgmien a BldSd andloydd samdck irculatory

a_constant state of axial attraction to each other and
loop. ¢ Hiae @Wlm@auéee@%s Qﬁt%mlm%ﬂaeymafatrée%ﬂ@rth%wewhy performance

of a ﬂiﬁﬁaha\}: bgﬁﬁﬁao;s Adricleul%%rrﬁlta?ﬁ’nmﬂnsérp’ge{qdairs &Lt Sﬁﬁﬁe%dfeatcn Jpump of the

Figure epo arity o
pluralitpohpumpsi® aaind;tddziéb agloneofe?. delm qrixDa RBésstire cAX08Imm Hg and the

posmg@ Lpf (‘tgada&gl rgégr?etf ? { dﬁJs?ed 9 I m%tabhﬁy n?qﬂgtrgto%lgss%rpndbly 105 is
detected (e.g., detected by listening to the pump housing assembly 101 for a change in
the sound produced). When this instability threshold is detected, the shaft assembly
109A can be rotated (i.e., moved toward the housing bottom 104) beneath this
threshold. Thus, the spindle magnet 119 may ultimately be positioned at one of many

different heights relative to the rotor axial magnet 124.

[00135] Figure 15A illustrates another preferred embodiment of the axial magnetic
bearing in which each of the magnets 119 and 124 are composed of two distinct
magnetic regions, positioned to axially align one pole towards another like pole. For
example, the top magnetic region 124A of the rotor axial magnet 124 is positioned so
that its north pole is pointing downward towards the north pole of the bottom magnetic
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adj usted during assenbly of the axial nmagnetic

bearing. Preferably, sufficient positive force shoul d
wheooappi2ezed to the rotor toward the rear of theCPURPOT/6S717

order to stabilize the rotor assenbly 105 and prevent

undesirabl e notion at the maxi num speed. A m ni mum

force should be applied to achieve this pre-load since

regiorﬁgxé??a? VST R oPLEAONGS TeRoNa 88 g0 dee Sl enaonet 119 is
orienth 13£ﬁ?atPre gthIQ tsﬁggopt%j HERRRARR fb%\?ﬁ?#ﬁtsthé-south pole of the

mum position 0O
bottomprnagmetlcmmym 119' darhhlbereslmcﬁr tﬁermdalemp'gnétimbegring reduces axial

load tgyugr:riggﬂgg gfn;a ﬁtggtgv%a ;yy%@pbl ers *l@gpélﬁégo%%krotor axial
magn@h@?@%h@lﬁhé's‘bﬂwdl@%d@ﬁ@‘[ aub'éhdoﬁrréélilﬁ'%@@rc@fbeﬂween the ends of one
plurality of punps t he maxurumspeed IS

magnet eadlthe H@@tere@tctﬂﬁeb@thpr oﬂ:OF iee(amma alhiet quterf sputfpgolies of rotor axial

magrBf 83 T0riuSs BulerRFY [ GoR SrEReaP R SR B8 7 e it magnet

119. up ItHnslr’@Sb@iﬂl oty afratthe bﬂﬂoﬂ’ep@l&ﬁ\%T%bCeéoérel areated between the
det ect ed detected by listening to th
by

magngiudi @nas repy coungering ah@@éba.nprtlm ogwbmgxual load otherwise
|mpo§§00(§WF,?ed,)ot?rhe SrﬁtPY%OSnSt ability threshold is
(i.

etec assenbly 109A can be rotated
e., noved toward the housing bottom 104) beneath
[001316ﬂ1| slntanettieol prefd@iied, etrivedspemntd| thenagagtets191&apnd 124 can be

compﬂggs g Qléraﬁfy 619 i ftsquor}lingzgpg%l%gﬁ@ao& regu d If:(firgéfxample one magnet
119 nﬁé%pllrg@ a"_élrggq'é*N 858qidr \Hﬁéfe%tsecﬁe%?@éﬁ‘r%bgﬁéﬁﬁ hes an S-N | region on

nmbodi ment "of the axial magnetic bearing in which each
top am anhls-nggien Delay itagl depicted & Emmesﬁﬁ oﬁlmmrly, one magnet 119

could St | %r?i\l ga(%g odtggﬁggﬁé]%s?n %gﬁl' F gg(g]n ES ow, w L@E{%éeytqaq@&%r magnet

124 hbem mgewmwm a8 dégrbfedin Fl@aré P50r axi al magnet 124
|s positioned so that its north pole is pointing

wnward towards the north pole of the bottom
[0013\?&gnTeftq dpEe eeneraied éqymthar pyial t RAgNBHC nﬁ@a@m cin either of the

emboﬁﬁﬂ%ﬂglsﬂt%ﬁ] Qﬁ %gﬁre%oﬁﬁdéﬁd W?ﬁclégn Lmrd%ysf]beolacmg the

ts sout € |I's pointing ovvnvvar
magnetsut 19 potel 2;11‘wtthalgm;rtwnmwalgmmemgihrreggmts;[dlgﬁimplyl by ladjusting the

neighbt SpEHls FGoaRt Age wdBin dee puitie  DocuaUeie Berieradet shatt 109
positibhe® throLlR d2Pt&Spahgef4®@LPhod%ing! bottom 104. The spindle magnet
119 can be positioned at a higher elevation relative to the rotor axial magnet 124 as
shown in Figures 14 and 15A so as to maximize the upwardly directed axial force on the
rotor assembly 105 or a lower elevation to minimize any upwardly directed axial force

on the rotor assembly 105.

