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WO 2005/028000 PCT/US2004/029842 ROTARY BLOOD PUMP
CROSS-REFERENCE TO RELATED APPLICATIONS This application

wolaemmthebenefit of U.S. Provisional Application No. 60/504 238@42004/029842
Wampler, et al. filed September 18, 2003. 5 FIELD OF THE INVENTION
This invention relates to the field of rotary pumps. In particular, this
invention is drawn to bearings for various rotor and impeller architectures.
BACKGROUND OF THE INVENTION Typical rotary pumps utilize an
impeller wherein the mov&mm é{brpqw is constrained in five
degrees of freedom (two angular, three translational) by mechanical
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mot ran pump enables the ellmlnatlon of drive s afts nd seals
ishrapRtarh beptings Fsterornge heosnekrin e mtrsagedr bingshesls. In

ge@té’faﬁ?ra%%ﬁﬁuhcaﬂy efficient and power efficient pump that can handle
delicate working fluids such as blood is desirable for some applications.

U.S. Patent No. 6,234,772 B1 of Wampler, et al,, (“Wampler”) describes
a centrifugal blood pump having a repulsive radial magnetic bearing and an
axial hydrodynamic bearing. U.S. Patent No. 6,250,880 Bl of Woodard, et al.
{(*Woodard”) describes a centrifugal blood pump with an impeller supported

exclusively by hydrodynamic forces.

Both blood pumps are based on an axial flux gap motor design. The
pump impeller carries the motor drive magnets thus serving as a motor
rotor. In both cases, the drive magnets are disposed within the blades of the
impeller. Drive windings reside outside the pump chamber but within the
pump housing that serves as the motor stator. Integration of the motor and
pump enables the elimination of drive shafts and seals for the pumps. The
pump/motors include a back iron to increase the magnetic flux for driving
the impeller.

Both blood pumps suffer from hydraulic inefficiencies due at least in
part to the large, unconventional blade geometry required for disposing the

magnets within the impeller blades.



the impeller. Both blood pumps suffer from hydraulic inefficiencies due at
least in 30 part to the large, unconventional blade geometry required for
disposing the magnets within the impeller blades. 2 The natural attraction
between the magnets carried by the impeller and the back iron creates
significant axial forces that must be overcome in order for the pump to
work efficiently. Hydrodynamic bearing% can damage blood cells as a
result of shear forces related to the load carried by the hydrodynamic

bearihljg HeBpRbaHERitRdbeoTRaRthe tegrciie TR &y dhe ithpgbiemp
ing. Thus exclusive.reliance.on hydrodynamic bearings may be.
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mechanisms are provided for, a rotary pump as alternatives to mechanical
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h§a@92%imaemﬁg§&@ﬁf9@y@mw BeAINGE: LRSS PRRIAMIRAIISHd
may be combined. The lack of mechanical contact bearings enables
thippgeifepting dpeatvel witddestamagdolwetkingn fluldssugh aety
00d. A first. aspect of the present invention provides a pump apparatus
be%?ﬁ%ﬂ?fn%} éhﬁiﬁﬁ%ofﬁnusing defining a pumping chamber, the pump
housj i ' extending.into the pumping chamber, and a
splnﬁgﬁ@%ﬁg@mmpggﬁ;@ irst a and second magnet
dispased within the, spindle, wherein the firstﬁ%‘réii second magnets of the
spindi® ¥y i R EAHHI QFdBRYRGRSFRNARADERIBINENRIA their

" JSHRBALVE HAYTSH Gn XERHPHS ARRPS P SRR ate SRS PHIRIMRY include
a rotor having an impeller configured to rotate about the spindle. A rotor
altpepisteadoampsihanical contact bearings. Various rotor and housing
design features are provided to achieve magnetic or hydrodynamic bearings.
These design features may be combined. The lack of mechanical contact
bearings enables longer life pump operation and less damage to working

fluids such as blood.

A first aspect of the present invention provides a pump apparatus
comprising a pump housing defining a pumping chamber, the pump housing
having a spindle extending into the pumping chamber, and a spindle magnet
assembly comprising a first a and second magnet disposed within the
spindle, wherein the first and second magnets of the spindle magnet
assembly are arranged proximate each other with their respective magnetic
vectors opposing each other. The pump may include a rotor having an
mmpeller configured to rotate about the spindle. A rotor magnet assembly
comprising first and second magnets may be disposed within a non-bladed
portion of the rotor. The first and second magnets of the rotor magnet
assembly may be arranged proximate each other with their respective
magnetic vectors opposing each other. The relative orientations of the

spindle and rotor magnet assemblies may be selected so that the



comprising first and second magnets may be disposed within a
non-bladed portion of the rotor. The first and second magnets of the rotor
magnet assembly may be arranged proximate each other with their
respective magnetic vectors opposing each other. The relative
orientations of the spindle and rotdtamagnet assemblies may be selected
so that the 2a spindle and rotor magnet assemblies attract each other.
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comprising: a rotor having a bore, the rotor comprising an impeller having
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portion of the rotor; and a spindle portion of the magnetic bearing
Oﬂ%ﬁéﬁéé%hm@ﬂﬁe spindle, wherein the spindle and rotor portions of the
magnetic bearing are configured to attract each other, wherein at least

one @tﬁér@wpamﬁhﬂjmcpf@nmﬁtbﬁm@mghgtmlﬁeamrgvm prizemp
nd a second ma net, wherein th rst and second
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popposingiegadinoihgn fpindithaspedingf the presenhipenERpserides for
chl}J ‘1g%1%%p1%r?(t)ltja?te about the spindle, the rotor including an impeller
comprising at Jeast one blade; a rotor portion of a magnetic bearing disposed
within a non-bladed portion of the rotor; and a spindle portion of the
magnetic bearing disposed within the spindle, wherein the spindle and rotor
portions of the magnetic bearing are configured to attract each other,
wherein at least one of the rotor and spindle portions of the magnetic bearing
comprises a first and a second magnet, wherein the first and second magnets

are arranged proximate each other with their respective magnetic vectors

opposing each other.

A fourth aspect of the present invention provides a pump apparatus
comprising: a pump housing defining a pumping chamber, the pump
housing having a spindle extending into the pumping chamber; a rotor
having a grooved bore, the rotor configured to rotate about the spindle, the
rotor including an impeller comprising at least one blade; a rotor portion of a
magnetic bearing disposed within a non-bladed portion of the rotor; and a
spindle portion of the magnetic bearing disposed within the spindle,

wherein the spindle and rotor portions of the magnetic bearing are



comprising: a pump housing defining a pumping chamber, the pump
housing having a spindle extending into the pumping chamber; a rotor
having a grooved bore, the rotor configured to rotate about the spindle,
the rotor including an impeller comprising at least one blade; a rotor
portion of a magnetic bearing disp@bked within a non-bladed portion of the
rotor; and a spindle portion of the magnetic bearing disposed within the
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apparatus comprising: a pump housing defining a pumping chamber, the
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rotor configured to rotate about the spindle, the rotor includi
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other, wherein at least one of the rotor and spindle portions of the
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defining a pumping chamber, the pump

first and a second magnet, wherein the first and second magnets are arranged

proximate each other with their respective magnetic vectors opposing each

other; a plurality of drive magnets carried by a non-bladed portion of the

rotor; and drive windings carried by the pump housing, wherein the drive

magnets co-operate with the drive windings to rotate the rotor.