[00138] In yet further embodiments of the invention, the rotor axial magnet 124 could
be a permanent magnet whereas the spindle magnet 119 could be a ferromagnetic
material, or vice versa. Similarly, the spindle magnet 119 and the axial magnet 124
could be comprised of a two separate regions, one being a made of a permanent
magnet material and the other a ferromagnetic material. Of course the polarity of the
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magnet 124 and the spindle magnet 119 and a repul sive
force between the ends of one nagnet and the center of

w0 b@®7019222 . For exanple, the outer south pol esPCF/USDTH65717
axi al magnet 124 produce a repul sive force on the
i nner south poles of the spindle magnet 119. In this
respect, both attractive and repul sive forces are

created between the nets 119 and 124, thereb
magneaanm@,t%@? ah eBYsef gﬁgaeteraéoemrﬁé wou qoagca% to one of the
0 r . » .. . .
oo HEASRE,ISTRESA0, O b1y 0490 8 ATELN B0Find QR ascussea

connek2idnoveith the iovemiosed of a plurality of different
conbi nati ons of regions. For exanple, one magnet 119

e single N-.S reaion, whereas t ot her .magnet .
(001385 &SR 8! Rited shestuliiet SRoRREhERR ordfe BiGle Bl bearing are
possible &tof§ing abale iplesdriungertfB. BbMEk@Ahple, tIRNEotBRARRI magnets 124
119 could have an N-S region on top and an S-N region

couldirg Q&ﬁﬂﬂﬁéﬂé&%ﬁ_rtﬂhé Qi_ﬂtﬁéﬁ_irﬁﬂ@lf@ﬁnggzpfﬁﬁg teyi aggemidyN 05 while the
spindfeemagﬂ??%%%%@t 8@ e'rﬁl?éao%ldr\ﬁ%tﬁﬁ e[sﬁ)cg)é'ﬁgl] ofr H‘l% ﬁ&ﬂﬁﬁg middle 106.
generated Dby e axi a i c béaring 0

naghe I n elrther

In thid hespeiehabe riffdrens position f e mmeldt naydaldd Arddide aamxial force to
be adj usted by replacing the magnets 119 and 124 with
Compﬁﬂ%t@rf%?OWB‘O@Fd Bt&IRa0 G Oﬁﬁlﬁwr@tt%r, agsemRydOp- by
adj usting the height of spindle magnet 119 within the

[001 %iméggstbé/eé‘\dinulsi thQ1BhSIotoBré‘rﬁgn%dth%|"&§th11% through inlet passage

sitioned through center passage 104C of housi ng
102CHutd ismligloarseTiy thpi imglediemhtpaes 1T1BA ower the tppsiftthemetdr and either

o o B S04 Bl e B 4B WS B0 B kg 100 orarouna
the ot HZ thel RfoUBYEEAblY THde?the Fof¥ RsehE s IplfiRg the fluid for the
rotor assenbly 105 of a |ower elevation to mnimze

hydrogligamjsiiirdsty berrinmtand hemupftoegamhetwren Siespindle and the rotor

asserfig Yo disbfiing W ATRlebheShiet beafihe 120 cou a be o

per manent magnet whereas the spindle magnet 119 coul d
[001448 dnfsenmeimstanziels thernet @ay aXxist arradiat iacesatedSomitherrdtyr assembly

105 oo o b Ba S o st bt o B od 2 S, s e
bloodBUIBrd f B&E TESUMp 100, an outlet pressure at the outlet arises that can
cause the aforesaid bias on the rotor assembly 105. In one preferred embodiment seen
in Figures 5G, 6C, 6D, 6E and 18B, compensation of the radial bias can be achieved
through the use of a radially asymmetrical or noncircular spindle magnet 119 in the axial
magnetic bearing to create an asymmetrical magnetic field. For example, the spindle
magnet can have an asymmetrical or noncircular cross sectional shape, such as the “D”
shape of spindle magnet 119 in Figures 6D and 6E and spindle magnet 117 shown in
Figure 6C. This shape can be positioned in such a way as to increase the magnetic
force in a predetermined direction and magnitude, opposite to the bias force.
Specifically, the curved areas of spindle magnet 119 produce a greater magnetic field
relative to the flat side. In other words, the spindle magnet 119 is shaped such that the
center of its mass is offset from an axis of rotation of the axial magnetic bearing and
therefore is also offset relative to the rotor axial magnet 124 of the rotor assembly 105.
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magnet material and the other a ferromagnetic

material. O course the polarity of themagnetic
woradoenieks in any of these enbodi ments woul d cRCF/U8200T/@65717

one of the enbodi nments di scussed above in order to

provi de the axial bearing | oad as discussed in

connection with the invention. [00139] It should be

noted that further enbodi ments of t neti c ax
Thus, ;g AFRA Qié he, $R819¢ dNagesdr bl Hdavpa §F€%‘@htmagnet'c field can be

orientbavfp?}ﬁ%éﬂ’é thFoﬁlr&ngP’th%'b“i‘aé ek salforE@ #?rﬂﬁ flat side of

cou di sSpose near the outer C unt er
magnebtl $8), gzeduding Mae fehtd entthe rstmrrajdlaal magmmmm thatildérection and

theretiybéedqq?rqgemgssvl\ibé%géllyeeglﬁiﬁ%t}’\r%: eg% fteléﬁ qt)}o %;&%p'}‘p%g Sn the rotor
asserﬁﬁlgnets may al so produce an axial force to conpensate

for downward prel oading of the rotor assenbly 105.