A sixth aspect of the present invention provides a pump apparatus
comprising: a pump housing defining a pumping chamber, the pump
housing having a spindle extending into the pumping chamber; a rotor
configured to rotate about the spindle, the rotor including an impeller
comprising at least one blade; a rotor portion of a magnetic bearing disposed
within a non-bladed portion of the rotor; and a spindle portion of the
magnetic bearing disposed within the spindle, wherein the spindle and rotor
portions of the magnetic bearing are configured to attract each other,
wherein at least one of the rotor and spindie portions of the magnetic bearing
comprises a first and a second magnet, wherein the first and second magnets

are arranged proximate each other with their respective magnetic vectors



housing having a spindle extending into the pumping chamber; a rotor
configured to rotate about the spindle, the rotor including an impeller
comprising at least one blade; a rotor portion of a magnetic bearing
disposed within a non-bladed portion of the rotor; and a spindle portion of
the magnetic bearing disposed within the spindle, wherein the spindle
and rotor portions of the magnetic %%aring are configured to attract each
other, wherein at least one of the rotor and spindle portions of the

oBRANETE LSRG, COMBRLRALIS AR B 9Reond hadhel WHSIPIR NG or

second magnets are arranged proximate rwit eir

haespefioes magoetialecterZ2aceppodingeashiotheswberai arleast one
of the pump housing and the rotor has surfaces contoured to generate a

FHOBASHYREMR % between the rotor and pump housing. A seventh
aspect of the present invention provides a pump apparatus comprising: a
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wherein a bore of the rotor is grooved.

An eighth aspect of the present invention provides a pump appatatus
comprising: a pump housing defining a pumping chamber, the pump housing
having a spindle extending into the pumping chamber; a spindle magnet
assembly comprising a first and a second magnet disposed within the
spindle, wherein the first and second magnets are arranged proximate each
other with their respective magnetic vectors opposing each other; a rotor
configured to rotate about the spindle, wherein the pump housing has a
surface geometry structured to generate a hydrodynamic bearing for at least
partially supporting the rotor during rotation, the rotor including an impeller
comprising at least one blade; and a plurality of drive magnets disposed

within a non-bladed portion of the rotor.
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other with their respective magnetic vectors opposing each other; a rotor
configured to rotate about the spindle, wherein the pump housing has a

weiiaae@eometry structured to generate a hydrodynamic beapipg{sraia/o9s42
least partially supporting the rotor during rotation, the rotor including an
impeller comprising at least one blade; and a plurality of drive magnets
disposed within a non-bladed portion of the rotor. WO 2005/028000
PCT/US2004/029842 3 BRIEF DESERIPTION OF THE DRAWINGS The

BR%%?@EL%Q?Y@P@ RS ESHatesh R YAk REExample and not limitation in the

the accompanying drawings, in which like references indicate

similbhe lpragens nventiwnisilsstigied by namaeissanpls sastipatof a
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embodiment of the passive magnetic axial bearing. Figure 3 illustrates

refezenepsinslinniesimei prelemen %?‘ﬂ‘i]eiﬁé@gﬂ‘i@’ 10 magnetic axial bearing.

Fig HUBiIRiesoRe arakedinenbef ahipaslishivavapllisiraies onetc
embodiment of the pump applied in a medical application. DETAILED
ax‘ﬂﬁ?éﬂﬁ’lgTION 15 Figure 1 illustrates one embodiment of a centrifugal
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b chamber 112 between an inlet 114 and an outlet 116. Within the pumping
C&h&%iber, a rotor 120 rotates about a spindle 130 protruding from a base

of thEigureBhiiusingtcshentoarfdrifécentmpidescanblaidetitbertiassive
defi h@gd%gli@gellgr that provides the 20 fluid moving surfaces. The

ma}ﬁ]rbee er compr%%s%ne or more blades 121 that

Figure 4 illustrates one embodiment of an impeller. ‘

Figure 5 illustrates one embodiment of the pump applied in a medical
application.
DETAILED DESCRIPTION

Figure 1 illustrates one embodiment of a centrifugal blood pump. The
pump comprises a housing 110 defining a pumping chamber 112 between an
inlet 114 and an outlet 116. Within the pumping chamber, a rotor 120 rotates
about a spindle 130 protruding from a base of the pum{: housing. The rotor
further comprises a bladed portion defining an impeller that provides the
fluid moving surfaces. The impeller comprises one or more blades 121 that
move fluids when the impeller rotates.

The terms “rotor” and “impeller” may be used interchangeably in
some contexts. For example, when the rotor is rotating, the blade portion of
the rotor is inherently rotating such that reference to rotation of either the
impeller or the rotor is sufficient to describe both. When necessary, however,
the term “non-bladed portion of the rotor” or “rotor excluding the impeller”
may be used to specifically identify portions of the rotor other than the
blades. Each blade of the rotor may separately be referred to as an impeller,
however the term “impeller” is generally used to refer to a collective set of
one or more blades.

The pump is based upon a moving magnet axial flux gap motor

architecture. In one embodiment, the motor is a brushless DC motor. Drive
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move fluids when the impeller rotates. The terms "rotor" and "impeller"
may be used interchangeably in some contexts. For example, when the

W Ozt(‘jU r’;@e tlng the blade portion of the rotor is inherently rm%"f%ﬁ%‘[ﬁﬂmmsu

that reference to rotation of either the 25 impeller or the rotor is suffiCient
to describe both. When necessary, however, the term "non-bladed portion
of the rotor" or "rotor excluding the impeller" may be used to specifically
identify portions of the rotor other thap the blades. Each blade of the rotor
may seﬁ)arately be referred to as an impeller, however the term "impeller"

mAsgeHelafycatEaddrtbeidieTaveagaciicarsinscPrate hiadhe, rmiter
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In one embodiment, the motor is a bru ss DC motor. Drive WO
dl%B@%‘?é%&%W YD OE r‘lﬁ%@ﬂ?ﬂg 122 carried by the rotor
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The natural attraction between the back iron 150 and the drive

magnets 122 carried by the rotor can create a significant axial load on the
rotor. This axial load is present in centrifugal pumps based on an axial flux
gap motor architecture such as Wampler or Woodard. Woodard and
Wampler both rely on hydrodynamic thrust bearings to overcome this axial
loading force. Despite the lack of contact, hydrodynamic bearings can still
damage blood cells as a result of shear forces related to the load carried by
the hydrodynamic bearings.