00140] As best seen in Figure 16, blood enters the
[001 ﬂmﬂnl@lﬂpthﬁf qugieriesl emhesimage e diamds jcorapensate@dvith surface

featur?é d&g:ﬁ hgfs%é] ﬁé %dhiaa%% ﬁpgé% négéstgre ol éﬂrﬁc@egé@%%[ry changes

e voli I’i ven out™ 0

alongatieltatust @fatent hehsirter airctihderentinl $0facy ofitheuinslditg middle 106,
out si de of the rotor assenbly under the rotor assenblﬁl _
or bokf‘suﬁ’ﬂl F}’)ﬁﬁ'ﬁgttﬁﬁs?l Y eoLNE h,yf@rrcﬁi‘@m ©n pRg $ide of the housing
[
micclBYYE; BRI TR HehhO% SARMAROHTRS HPE, ARG PUfE TG0, creating a
biasirjgoforeealn aeadlahglre¢tm14\mﬂlthlpropenpoa;memlagaﬂShQMrajlaiﬂwdrodynamlc
s exerted on .the senbly 105
pearigs, The, SpliA | R aRs Rercsrcan e rtuaniabietheSion the punp
100. For exanple, as the blood is forced to exit the

[00143) "Mn 18%than efehild BRfteihenatthisheadidl bis & 'o%@ﬁpérﬁéfed for by
can cause the aforesaid bias on the rotor assenbl

y
offsetting the ispinse pragnatr el Fapotheneentes oéihe spmdieirid4Dsand rotor axial

magnggﬁ 2geD Fg?%x%?@%lésﬁ;ggpé) 18 r\ﬁ@étf'agg%?ﬁ EE%&! H @nep"l?é positioned to

one sifey ohier caretbr 040 BMIce splmld&r 1$pDndbepermtinglonlth@ domfigbeation of the
axi al _magnetic bearing to create an asymetri cal

magngight rB01 124 dhe plpeteshingipanagngl 151@ narcsad@caﬁ@.mt ragial force as the

rotor Qﬁé/é?napsuch asg%hwuﬁ%gﬁgé%,nrgf spl ndI e rmg %nlg Iand opposite

force,Ahg uraelal biRsamttdodiie caintoly By bidbe extignehe bhmpsbarwbelomunteracted.
Figure 6C. This shape can be positioned in such a way

[0014?1? tA?noitHé:rr g"lg}g’eecttot}ethremgrré%teintC invention is the interaction of the hydrostatic
pressures of the pump, the axial loads between the motor rotor magnet 122, 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 operation of the pump 100, the curved impeller blades 118A of the
rotor top 118 generate hydrostatic pressure, most of which is used to create useful flow
through the outlet 108. In all centrifugal pumps a hydrostatic pressure is applied to all
wetted surfaces of the rotor and housing. The sum of this hydrostatic pressure
produces a net force on the rotor which must be carried by bearings. These forces can

be difficult to measure; however, they can more easily be predicted with computational
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force in a predeterm ned direction and magni tude,

opposite to the bias force. Specifically, the curved
w@e@ag1p2 spi ndl e nagnet 119 produce a great er PETHYSDT/@65717

field relative to the flat side. In other words, the

spi ndl e magnet 119 is shaped such that the center of

its mass is offset froman axis of rotation of the

, magneti ¢ bearin nd therefore is also
fluid ‘?@%‘?'Pv@%‘ﬁ'? /e s 9%)%" |arl‘.e,a§.€2gipu1t_§upr}ﬁl fruick db’B@'@S‘n‘CS (CFD) is a

finite %?e?ﬁ@f‘i’ﬂ ?L@Qém-rh‘ré? > alfdis ﬁ‘(&ﬁhﬁ? ﬁirgf e ﬁ’ér? of&e8Sterfotthance of a

havi ng greater magnetic f e oriented
pumpo pifues reseilts od thi'sraexaiysamcm thdrrebeiuaedfto@&r(rbmesumnpaeameters that

oi Nt i into i de of na 11 r.oduci n
can bBGxBecli f5ia % brdubike e gudt a3 0¢ nolli wirioBRaNgH, efficiency,
result oty @by ghedrci ng or substantially elimnating the
fects of the bias force on the rotor assenbly.

4‘[§30142] I n anot her Br eferred enbodi nent, this bias is
[001 rrpiéme@pguanai GTPfRIOSraBatNTES defck-Sagvag gpeddo create a CFD

modeT5 lé'f z;%arlrll "‘\%rﬁcco?ﬁﬂgsttoofqe @rte%fﬁ%fe%‘ﬁgngeﬂgﬁerrdﬁlc model of the

hange ong 't t he

complsité cotot esesinbs/ 1(351Wtauct$|edc5adkb@ehthoasmg diegldiheed @0d rydrodynamic
bot h. By pl aci ng t hese features unevenly, for exan‘gﬂl e
bearings Widé lﬁ%t%ﬁv Ivate §¢ﬁ@<‘1ﬁmao%ﬂ1@60toa W@F@&WHQ ignd leakage

behlneqﬁé'r@t%r'aés%rﬁﬁ@lﬁﬁi on one side of the punp 100,

creating a ng force in a radial direction. Wth
proper positioning of these radial hydrodynam c
[0014G¢arA Hgminarhmcmiﬁil\eas 1pedvisicef the ecateidated Reynolds number is a

subst reduc 4 ln anot her preferred s
maxirHSHF P whith! § WS Mugpirh el a2 FAES Ehabei Bels the transition
rangeocﬁffF_S@@@' ﬂfﬁetfbﬁnﬁﬁlfﬁldih% RegRds Adfolr@n t he center of

he Spl ndl e 114D and rotor axial magnet 124. For

rer Figure 18A illustrates the spindle nagnet 116
[0014}§&>S| +RVM to one side of the center 140 of the
spi ndl e 114D. Dependi ng on the configuration of the

[0014@?93u tﬁls%ﬁnﬁﬁdplﬁ eﬁ%j‘tg @f(f ggﬁl},ﬁ\gi@g Iggzﬂg @t m?s;l/)(s P,is clearance

ces a net
(0. O122)t:at)md IisusscdsjtydBéatps)g a radial force W|th an
equal and opposite force, the radial bias introduced

| ood exitin he .pu can unt er act ed. .
1001580 TGl R pnto G M bRCab e Ridleslatinsicestmeacting on
the rdt@rt 5HHIOM 0. The drysiee LuitsCarBif adtaR @f padeal aumgvs mm Hg).
the axial "I oads between the notor rotor magnet 12
The fumefiost ealeulator of the software indicates that the area average pressure on the
hub of the rotor assembly 105 is 9754 pascals or 73.15 mm Hg (1.415 psi). The
annular area of the rotor assembly is 1.041 square inches, indicating 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 hydrostatic and hydrodynamic
pressure acting on the bottom of the rotor assembly 105, i.e. the rotor housing bottom
126. The outline of the three lifts 114A on the thrust plate 114 can be seen in Figure 20,
as the different pressure regions produced by these bearings. The function calculator of
the software indicates that the hydrostatic pressure outside of the region of three lifts
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back iron 120, and the axial magnet 124 and the

hydr odynam ¢ bearing created with thrust plate 114 .
wabiog/1121escri bed in greater detail bel ow [ O0BPQEB$2007/065717

During operation of the punp 100, the curved inpeller

bl ades 118A of the rotor top 118 generate hydrostatic

pressure, nost of which is used to create useful flow

throu h the outlet 108. In all centrif

| )
114A1i5 8395172 PRSHBEE BRO7. MM bl P21 RFi| i RISA Qniiheeqier housing
bottorAl 13816s HNEPA . (?ﬂd sHOA% Wﬁpg%_lg?ag%’r\’q e tr@éuﬁtlrl?%h Eés%ﬂlcc force 1.27

pressure produces 'a net he rotor
poundseincadireeitbrogwhye ioimte. reahes thef purops can be difficult
to nmeasure; however, they can nore easily be predicted

[0015?}]1t ng ﬁpség?és'(ﬁg? {,%' dﬁwgm&&yﬁal S| 383 l&Eownthe net axial

hydroﬁyﬁaMR:/WcﬁHEtra‘tlcﬁb@&r agtihdan &d eur raa@efnbp@ 1@8d i, c. the difference
predi ction of thectgerformance of a pu he resu ts

betwesh thiei foremartjng ondan teped the rg@écaaserrwé\t éPhiang theclottom of rotor
d
asserﬁagaftﬁi‘ )95 %, %@%?o@ﬂgs ﬁ@ 3?23@%& g%ptgf\/\ia% LY} {j]“l@lr RUTp: This net

Suc ormance,

axial hgzdnddynamué/hy@@statmnid)r@@@wo cbablddy wihetheofores créeultung from the
program ANSYS CFX-5, was used to create a
actlorhgfd@p rBetor MAGNS 1@@@%\‘@&@@1&%1 @%eAﬁyg@gh@ttractlve force for the

f
ot BRSO TR AP 1O Bab RACH o8 e 15P3RE 5.1 2bhs., o, e
hydrotiyd@mdybaammg brardéchigy thediftasidd A must abomgpieasaier imesa combination of
the ngh bydRenanedaiipiatB 350 tod PouiPah ARG  Rgasior vaganet 122 and
back %ﬁd :13 5k rﬁ\}ﬁa&t"\% ‘i‘?&Ic@UPai %blﬁ%ﬁéz‘%rd% AP akial SFor%e”@i“'aml'é‘élst 1.302

, is wel with | am nar range and
poundeel | Inbethew thdsu rtaﬁshydr@dynamge befring op@duTee droramownt of force

adeqqq%e th rﬁg%/ ?ornk%@e({& hé?‘? %48 rbjsgﬁgirbtalﬂq\vb-o@ygderall position

of the\/ﬁit@ﬁaéserﬁﬁlyaoﬂ amnng?)nlosmgl @pér%ilﬁ@ﬁ With @dinidval a8Incaplydital contact
IS viscosity 5 cps). [00150] Figure 19 shows a

with the RPYSINgiasisast Yaﬂ@bn of the hydrostatic pressure
acting on the rotor assenbly 105. The pressure units