The repulsive radial magnetic bearing of Wampler exacerbates the
axial loads created by the magnetic attraction between the drive magnets and
the back iron. Although the repulsive radial magnetic bearing creates radial
stability, it introduces considerable axial instability. This axial instability can
contribute further to the axial loading. This additional axial loading creates
greater shear forces for any axial hydrodynamic bearing that can cause
undesirable hemolysis for blood applications. In addition, the power required
to sustain the hydrodynamic bearing increases as the load increases. Thus

highly loaded hydrodynamic bearings can impose a significant power
penalty.
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15 magnets 122 carried by the rotor can create a significant axial load on
the rotor. This axial load is present in centrifugal pumps based on an axial

wdlarogaganotor architecture such as Wampler or Woodard. We@fl@ig@ag9s42
Wampler both rely on hydrodynamic thrust bearings to overcome this axial

loading force. Despite the lack of contact, hydrodynamic bearings can still
20 damage blood cells as a result of shear forces related to the load
carried by the hydrodynamic bearing‘s The repulsive radial magnetic
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the axial loading. This additional axial loading creates greater shear
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not located within the blades. A set screw 134 permits %ngltudma

ealjdstrienbsRIRERIaEpestSh pranimatelyndigpeskddseerduniher. The

first and second rotor bearing magnets are permanent magnets. In one
embodiment, a pole piece 286 is disposed between them. A pole piece or flux
concentrator serves to concentrate the magnetic flux produced by rotor
bearing magnets 282 and 284. In an alternative embodiment, element 286 is
merely a spacer to aid in positioning the first and second bearing magnets
282, 284 and does not serve to concentrate any magnetic flux. In other
embodiments, element 286 is omitted so that the rotor magnet assembly does
not include a spacer or a pole piece element.

In one embodiment, elements 282 and 284 are monolithic, ring-shaped
permanent magnets. In alternative embodiments, the bearing magnets may
be non-monolithic compositions. For example, a bearing magnet may be
composed of a plurality of pie-shaped, arcuate segment-shaped, or other-
shaped permanent magnet elements that collectively form a ring-shaped
permanent magnet structure.

The rotor axial bearing magnet assembly is distinct from the drive
magnets 222 carried by a portion of the rotor other than the blades 221. In
the illustrated embodiment, the drive magnets are disposed within the non-
bladed portion 228 of the rotor.
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10 moving the spindle magnet assembly along a longitudinal axis of the
spindle. Figure 2 illustrates one embodiment of the axial magnetic
wbeasigsdie rotor magnet assembly includes a first rotor bearingrmaga®bos4:
282 and a second rotor bearing magnet 284 proximately disposed to
each other. The first and second rotor bearing magnets are permanent
magnets. In one 15 embodiment, a pole piece 286 is disposed between
them. A pole piece or flux concentrafor serves to concentrate the
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e first and second spindle hearing magnets are permanent magnets. In

of §he spimdiniheridssharedlaeho spirndinpessas sisantfsembble piece
266 qupcpeiatatetieniaaarealiefibhch of the spindle and rotor bearing

assemblies are arranged such that the magnetic vectors of the individual
magnets on either side of the intervening pole pieces oppose each other.
Each side of a given pole piece is adjacent the same pole of different magnets.
Thus the magnetic vectors of magnets 262 and 264 oppose each other (e.g.,
N-to-N or S-to-5). Similarly, the magnetic vectors of magnets 282 and 284
oppose each other.

The orientation of the magnets is chosen to establish an axial attraction
whenever the bearings are axially misaligned. Note that the relative
orientations of the spindle and rotor magnet assemblies are selected so that
the spindle and rotor magnet assemblies attract each other (e.g., 5-to-N,
N-to-§). The magnet vector orientation selected for the magnets of one
assembly determines the magnetic vector orientation for the magnets of the
other assembly. Table 292 illustrates the acceptable magnetic vector
combinations for the first and second rotor bearing magnets (MR1, MR2) and
the first and second spindle bearing magnets (MS1, MS2). Forces such as the
magnetic attraction between the back iron and drive magnets that tend to

axially displace the magnet bearing assemblies are offset at least in part by the
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5 produced by the spindle bearing magnets 262 and 264. In an alternative

embodiment, element 266 is merely a spacer for positioning the first and
woeavesd2spindle bearing magnets and does not serve to conCertrptes 20w /429842

magnetic flux. In other embodiments, element 266 is omitted so that the

spindle magnet assembly does not include a spacer or a pole piece

element. 10 In the illustrated embodiment, permanent magnets 262 and

264 are cylindrical. Other shapes me?y be utilized in alternative
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adedhyseegimaminbesingmigeaaischgsuseypresdingribe @xinl
hyRtiBdY e BeRink i MABB O UL U0, SIS IRE RE.

magnets of one assembly determines the magnetic vector orientation for

the rfatihetisss the spindlemuanshassamblyds infendesstepraridp amprxial
mEBRERIBMAGHY, GRMBIRAUONS (oF1Bistandisespieileteh8e8iYmagnet

ma F%R%RZ) @l;f the first and_second spindle bearing magnets
aSHRTR b RSSO A ST SR B bR s NG SBLAR AR Pack
utiloredrd dffsenading s ddah forbitte iaxjailjedicplace the pragnetehoadneht

assemblies are offsgt at I%aécit in Jpart bé/ ;chel WO 2005/028000 .
acHss %@%%%8 e radial component also serves as a pre-load during
initial rotation and a bias during normal operation to prevent eccentric
rotation of the rotor about the spindle. Such an eccentric rotation can result in
fluid whirl or whip which is detrimental to the pumping action. The biasing
radial component helps to maintain or restore the radial position of the rotor
and the pumping action, for example, when the pump is subjected to external
forces as a result of movement or impact.

Instead of a spindle magnet assembly interacting with a rotor bearing
magnet assembly to form the magnetic bearing, a ferromagnetic material
might be used in lieu of one of a) the spindle magnet assembly, or b) the
rotor bearing magnet assembly (but not both) in alternative embodiments.