[0015%] © 1h2oRBREHNS the dpB2gioRlofThe BBAD KMBdMibed. 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 controller 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
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
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
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The function cal cul ator of the software indicates that

the area average pressure on the hub of the rotor
w@e®enid2g2 105 is 9754 pascals or 73.1 5 mm Hg BCTUSHL7/665717

psi). The annular area of the rotor assenbly is 1.041

square inches, indicating that the net hydrostatic

axial force acting on the hub is 1.472 pounds directed

e obfaTcR. S SobatesG: b6 Sy bt oY TBRh 2 T s oo
[ i e ure acting on the
throu@%ﬁe’éﬁ;@? 1??92%?%?%'?@ g‘sjglgﬁ‘gl@cg%g%i .e. the rotor

housi ng bottom 126. The outline of the three lifts .
[00155] 4 Aithoughe thar usvemniiam ehdd 4 bean essgbedi in Fitggime 20, particular

s the different. pressure regions .pr.oduced by .these, . :
emoofifaeits At sa Ayl B3¢ o8 ckiPaBo SR ThE S yaRESF tris teaching,
can gbﬁdﬂd@@b@éitfbhéler*nb_@di'ﬁr)’éﬂt@%hatmédiﬂémﬁitlﬁb{it%e(ﬂ)@rtﬂfzg fr&® the spirit

region of three |iftsl14A is 8395.72 pascals or 62.97
of or axgaqging the sgope pkthe qipéned dweptionhacerdingliolids f@ be understood

p . . e -

et AR B Ribo O 8o/ TE0ER Ly T B Lo o fctiat
compeatnsforoof theenveraionadnd Steoudaiimpt bé @Ah5RJied to lifitshe scope thereof.

respect, the CFD cal cul ati ons show that the net axi al

hydr odynam c/ hydrostatic force acting on the rotor

assenbly 105 (i.e. the difference between the force

acting on the top of the rotor assenbly 105 and the

bottom of rotor assenbly 105) is 0.202 pounds in a

direction towards the rear of the punp. This net axia

hydr odynani c/ hydrostatic force al so conbines with the

force resulting fromthe action of the notor nmagnets

122 and the back iron 134. A typical attractive force

for the notor nmagnets 122 and the back iron 134 woul d

be about 1. 1 pounds. Hence, the hydrodynani c beari ng

formed by the lifts 114A nust conpensate for a

conmbi nation of the net hydrodynam c/ hydrostatic force

(.202 pounds) and the notor magnet 122 and back iron

134 attractive force ( 1 . 1 pounds) for a total axia

force of at least 1.302 pounds. In other words, the

hydr odynam c beari ng produces an anmount of force

adequate to conpensate for both of these forces, thus

mai ntai ning the overall position of the rotor assenbly

105 during normal operation with mniml to no

physi cal contact
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wi th the housing assenbly 10 1. [00153] In concl usion,
the operation of the punp is described. In operation,
wo b@7biaer punp 100 is connected to a circul at BEEUS2007/065717

systemof a patient by the inlet 110 and the outl et

108. The user activates the bl ood punp 100 by

actuating the blood punp controller. The controller

delivers the appropriate electrical current to the
Whats gigime@i%i rcuit 132, which then distributes this

current to the coils 130. The current traveling

through the wire 130A of the coils 130 creates a
1. nAdieed PUMPEUMPHERJi nteracts with the notor magnet

122, driving the rotor assenbly 105 to rotate. The

nadetp Bogsiag @efiaingtapumipi shaneberdigving an ilaheert aad an outlet port;

rotor axial nmagnet 124 interact to create a magnetic

aairafor blesgooisag withirmedio pranpthausinghandxi al positi on of

the rotor assenbly 105 during rotation. As the rotor

aas endidlymagheispbparingdiisgoseniain saidapurhprahamiseri topat leadt partially

to the rotor assenbly by the hydrodynam c thrust
SUPPHEERIATGI¥r eated by the Iifts 114A on the thrust plate

114 . [00154] As the rotor assenbly 105 rotates, the

i ppidlaxeq rpRgRlE hammainciuding atfivst raarethapsg supd that a center of

i . i t i . e

mass S48 <7 estish i oG Tl arpes B el <L BRIRBHC prdihe. said frs
magnebyehérnagng et magasteioity inl@ spdcitive sadibedipedtioant ' s bl ood

t hrough the punp 100, assisting in blood circul ation.

[ 00155] Al though the invention has been described in
2. 1 Ehetoledd Pakip e cRiimenbReihee tbmpizthcrB i@k @t wheksn said first

of ordinary skill in the art, in light of this
magnekigctispRpetiarsalé feingte additi onal enbodi nents and

nodi fi cations without departing fromthe spirit of or

exceedi ng the scope of the clained invention. .
3. Atberbioegl pump afsclagnbe, umbieriedt owridt a¥eal tRagrrtionibegsing further

L Qt ] her.qi 1 f

comp s SFEEPhE & S8 RsRhf ahidtie:ShEB Mgl ppgtpr of mass of
said sesbrehmdghetdt dyneansithusaldt axibi ofi baidhaxiat ep&gnetic bearing, said

thereof . What js clainmed is: 1. A blood punp
seconchmaenst BYng Sisnasedie §3ih@t®ef i ni ng a punp chanber

having an inlet port and an outlet port; a rotor

di sposed within said punp housing; and an axi al .
4.  mhhadleqd peAm AlgClain foyUierein 8 STePSpeRRliconRingRid firgl magnet is non-
circuléreaSt partially

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 blood pump comprising:
a pump housing defining a pump chamber having an inlet port and an outlet port;
a spindle disposed in said pump chamber;

a rotor disposed in said pump housing and at least partially around said spindle,

said rotor including a first magnet; and
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support said rotor, said axial magnetic bearing
including a first nmagnet shaped such that a center of
wore®g/1af225ai d first nagnet is offset from an arRCBEUSH007/065717
said axial magnetic bearing, said first magnet
generating a magnetic force in a specified radi al
direction. 2. The bl ood punp of claim1l1, further
conprising a spindle and wherein said first net i
dR 56984 ”i%ig idlbs%oéleﬁdl"g‘.'” §?'dﬁ%”@leo8@'dpi?&8”g?f%%%ﬁtrﬁ%aped such
that a%er‘ﬂ’@?%?'rﬁ‘as%%ﬂséﬁﬁ'ﬁco%%ﬁ hét ieeﬁfée'ﬂgrd‘nﬁ”atnhﬁiis of said spindle so
conprises a second nmagnhet, Sald second magnet shaped
that saicthecdrat magnehipesvidés aaresluoéd sadidl swEgmetic rageen & predetermined
: aIi%Hed Lth said axia of said axial magnetic bearing,
direction; UIWEEBHAMhEYHSCCRRY iAW & posed in said rotor. 4 .
The bLoodkg_np of claiml1, wherein a cross-section of ,
SWNErein (S Fufﬁ%rm@gri‘%t Fheridspeand Bagngk comppige AMpxig magnetic
beaﬁﬁ%ai”‘4 , Wherein said non-circular cross-section of
said first magnet is substantially a "D' shaped
cross-section. 6. A blood punp conprising: a punp
h [ Y| ; ; ' ial gt i ;
7 S Bl SRR R T SR o el et magnet i
alignechaithan; axis obsaid rdfosposed in said punp housi ng and at
| east partially around said spindle, said rotor
including a first nmagnet; anda second magnet di sposed
8. Wrhéiboshpempf ritie, 7,sehstetesgid dirstagagtetdbsipgdhaped.
that a center of nmass of said second nagnet is offset
froman axis of said spindle so that said second
9. nmpadilodd Purble Sofaclairal UG edhéerdh &laid@easihd ana@hetehas & non-circular
predeterm ned direction outward from said second
crossriggHienal siig®eei n sai d first magnet and sai d second
magnet conprise an axial magnetic bearing. 7. The
bl ood punp of claim®6, wherein said center of mass of .
10.  s&hg H9ed puriypletlaing Samhgfieid saidAirgrmagnet ioelusigs dpoles oriented in

an op'b8§i?e( 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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8. The bl ood punp of claim7, wherein said first

magnet is ring shaped. 9. The bl ood punp of claim?7,
wob@reinn2sai d second nagnet has a non-circul arPCT/US2007/065717

cross-sectional shape. 10. The bl ood punp of claim9,

wherein said first magnet includes poles oriented in

an opposite direction of poles of said second nagnet.

1 A met ho f conpensating for radial bias in a, o
14. bffh%cﬂn%tﬁ_ﬁa ol s £l e BInoRiosRg gca gqrsgéurﬁaﬁfpcqrapﬂses providing a
spindf@ ér%HhétV\'/rg& Qéi@i%w\ﬁe{ilﬁf ﬂ}tétﬁgﬂc{%}ggbi aMaghet® said spindle.

magneti c beari ng in sai p SO as to cause
novenent of bl ood through said bl ood punp, said

15. g}g\ggmhamg (%rﬁﬁ iﬁ@_usi ng a radial bias on said rotor;

ucl magnet i T force having a substantially

0 [ s [ It said radial bias,
55%3)%&&1@%3@?&4%%&&@&9 ﬁgqgﬂg&@f{gP%cgeby a magnet shaped
to have. a ceat.er of. mass sgac_ed froman axis of said
aRirAer HEReSEH N B@'Qr'r‘f%'.orfﬁ. ®&he nethod of claim 11,
wherejn the produci ng of said nagnetic force includes
pRB @ MAEHaRe NaSPNAIBRI 96n- ci r cul ar

cross-section. 13. The nethod of claim 12, wherein the
pr ovi dedistonagneiadiseesehin agfddoisrand hayvingra north pole and a south
058@‘3'380“ on conprises providing a magnet having a

" Sﬁaped cross-section. 14 . The nethod of claim 11,
wher ei n rodaci n% a force further ri ses providi

2 spi ndl RAGRAORRT SRFPOSPd Th s RTPEsRAGS Tiemy 4 center of said

PFAH dhdlBaRinGROASEh bBleSahdasButfipsle. 15. A bl ood punp
conprising: a housing assenbly including an interior
space; a rotor disposed in said interior space; an

16. axhal biBBENSIMP BRI-iMT150MReIRdr BEMPFising hi §ShdERERPbsed in said
disposed in said rotor and having a north pole and a

housigg @shemblyeandnticrein saishsrcanghvagaelsip shsapsed ig ai spindle.
interior space near a center of said

17.  The blood pump of claim 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 of said
second magnet.

18.  The blood pump of claim 15, further comprising a position adjustment assembly
coupled to said second magnet to modify a position of said second magnet relative to
said first magnet.