The magnetic bearing is still composed of a spindle portion and a rotor
portion, however, one of the spindle and the rotor portions utilizes
ferromagnetic material while the other portion utilizes permanent magnets.
The ferromagnetic material interacts with the magnets to create a magnetic
attraction between the rotor and spindle. Examples of ferromagnetic

materials includes iron, nickel, and cobalt.
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7 magnetic attraction between the axial bearings that provide an axial
force to restore the axial position of the rotor. Figure 2 also illustrates
wovsigagsontapered surfaces 272 that form a portion of a hydredynasmies/029842
bearing when the clearance between a face of the 5 non-bladed portion
of the rotor (see, e.g., bottom face 124 of Figure 1) and the back of the
pump housing falls below a pre-determined threshold. In various
embodiments, this pre-determined thfeshold is within a range of 0.0002
inchag 93 QHBARESAENE R ARGEEROGIRRBI. A RUTIBANCLTeS aute
. axial hydrodynamic bearing. The surface geometry providing the axial 10
H%yéficﬁéﬁﬁéﬁﬁ-’élﬁééﬁﬁgi’ﬁﬁgﬁé IRE eV KIRECETILY -oF v Haoerpegtive of its
refNHRRUGR U1erSRINAIG: FAEng L ASS eI B RRSREHIJ Q¥idRal atRtized)

. magnetic bearing, the attractive force between the spindle and rotor
. mﬂ?gﬂ ﬁ’?b?f‘é #ﬂﬁgh

BseRe AR el Rh2Fa81 ES poTthRsRIVAdRthBHEhe
pemayfentiilizetds offsht radishigadingatineyapailer dule to the pressure
gradignt 15 across the impeller. The radial. component also serves as a
b A et e by A e e RS
partbve ntf ebeemtrign etiabearaf ghelnotorannbbdherspindlre Sptddnmagnet

tri tation_can result,in _fluid whirl or whip which, rimental. to
as S SR MR D MR LR S Ao

that shorepirediadialdesitidheohigeitassendiy shexsuing srgractentrfor

1o§$ﬁ@&4ﬁa}"ﬁ38§'. g &i’[‘ﬁl’i’eﬁﬁ%ﬁr&?@ﬁ% XY ) rﬁgf{:ﬁﬁfgﬁ&t of

ovement or Impact. Instea a spindle maghet a racting
aspamAtlyr dtorasidalivig tieeigrethrisbe bRindlorndmpindimargnet aagerably do
ndEERRRgNelsmateHalamight Bg aeddmieurs RAitDE SRINAIR of the

magnet assembly, or b) the 25 rotor bearing magnet assembl
SPH&@%

§ Fagiehanvereiboaiie sispirrechisgmete B@ﬁﬁ%@@ﬁﬂ%ﬁ%@i@@e
spRhalePHie RRPPIEehIALMAPIHE deBRWISN PisrEMsosRiNggiand
bi;gf?nré) orde, r%rcllslfyégézn%se in pressure across the impeller tends to push the
impeller radially towards one side of the pump housing. This radial load may
be offset at least in part by offsetting the spindle magnet assembly.

Although the spindle and rotor magnet assemblies are illustrated as
comprising 2 magnetic elements each, the magnet assemblies may each
comprise a single magnet instead. A greater spring rate may be achieved
with multiple magnetic elements per assembly configured as illustrated
instead of a single magnet per assembly. The use of two magnetic elements
per assembly results in a bearing that tends to correct bi-directional axial
displacements from a position of stability (i.e., displacements above and
below the point of stability) with a greater spring rate than single magnetic
elements per assembly.

The magnetic force generated by the axial magnetic bearing will
exhibit a radial component in addition to their axial components. The radial
component will tend to de-stabilize the impeller. In particular, the radial
component may introduce radial position instability for the magnetic bearing

of either Figures 1 or 2.
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ferromagnetic material while the other portion utilizes permanent magnets.
The ferromagnetic material interacts with the magnets to create a

wi'aReRbg P attraction between the rotor and spindle. Examplgé]g{]smg 4/029842
ferromagnetic materials includes iron, nickel, and cobalt. WO

2005/028000 PCT/US2004/029842 8 In one embodiment, the
ferromagnetic material is "soft iron". Soft iron is characterized in part by a
very low coercivity. Thus irrespectivef its remanence or retentivity, soft

iron ig readily. magnetized (or re-magnetized) in the presepce of an
exter ARG Rl A Fas %%E%F&ﬁ%feﬁ%?&ﬁédsﬂbgéfﬁéﬁéﬁmmm

bermggetsm‘f@lmﬁgaﬁnﬁigi@@arllﬁ]geqyﬁia drigube JdbisHadeoyaiRidal

h cations for lace of hes ortlo fthe mif?netl eﬁ{) anng

SO SRR D A LB o LBl PoeE s brieen

thevithiaddadR0dinal thes:@ﬂﬁ afdhg dpirldtersof ﬁfﬂat tbeospilitie doaglr smreadle
hare the same central 10 tudlnal axi

e e SR i e e o,

reqmrmeagpimIdfwr@@mﬁdtebﬁaéfwtm%Wﬂouamhacbmm
hyRBR) A B BakN langiiloal A 305010 IR0ERIBUSIIRINSL.

ass bly 360 is displaced f eIon?ltud aI axis of the "'spin

Therssriacs greamioRing suilpble desmdab(tbieiias wuhind fiauanab biasing

hyQreRiyh iR 8BasHE PIesS ER ASFRRRITDR FpRieIHERIRIORUSH dhe
|mpel er radially towardz\one ad&\;f the pump housing. This radial load

66 srsHoR pdbeihuing Grspinlthe SprnaeTbgrinssiethsly.
suHH@@ ughhiherspindirideg fetai@pandt aswivlliesare iﬂa@y@ﬂ@d a&feamle

cSomprisin 2 magnetic elem nts each, t emagnet assemblies may_each
M%%ra@%g B CACAOE0 SHUs BA P il TERLR TR BRI In
aliachisved avithodidtiptesndgneiidale penisdpey asdeidblyfeanfigurathsss one
|Ilustraied instead of a single magnet per assembly. The use of two

magnetic slements
Figure 4 illustrates one embodiment of the rotor 400 including an

impeller. The impeller includes a plurality of blades 420 used for pumping the
working fluid such as blood. The rotor includes a bore 410. The rotor bore is
coaxially aligned with the longitudinal axis of the spindle within the pump
housing. Drive magnets (not illustrated) are disposed within the non-bladed
portion 430 of the rotor (i.e., within the rotor but not within any blades of the
impeller portion of the rotor). The motor rotor and pump impeller are thus
integrated so that a drive shaft is not required. Elimination of the drive shaft
also permits elimination of shaft seals for the pump.

In one embodiment, the rotor has a grooved bore. In particular, the
bore has one or more helical grooves 450. The bore grooves have a non-zero
axial pitch. The groove is in fluid communication with the working fluid of
the pump during operation of the pump.

Bigure 5 illustrates the pump 510 operationally coupled to move a
working fluid 540 from a source 520 to a destination 530. A first working
fluid conduit 522 couples the source to the pump inlet 514. A second working
fluid conduit 532 couples the pump outlet 516 to the destination. The working
fluid is the fluid moved by the pump from the source to the destination. Ina
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per assembly results in a bearing that tends to correct bi-directional axial
displacements from a position of stability (i.e., displacements above and

w@20bglRwobhe point of stability) with a greater spring rate than pRghes1004/029842

magnetic elements per assembly. The magnetic force generated by the
axial magnetic bearing will exhibit a radial component in addition to their
axial components. The radial component will tend to de-stabilize the
impeller. In particular, the radial 30 dgmponent may introduce radial

sitjon instability for the magnetic bearin either, Figures 1 or, 2, WO
A8 B O SO o V6 HHILS LAt FUEIRS RISy el oRe
erdbetomest udingoadial iydrddstinationbearargsiRefexinthte Higuperbpthe
esigned for a radial shydr mic bearing (i.e.,
o y‘{ﬁ%gﬁér?‘%%éﬁ% é%r r?’fﬁ %&% e%lrlfle%tf\i/v en the spindle 130 and the

rotorVaviag shatotectieisd heatiifheetbarisousiBiie SeareddncEibedeas

altBFRAALOR AednEydradviaqucournal brRAN NG S, e@]&’f{fﬁg&rfﬁ articular,

clearances to be effective. In various embodiments, ydrodynamic

roiRtraPsUaRmNddERkES dargs foececs PEoYzdeAdRachinye surface

hy@esmaiHan Sulahig feraialihiys) Theadatdon nallubys IdynamiSed in
bearings may, be | catEd on_eithér the rotor or on an 10 associated portion
COBERE BT &ﬂ‘%p‘?ﬁ f8 1hlgpizesmbodiment, the surface geometry

inclugieghtepiuted SUcH @aiite Assnope padhé iewveniesilie derealing afith
brupt chan%%kn clearanfe such.as.a ste ofhunif%n}heigghtg. In ... .

e EPRE IS BRIBATIHERE 1#RE STPost gaBHidy rtiudedt adificatians
andréhaorgeoradaber snd SdHburetd Widteated gperdngb dimehicditbadetepirit
éOO including. an imgeller. Thg impelle inclijdesa uralit off.bl es 4%10
and SCODE O HVCDLION as se ? Lt 10T 'Efl?e clagms, “he speciticapion ail

usedfor pumping the working fluid such as blood. The rotor includes a
drpotegs aref heaondinglmpe to be regarded in an illustrative rather than a

restrictive sense.



coaxially aligned with the longitudinal axis of the spindle within the pump
housing. Drive magnets (not illustrated) are disposed within the
non-bladed 20 portion 430 of the rotor (i.e., within the rotor but not within
any blades of the impeller portion of the rotor). The motor rotor and pump
impeller are thus integrated so that a drive shaft is not required.
Elimination of the drive shaft also permits elimination of shaft seals for the
CL . In one embodiment, the rotor has a grooved bore. In particular, the
ore has one or more helical grooves 450. The bore grooves have a
non-zero axial pitch. The groove is in fluid communication with the

workj id_of ing operation of the pump. Figure 5
L iIIus%%&l{ﬁg%%%%%%ﬁ%%aﬂy coupled to move a working fluid
540 gk Sunsas do s iagadnanoresIounbiEs thiopking 3o fsideconduit
havidg SYPRIRRLRe RAUIRE Eﬁtg‘ﬁlgﬁﬁﬁﬂlﬂgg% ehdnB&egand working fluid

conduit 532 couples theé pump outlet to the destination. The working

fluichi SRHIR IR 38B0EASBH AN HEPHIPS RS e Esh Ak B $Re0BESMIgHGh. In
dispoAia A905/0ZR0QARETAVER004A298424A0 snedicphanplisaties, for

example, the working fluid might be blood. In.one embadiment, the
are ra@é%’@é%ft‘iﬁa PR A B SRR R PR UM EEE©Blood from

opeReny teyhio@eether artery. Various "contactless” bearing mechanisms
have been described as 5 alternatives to mechanical contact bearings for
rotary pumps. In particular, rotor, impeller, and housing design features

2. are Wﬁﬁﬂﬁ%ﬁﬁﬁiﬁﬁ% By eraeyNamie R MagNeiis BeauRasad Eﬁﬁﬁﬂe
design features may be used jn conjunction with each other, if desired. In

magnety BeERiRBcTRtAIeH Bt oK tHangUERRGT BB with 10
reference to specific exemplary embodiments thereof. Various

modifications and changes may be made thereto without departing from
3. the Blvadepairits of claim 1 wherein the spindle magnet assembly further

comprises a pole piece disposed between the first and second magnets.

4. The apparatus of claim 1 wherein a longitudinal axis of the spindle

magnet assembly is displaced from a longitudinal axis of the spindle.

5. The apparatus of claim 1 wherein at least one of the housing and the
spindle has a surface geometry suitable for supporting at least one

hydrodynamic bearing.

6. The apparatus of claim 5 wherein the spindle supports a radial
hydrodynamic bearing between the spindle and a bore of a rotor.

7. The apparatus of claim 5 wherein the at least one hydrodynamic

bearing includes an axial hydrodynamic bearing.

12



and scope of the invention as set forth in the claims. The specification and
drawings are, accordingly, to be regarded in an illustrative rather than a
restrictive sense. 11 CLAIMS 1. A pump apparatus comprising: a pump
housing defining a pumping chamber, the pump housing having a spindle
extending into the pumping chamber; and a spindle magnet assembly
comprising a first and a second magnet disposed within the spindle,
wherein the first and second magnets are arranged proximate each other
8. with tHeiragspaciyve fmagneticfusttarsoapgpasing: each other. 2. The pump

apparat laim 1 wherein the.first and secqnd spindle magnets have

one ST DL RS TR, R

imglelfar cothpréimhetdpiastilensnbipuist assembly further comprises a pole
piece disposed between the first and second magnets. 4. The apparatus
of claim 1 wherein a longitudinal axis of the spindle magnet assembly is

9. displa@hedfioamatutonfitiding axiseithhspndiefubthhe appaiatys of claim
1 where; e of the housing.and the_spindle has a surfac
DR IRTHR NPT A MR B o

.geometry S!J or supp I’tll’lg t least one ro
dispesethpatiaime oboidiad: dhertinthé bheindtersypporsabadiast and

se@é/ﬁ&%@ﬁ@iéca?@%%E@&"}S@@J@ifﬂ&té@%%ﬁ%&l evﬁﬂr&lefr%gé%&?@e

apparatus of claim 5 wherein the at least one hydrodynamic _earln{g
M3gERTHRY SHiCERiIAPRYAFBRFASRINEa s e For dattyie Qippdedios of dwim
spihBIEBRE GOraPMSHiet assemblies are selected so that the spindle and rotor

magnet assemblies attract each other.

10.  The apparatus of claim 9 wherein the rotor magnet assembly further

comprises a pole piece disposed between the first and second magnets.