19. 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;
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rotor and having a north pole and a south pole. 16.
The bl ood punp of claim 15, further conprising a
wapiondie22i sposed in said housi ng assenbly andP@iEs®0TI065717

said second nagnet is disposed in a spindle. 17. The

bl ood punp of claim15, wherein said north pole and

south pole of said first magnet is oriented in an

opposj.te direction of said north pole and south pole ,

ogg'geh“& exigHe ﬁiyﬁéqdynmcﬁe@ﬂsgowafaﬁaﬁﬁ ofotel @yrng gperation of
sakiﬁé%dpﬁﬁmfonpriSing a position adjustnment assenbly

coupled to said second magnet to nodify a position of

said second nagnet relative to said first magnet. 19.

A PN . ; P
20, T o e P P S TR RO R nEh B & ststor
chambar.d first housing nmenber being fornmed from one

conti nuous non-assenbl ed piece of naterial; said

housi ng nmenbers defining a punp chanber having an
21. i Mher blaods puhge esf @lawnur2dl, | Wwyiedin | s4itls stanomathamber comprises a

integrally on ap interior surface of said first ,
remoyRRIR AGCHRABYR 19AISEIaCVelY FACE9F IO RAIG SHfar 6kRMRAT fom an exterior

; ' rface to a rotor during operation of said
°fsmﬁﬁﬂﬁﬁpgﬂﬁg: 20. The bl ood punp of claim 19, wherein

said first housing nenber includes a stator chanber. 2

1- ' reid: saj :
22. Thetocd SAPUTRIh, & AVREh SHR LT RiTBIRaRY s comprise an
elongatddesivpinglsurfaceessi ng sai d stator chanber from an

exterior of said blood punp. 22. The bl ood punp of

claim19, wherein each of said plurality of lifts
23. cOhprblsedapumboofalaith 220pigrefrurdarteof 23id Pigralityood lifts further

punp of claim?22, wherein each of said cPl ural ity of
comprise ashogiengd flat surface coextensive with said elongated sloping surface.

24. A Dblood 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.

25.  The blood pump of claim 24, further comprising a stator chamber accessible from
an exterior of said blood pump.

26. The blood pump of claim 24, wherein said lifts are comprised of an elongated

sloping surface.

27. The blood pump of claim 26, wherein said lifts are further comprised of a
shortened flat surface coextensive with said elongated sloping surface.
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conprise a shortened flat surface coextensive with
sai d el ongated sl oping surface. 24. A blood punp
w@owpnieeng: a housing defining an interior puP@I/US2007/065717
chanber having an interior surface; a rotor disposed
within said interior punp chanber; said interior
surface beneath said rotor being fornmed froma
cg\h ous, nonassenbled material that constitutes a
¢0 ewmpoqpraprl%lagd housi ng and having a plurality
of lifts integrally formed fromsaid interior surface,
saih@usinBtassesttY.ng a hydr odynanmic bearing with a
bottom surface of said rotor. 25. The bl ood punp of
chaiimpelgr dispagestinsaiphbgsing asssmatyor chanber
accessi ble froman exterior of said blood punp. 26.
Tlaepmhhpodhamhrpr dérneéai fror@4saidhboesing sassenhbll/t saar pump chamber
,sed el on(gat ed sloping surface. 27. The
haV'”BI%‘dB ebangd 36‘f°‘8|e$1 6, wherein said |ifts are further
conprised of a shortened flat surface coextensive wth
san PuilebHewtrath dnQpding & first greovaspopitipned@reiiha circumference of
usi
the p&lﬂBWHa?ﬁtﬂQufgfrn@%aé é(g}%l,g ggbér}ﬁ a a nﬂ@? {p@\(enggﬁrﬁé’%ﬁ@ to said first
grooveard baidouligt;asesesbtynd gmcnl/epiuamng lesibetarpanthag asize of said first
inlet and an outlet; and an outlet flow path including
groovg,fl rst groove positioned around a circunference of

pu chanber formng a torus shape and a second
gﬁ@gvftfs gﬁﬂ%@tﬁ'@ £0 3§a‘i°dthf“i>t|t|§tﬂ0g\‘ @6%3%!?‘1‘00“3%@'@ outlet and thereby

causH Y RaneS A I SRRRN A NEINUII %8 1918 Adfg han 2

sal d |rst gr oov st ove Si z€d so
as to throttle flow upstream of said outlet and

At s M S BRC 28, WRBRICEACh ShEohTPiokfh, BRbbressively

increadesrigisizestaincirdse saidicoLglieoove progressi vel y

28.

30. The blood pump of claim 29, wherein said leakage flow is between said rotor and
a spindle of said housing assembly.

31.  The blood pump of claim 28, wherein said second groove cooperates with said

body to form an outlet passage in communication with said outlet.

32. A Dblood pump comprising:
a pump housing defining a pump chamber having an inlet 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 outlet port and increasing in diameter towards said outlet port;

said torus-shaped volute having a size that throttles fluid flow upstream of said
outlet port and thereby cause a leakage flow between said rotor and said pump
housing.
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I ncreases in size towards said outlet. 30. The bl ood

punp of claim?29, wherein said | eakage flow is between
waa0od/1t2edr and a spindle of said housing assePdil/ys2087/065717

1. The bl ood punp of claim 28, wherein said second

groove cooperates with said body to forman outl et

passage in communication with said outlet. 32. A bl ood

ss. PAER TR B BB N el BBt asgund o onre
; j | L i d punp housing; and a
chuéﬁﬁﬁﬁq€ gﬁﬁgiggﬁﬁéﬂéﬂgéﬁned by said punp housing; said
volute circunferentially di sposed around said punp
c r L anLeu ‘nassag - [ ;
34 TR GRoATUNALR B AN2 et oSS RLE, R RBHRL' B! matoning
grooveewh nukinggpattiond besaipgump bausingor us- shaped vol ute
having a size that throttles fluid fl ow upstream of
said outlet port and thereby cause a | eakage fl ow
35. bEhewtosodspumhpraitotainme®el whaerdirpsap dudes pagsad@ hdhe geheadlly circular
unp of claim 32, wherein said volute is disposed
Crosseslddt t he entire circunference of said punp chanber.
34. The bl ood punp of claim 32, wherein said volute is
conpri sed of matching grooves of mating portions of
36.  sAirmneiherf rsping blapd Corerigngod punp of cl ai m 32,
wherei n said outlet passage has a generally circul ar
cpwidisg etpwmp heesing dediningda eLnpuefamigenl ood
conprising: providing a punp housing defining a punp
c hmeovirey blomdi frgmbboaodleft rionsaaah pumhethousirgattdopginan impeller of said
hqusi ng .t hr ou an inpeller of said punp chanmber to an
pumpgaraehth o i s HRen R GoSSRE AR eagi ng « he
pressure of said bloaod in said punp chanber upstream _
oNCERASING (¢ PresyraLitaid dleed HP Salsk RYEIPr PWEPV HPekeam of said

outlettS ¥ERH 5L A% SUGEAREF 0P bR BelwWB¥ helting surfaces of said impeller

and said pump housing.

37.  The method of claim 36, wherein said increasing of the pressure of said blood in
said pump chamber comprises passing blood through a throttling volute in said pump
chamber.

38.  The method of claim 37, wherein passing blood through a throttling volute in said
pump chamber comprises passing blood through said volute having a diameter between
about 2-5 mm.

39. The method of claim 37, wherein passing blood through a throttling volute in said
pump chamber comprises increasing a pressure inside the pump relative to the outlet
between about 50% and about 100%.

40. A blood pump comprising:

a pump housing defining a pump chamber having an inlet and an outlet;
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and sai d punp housing. 37. The nethod of claim 36,
wherein said increasing of the pressure of said bl ood
WO poogait2punp chanber conpri ses passing bl ood peir/osmh7/@65717
throttling volute in said punp chanber. 38. The nethod
of claim 37, wherein passing blood through a
throttling volute in said punp chanber conprises
passi ng bl ood t hrou sald vqute havi ng a di ameter
b8t AOE AOTRIERRY d@PQSﬁ&'n §3/d priRP FBRMEE Ik ai m 37,
wher ei n passing blood through a throttling volute in
sal &%ﬁﬁn@&:ﬁlﬁnﬁ%ltl@@@ﬁ)rqns@sSuﬁ%¢%a§|%de@s@Lﬁr@ber to create a

hydrogig@/é@ﬁc dﬁg%oﬁ‘g[%%g% \ﬁz%\éﬁ &t ng:'t&hgafbul ﬁ@g@éé{‘ﬁqﬂsm%ce extending

at anpamgle hfooiai mdq@implmmb@uapd czh@e‘o@md tsavfagg edhnettet to said first
and an out|et;a rotor rotatably disposed in said punp

surfageanpextensing substa@lly pasallel fe SB@sﬁ"L{rfa&@éH ss¥ uRiprghaseoer;
of said chanber to create a hydrodynam c bearing
SWPEERiR SWQn’E'SEQlHrtﬁIa%'lSc&t |ea‘§dl|@"gqrfthan ﬁ@l&jﬁﬁqf)?@deﬁlﬁlaﬁgt
surface extending at an angle from said punp chanber
and a second surface connected to said first surface

41.  ahbe ®aashpumg of eaimed.ifalthgr gemplisieg arpuesditylokliftst ace
of said punp chanber; wherein said first surface is at
| east | onger than said second surface. 4 1. The bl ood

42. thp kibod| @imp4d, claimt #@&r \Amermmmldgfurat ;sUcfaaensyamgled from said

e of ¢ 40 wherein s

surfagq o Said mR 6o B0&r & BwEe Bl h Bdrab s 8o 2batfstpagecs
chanber is between about 0.5 degrees and about 3
degr ees.
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