11.  The apparatus of claim 9 wherein at least one of the first and second

rotor magnets has a ring-shaped form factor.

12. The apparatus of claim 9 wherein the first and second rotor magnets

are concentrically arranged about a bore of the rotor.

13, The apparatus of claim 8 wherein at least one of the housing, the
spindle, and the rotor has a surface geometry suitable for supporting at least

one hydrodynamic bearing.

14. The apparatus of claim 13 wherein the at least one hydrodynamic
bearing includes a radial hydrodynamic bearing defined between a bore of

the rotor and the spindle.

15, The apparatus of claim 13 wherein the at least one hydrodynamic

bearing includes an axial hydrodynamic bearing.



a rotor configured to rotate about the spindle, the rotor including an
impeller comprising at least one blade. 9. The apparatus of claim 8
wherein the rotor further comprises: a rotor magnet assembly comprising
a first and a second magnet disposed within a non-bladed portion of the
rotor, wherein the first and second magnets are arranged proximate each
other with their respective magnetibvectors opposing each other, wherein
a relative orientation of the spindle’and rotor magnet assemblies are
selected so that the spindle and rotor magnet assemblies attract each
16ther 1o .a}l’ﬁéf%ﬁél"ﬁpﬁlglﬁf Slarhescimnie kareted totooeadheregsedably
further comprises a pole piece disposed between the first and second
magnets. 11. The apparatus of claim 9 wherein at least one of the first and
7seconderapperatgnets e & duglstapedfosmiactor. 12. The apparatus
of claj Aerel i adlir 1 r entrically
o e o B e e
ol one of the housing, the spindle, and the rotor has a surface

geonaok siRIIR (SRR INE AblRARtheNS RYdieeamicLgavRg. 14.

The apparatus of claim 13 wherein the at least one hydrodynamic bearing
MALOEISOPRAIMPRYHHYERE BaBAHtEaénRet e tREN A bore of the

rotor and the spindle. 15. The apparatus of claim 13 wherein the at least

one hydrodynamic bearing includes an axial hydrodynamic bearing. 13
181 6. TheuppatpRE BLE|airmBrisiiegein a bore of the rotor is grooved. 17.

The anpasatus af £12im0,3 fathas ePMRKiSRGR %weﬂipeﬁéﬁrﬁ{@iﬁgagﬂ%t

carried by a non-bladed portion of the rotor; an
one blade; and

a rotor magnet assembly comprising a first and a second magnet
disposed within the rotor, wherein the first and second magnets are arranged
proximate each other with their respective magnetic vectors opposing each

other.

19.  The apparatus of claim 18 wherein the rotor magnet assembly further

comprises a pole piece disposed between the first and second magnets.

20.  The apparatus of claim 18 wherein at least one of the first and second

rotor magnets has a ring shaped form factor.

21. The apparatus of claim 18 wherein the first and second rotor magnets

are concentrically located about a longitudinal axis of the rotor bore.

22, The apparatus of claim I8 wherein the rotor has a surface geometry

suitable for supporting at least one hydrodynamic bearing.

23, The apparatus of claim 22 wherein the rotor bore provides a radial

hydrodynamic bearing surface.



drive windings carried by the pump housing, wherein the drive magnets
co-operate with the drive windings to rotate the rotor. 18. A pump
apparatus comprising: a rotor having a bore, the rotor comprising an
impeller having at least one blade; and a rotor magnet assembly
comprising a first and a second ma]g%et disposed within the rotor, wherein
the first and second magnets are arranged proximate each other with
24their téspauveimaghetidve2forsheppiosing salchsotiver higrdheapparatus

begﬁiﬁlg &§d@’£‘§{f&@{1 r}pé%&ﬁ?sgtgé}r%%se%%m I_y further comprises a pole

piece disposed betweent secondmagnets. 20. The apparatus
of claim 18 wherein at least one of the first and second rotor magnets has

58 rin%sha ed form factor. 21..The apparatus of claim 18 wherein the first
and $&&5% rg?&aﬁ?éﬁ%g%ng%s %centrically located about a longitudinal

axis effthexpoboubore d2firihe apparaing ohetaier] Swipenein tbegiotor has
) , ' rs a1] .one hydrodynamic
hag;e%%%%&g@eﬁ {a%lr@# %B;%E%?ﬁ‘%%%%ﬁgg%}ﬁﬁ% rotor bore provides a

radiat 19yarceyigticdéaratpburoed the spindiee thgpatatinoiudaimar
im Qﬁ@ig%ﬁgﬂﬁgs&qg&%g%@ic bearing includes an axial

ydrodynamic bearing. 25. A pu_mg apparatus comprising: a pump
housthiP HETRRE AR SUrA pRAEBRE MBI R PR ¢budiiidn Bavinghdasisihdle

poirngingdiodheapemping chamber; a rotor configured to rotate about
the spindle, the rotor including an impeller comprising at least one blade;

a rot3rSpERI R AR BRERRIEdhsaBBEMRared Nathindbedpindle,

wherein the spindle and rotor portions of the magnetic bearing are
configured to atiract each other, wherein at least one of the rotor and spindle
portions of the magnetic bearing comprises a first and a second magnet,
wherein the first and second magnets are arranged proximate each other

with their respective magnetic vectors opposing each other.

26.  The apparatus of claim 25 wherein the spindle portion of the magnetic
bearing comprises first and second magnets arranged proximate each other
with their respective magnetic vectors opposing each other, wherein the rotor
portion of the magnetic bearing comprises first and second magnets arranged
proximate each other with their respective magnetic vectors opposing each

other.

27. The apparatus of claim 25 wherein the spindle portion of the magnetic
bearing comprises first and second magnets arranged proximate each other
with their respective magnetic vectors opposing each other, wherein the rotor

portion of the magnetic bearing comprises ferromagnetic material.

- 28.  The apparatus of claim 27 wherein the ferromagnetic material is soft

iromn.



portion of the rotor; and a spindle portion of the magnetic bearing
disposed within the spindle, wherein the spindle and rotor portions of the
magnetic bearing are configured to attract each other, wherein at least
one of the rotor and spindle portions of the magnetic bearing comprises a
first and a second magnet, whereifgthe first and second magnets are
arranged proximate each other with their respective magnetic vectors
oppasing each other, 26, The apparatus of claim 25 wherein the spindle
2 porti 6&9&8%3@8&5!%@?&&%%@%%}@{ RIS Gh i HyHstic
beairangecproxinfate eadhaibed withribsinrespeatiyeonagneticavBcidisr
wifRRsind cach olherhereln ine rolor partion of (e pagpstic bearing
comprisespf?rs and s&con magnets%DrPan § % oXifvate exCROEr with
spithBir pestiestivethagagiietie toasing sosimgieccferothesg 87T neaspparatus
of claim 25 wherein the spindle portion of the magnetic bearing comprises
first and second magnets arranged proximate each other with their

30.respeRl @ PaRANSTE \(G41arS ORIRSIBE ERETRHOe  a e IM MG TR soft
ortion of the magnetic bearing comprises ferromagnetic material. 28. The

pparatus of claim 27 wherein the ferromagnetic material is soft iron. 1.5
29. The apparatus of claim 25 wherein the rotor portion of the magnetic
bearing comprises first and second magnets arranged proximate each

3L othef RHRBHRIPAEIPEIVEPIEIAStC vectors opposing each other, wherein
the spingle RomaafdhaimaanatiafiogasoBERiEepiRHPNaaNRC
haﬁﬁg@%ﬁg 8%2?%1% i%%r%él#s ?{Fgllf'aim %%%vfgfrei the_ fe.rromagnetic .
i f lgg IRIG ¢ bfising: a pump housing
defiringtardemping: dramiagt bitve pig pobeisiigigured to rotate about the
spindle, the rotor including an impeller comprising at least one blade;
a rotor portion of a magnetic bearing disposed within a non-bladed
portion of the rotor; and
a spindle portion of the magnetic bearing disposed within the spindle,
wherein the spindle and rotor portions of the magnetic bearing are
configured to attract each other, wherein at least one of the rotor and spindle
portions of the magnetic bearing comprises a first and a second magnet,
wherein the first and second magnets are arranged proximate each other

with their respective magnetic vectors opposing each other.

32. = The apparatus of claim 31 wherein the spindle portion of the magnetic
bearing comprises first and second magnets arranged proximate

each other with their respective magnetic vectors opposing each other,
wherein the rotor portion of the magnetic bearing comprises first and second
magnets arranged proximate each other with their respective

magnetic vectors opposing each other.



having a spindle extending into the pumping chamber; a rotor having a.
grooved bore, the rotor configured to rotate about the spindle, the rotor
including an impeller comprising at least one blade; a rotor portion of a
‘magnetic bearing disposed within a non-bladed portion of the rotor; and a
spindle portion of the magnetic bearing disposed within the spindle,
wherein the spindle and rotor porti of the magnetic bearing are
configured to attract each other, wherein at least one of the rotor and
spindle portions of the magnetic bearing comprises a first and a second
33magniéec apparained aleinadd Mﬁméﬂm@@@ hoaenetic

besﬁﬁ SHIRPrIVED theIRIRERESINE MASNAUGMAHIOLE BRROSINGCARM QiftR:

he apparatus of claim 31 wherein the spindle portlon of the magnetic

Wlﬁég}ﬁ%’g r@éﬁ?ﬁﬁ%’&lﬂ?&lﬁﬁ& YBEHE APRNENE sAdhgErpradipigte theerptor
pofiier Withdhelidiesneslve agnabieivectersRRAOSHNGE aasld@iher, wherein

the rotor portion of the magnetic bearing comprises first and second
magnets arranged proximate each other with their respective magnetic

34 Vectqrs.opRnsing €aeRigthes 3%&%&%@1%%%5@@5&%@&megs'@%

_ the spindle portion of the magnetic bearing comprises first and second

IrOthagnets arranged proximate each other with their respective magnetic
vectors opposing each other, wherein the rotor portion of the magnetic
bearing comprises ferromagnetic material. 34. The apparatus of claim 33

35wherke tippfeatomafnktiord dteradris s ofic imﬂm?@rﬂiba apferatzgodittaim

b YRIBA0E RIOF RRAAN SIANRIBAGRCNS RERT N CoOmAKSERirshnd
gnets arrange prOX|ma eac elr respectiv
Wlmébﬂ@tr@smﬁbr@ EPPIANG é@@mmhmpwmeaﬁqlm@th@nwbqnméheof the

spim@RN5s3iGiBRYMACHNPHERS IRUAMPIORHEAHbmagnetic material.

36.  The apparatus of claim 35 wherein the ferromagnetic material is soft

iron.

37.  The apparatus of claim 31 wherein the grooved bore comprises at least

one groove following a helical path about the bore.

38 The apparatus of claim 31 wherein the grooved bore comprises a

plurality of grooves.

39, The apparatus of claim 38 wherein each of the plarality of grooves
follows a helical path about the bore.

40, A pump apparatus comprising:
a pump housing defining a pumping chamber, the pump housing

having a spindle extending into the pumping chamber;



36. The apparatus of claim 35 wherein the ferromagnetic material is soft
iron. 37. The apparatus of claim 31 wherein the grooved bore comprises
at least one groove following a helical path about the bore. 38. The
apparatus of claim 31 wherein the grooved bore comprises a plurality of
grooves. 39. The apparatus of clainp738 wherein each of the plurality of
grooves follows a helical path about the bore. 40. A pump apparatus

comprising: a pump hoeusing defining a pumpi (?#P?mber, the, pum
ousing RES MY & sdte S A LS s g B PE b or
impetifigwedpo sotatet dbattoihe idaihtle, the rotor including an impeller
comprisi least lade; a rotor portion of a.magnetic beati

crop e B S e R S R e
pomiagnetithbeationy disposed within the spindle, wherein the spindle and

ool B A Sphare,

wherggnébie bieiadin ashiptisepaatives aridhe seegnetindgasin sursremifiguiiest
to BFHELERRK SARUNSIR A8 ALARISLRIOXIMALS SR MAIGS Wit ﬁt%trf_ions of

respective _magnetic vectors opposing each other; a plurality of drive
theapeeetie RSHHE FARBHSRAdH S b seeradrBtaenshadirreiwithengst

m@@@M@mg@wmwwgsﬁiﬂét@e%mw%tﬁfai@E%fg%ﬂwﬂﬂ-

the drive windings to rotate the rotor. 41. The apparatus of claim
MAGHEHS BHEPLH NS PBRiBH B1tHE agnetic bearing comprises first and
secongimaditetstatranoed giemaie ash Sei-bladed portion of the

rotor; and
drive windings carried by the pump housing, wherein the drive

magnets co-operate with the drive windings to rotate the rotor.

41.  The apparatus of claim 40 wherein the spindie portion of the magnetic
bearing comprises {irst and second magnets arranged proximate each other
with their respective magnetic vectors opposing each other, wherein the rotor
portion of the magnetic bearing comprises first and second magnets arranged
proximate each other with their respective magnetic vectors opposing each

other.

42, The apparatus of claim 40 wherein the spindle portion of the magnetic
bearing comprises first and second magnets arranged proximate each other
with their respective magnetic vectors opposing each other, wherein the rotor

portion of the magnetic bearing comprises ferromagnetic material.

43.  The apparatus of claim 42 wherein the ferromagnetic material is soft

iron.



with their respective magnetic vectors opposing each other, wherein the
rotor portion of the magnetic bearing comprises first and second magnets
arranged proximate each other with their respective magnetic vectors
opposing each other. 42. The apparatus of claim 40 wherein the spindle
portion of the magnetic bearing comprises first and second magnets
arranged proximate each other with8their respective magnetic vectors
opposing each other, wherein the rotor portion of the magnetic bearing

44compigegrigsramaanelismaeidlcfdn the ARRRIYSR] SRk dRvhaiein
the ferromagnetic material is sqft iron. 18 44. The apparatus of claim 40
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claim 44 wherein the ferromagnetic material is soft iron. 46. The
appargtus of claim 40 wherein the rotor has a grooved bore. 47, The
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irogroove following a helical path about the bore. 48. The apparatus of claim
46 wherein the grooved bore comprises a plurality of grooves. 49. The
apparatus of claim 48 wherein each of the plurality of grooves follows a
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housing defining a pumping chamber, the pump housing having a spindle
extending into the pumping chamber; a rotor configured to rotate about
47_the ﬂ%dégp%%tﬁ%t%rf ¢ %lfﬁq 18 fMerein the grooved bore comprises at least

one groove following a helical path about the bore.

48.  The apparatus of claim 46 wherein the grooved bore comprises a

plurality of grooves.

49.  The apparatus of claim 48 wherein cach of the plurality of grooves
follows a helical path about the bore.

50. A pump apparatus comprising:

a pump housing defining a pumping chamber, the pump housing
having a spindle extending into the pumping chamber;

a rotor configured to rotate about the spindle, the rotor inciuding an
impelier comprising at least one blade;

a rotor portion of a magnetic bearing disposed within a non-bladed
portion of the rotor; and

a spindle portion of the magnetic bearing disposed within the spindle,
wherein the spindle and rotor portions of the magnetic bearing are configured
to attract each other, wherein at least one of the rotor and spindle portions of

the magnetic bearing comprises a first and a second magnet,



impeller comprising at least one blade; a rotor portion of a magnetic
bearing disposed within a non-bladed portion of the rotor; and a spindle
portion of the magnetic bearing disposed within the spindle, wherein the
spindle and rotor portions of the magnetic bearing are configured to
attract each other, wherein at least one of the rotor and spindle portions of
the magnetic bearing comprises a firk# and a second magnet, 19 wherein
the first and second magnets are arranged proximate each other with
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one of the pump housing and the rotor has surfaces contoured to
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ing co prlses f| st and second mag ets arrgnged proximate each
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the rotor portion of the magnetic bearing comprlses first and second
magnets arranged proximate each other with their respective magnetic
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magnets arranged proximate each other with their respective magnetic
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ot@econd magnets arranged proximate each other with their respective
magnetic vectors opposing each other, wherein the spindle portion of the
magnetic bearing comprises ferromagnetic material.

52, The apparatus of claim 50 wherein the spindle portion of the magnetic
bearing comprises first and second magnets arranged proximate each other
with their respective magnetic vectors opposing each other, wherein the rotor

portion of the magnetic bearing comprises ferromagnetic material.

53. The apparatus of claim 52 wherein the ferromagnetic material is soft

iron.

54.  The apparatus of claim 50 wherein the rotor portion of the magnetic
bearing comprises first and second magnets arranged proximate each other
with their respective magnetic vectors opposing each other, wherein the

spindle portion of the magnetic bearing comprises ferromagnetic material.

35, The apparatus of claim 54 wherein the ferromagnetic material is soft

iron.

56.  The apparatus of claim 50 wherein the rotor has a grooved bore.



55. The apparatus of claim 54 wherein the ferromagnetic material is soft
iron. 56. The apparatus of claim 50 wherein the rotor has a grooved bore.
20 57. The apparatus of claim 56 wherein the grooved bore comprises at
least one groove following a helical path about the bore. 58. The
apparatus of claim 56 wherein the grooved bore comprises a plurality of
grooves. 59. The apparatus of clairg 58 wherein each of the plurality of
grooves follows a helical path abo ?the bore. 60. The apparatus of claim
50 wherein the rotor includes surface features to generate the
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wherein the pump housing includes surface features to generate the
hydrodynamic bearing. 63. The apparatus of claim 62 wherein the surface
58 feat es are Qaetfi“eé’f%ﬁ%p?ée&h%‘%éﬁ%c S; 6r48 'I;_rf]: ipggaratus af claim 50
‘wherein 4ch of the pump housing anc]t rOLSF IneRIGELLIRIAEE features
plutelgarergreeheshydrodynamic bearing. 65. The apparatus of claim 64
wherein the surface features are defined by tapered surfaces. 66. A pump
apparatus comprising: a pump housing defining a pumping chamber, the
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a spindle, magnet assemhly comprising a first and a second magnet
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60.  The apparatus of claim 50 wherein the rotor includes surface features

to generate the hvdrodynamic bearing.

61.  The apparatus of claim 60 wherein the surface features are defined by

tapered surfaces.

62.  The apparatus of claim 50 wherein the pump housing includes surface

features to generate the hydrodynamic bearing.

63.  The apparatus of claim 62 wherein the surface features are defined by

tapered surfaces.

64.  The apparatus of claim 50 wherein each of the pump housing and the

rotor includes surface features to generate the hydrodynamic bearing.

65.  The apparatus of claim 64 wherein the surface features are defined by
tapered surfaces.

66. A pump apparatus comprising:
a pump housing defining a pumping chamber, the pump housing
having a spindle extending into the pumping chamber;



arranged proximate each other with their respective magnetic vectors
opposing each other, wherein a longitudinal axis of the spindle magnet
assembly is displaced from a longitudinal axis of the spindle; and a rotor
configured to rotate about the spindle, the rotor including an impeller
comprising at least one blade, wherein a bore of the rotor is grooved. 67.
A pump apparatus comprising: a dtimp housing defining a pumping
chamber, the pump housing having a spindle extending into the pumping
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the, spindle, wherein the pump housing has a surface geometry structured
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co-operate with the drive windings to rotate the rotor

67. A pump apparatus comprising:

a pump housing defining 2 pumping chamber, the pump housing
having a spindle extending into the pumping chamber;

a spindle magnet assembly comprising a first and a second magnet
disposed within the spindle, wherein the first and second magnets are
arranged proximate each other with their respective magnetic vectors
opposing each other;

a rotor configured to rotate about the spindle, wherein the pump
housing has a surface geometry structured to generate a hydrodynamic
bearing for at least partially supporting the rotor during rotation, the rotor
including an impeller comprising at least one blade; and

a plurality of drive magnets disposed within a non-bladed portion of

the rotor.

68.  The apparatus of claim 67 further comprising:
drive windings carried by the pump housing, wherein the drive

magnets co-operate with the drive windings to rotate the rotor



