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INTRAVASCULAR BLOOD PUMP ROTOR

CROSS-REFEREMCE TO RELATED APPLICATIONS
This apphication claims priorty io U8, Provisional Application No. 63/172,393, filed

April §, 2021, which ¢ herein incorporated by reference in ifs entirety.

BACKGROUND

The present disclosure relates fo a blood pump, 1o particular a rotor for an intravaseolar
blood pump for percutanecus inserhion into a patent's blood veesel, to support a blood How n
g papent's blood vessel. The blood pump has an improved rotor which allows for increased
efficiency and reduction of the outer diameter of the blood pump.

Blood purnps of different tvpes are known, such as axial blood pumps, centrifugal {f.2,
radial} blood purmps or mived-type blood pumps, where the blood Jow i3 caused by both awial
and radial forces. fntravascular blood pumps are inserted trio a patiernt's vessel such as the aorta
by means of a catheter. A blood pump iypically comprises a pump casing having a blood flow
fnlet and a blood Jow cutlet connected by 3 passage. In order 1o cause a blood flow along the
passage from the blood flow inlet to the hlood flow outlet, g rotor is rotatably supported within
the pump casing, with the rotor being provided with blades for conveving blogd.

Blood pumps are typically driven by a drive wat, which can be an electric motor. For
msignee, LS 201 1/0238172 Al discloses extracorporeal blood pumps baving an impeller which
may be magnetically couplad to an electric motor. The rotor comprises magnets which arg
disposed adjacent to magnets in the clectric motor. Due to attracting forces between the
snagnets in the unpeller and in the wmotor, rotation of the motor s fransmitied (o the votor. In
order o reduce the number of rotating paris, s also known frome US 20110238172 Al to
utihize a rotafing magnetic field. with the drive unit having a plurality of static posts arranged
about the axis of rotation, and each post carrying a wire coil winding and achng as & magnetic
core, A control wnit sequentially supphes a voltage to the coil windiogs to create the rotating
magnetic field. In order 1o provide a sufficiently strong magnetic coupling, the magnetic forces
have to be high enough, which can be achieved by a sufficiently high cusrent supplied to the
drive unit or by providing large magnets, which, however, leads to a large overall diameter of
the blood pump. However, hugh energy consurnplion and heat generation may oocur 1o such

drive units.
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To increase drive efficiencigs, blood pomps tvpically utilize magnetic vokas, which arg
seneratly coraposed of ferramagnatic won and are placed on either side of the rotor-stator
combination. For mstance, US 8,870,552 discloses a rotary biood pump with a rotor
sandwiched between frond and back windings, where the pump uses a conical ferromagnetic
won yoke on the outstde of a front winding and an annular ron ferromagnetie yoke on the

outside of a back winding.

BRIEF SUMMARY

it s therefore an object of the present disclosure 1o provide a blood pumyp, preferably
an intravascular blood pump or transvalvalar blood purop. having a magnetic couphing betwesn
the drive unit and the impeller, wherein the bleod pump has a compact design, 1o particudar a
sufficiently small outer diameter (o allow the blood puop 1o be inserted travsvasculary,
trangvenously, transarterially or transvalvularly, 1t is further an object of the present disclosure
to reduce heat and energy consumyption of the blood pump, which is particularty usefid for
long-termy applications n which the bicod pump can be battery -powered 1o provide mobility
for the patient, without the neaed for anv magnetic yoke.

This object 13 achioved according to the present disclosure by a blood purop rotor
having the features of the mdependent claims. Preferred embodiments and frther
developments of the present disclosure are specified in the clais dependent thereon.

According to the present disclosure. the blood purop rotor s condigured to rotate around
an axis of rotation. It comprises a distal portion and a proxinal portion. The distal portion
inciudes a rotor hub, which tapers in a distal direction. The rotor heb has at least one Bade
extending outward from the votor bub. Further, a distal end of saxd rotor hub extends distally
bevond a most distal portion of the at least one blade. The proxamal portion, which 15 connected
to the distal portion. has permanent magnets arranged so as to form a modified Halbach array
generating a magnetic field having a magnetic fox in a proximal divection that i3 greater than
a magnetie fiux i a distal divection, said fivst magoetc flux being grester than said second
magnetic flux.

The modified Halbach array utilizes an alternating arrangement of axial magnetized
smagnets and circumferential magnetived magnets, where the Hatbach arvay mosy be modified
i one of three ways,

in g first aspect, at 1east one axial magnetized magnet has a most proximal surface that

is a different distance from the distal end compared to 8 most proximal surface of at least one
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arcumferential magnetized magnet.  In preferred embodiments of the first aspect, a most
prosimal point on the surface of sach circumferential magnetized magnet is closer 1o the distal
end, generally in a range of between 1 mum and 7 nun closer, than a most proximal point on the
surface of each axial magnetized magnet. Said differently, the axial magnetized magnets are
configured to be closer 1o an electric drive umit of the blood pumyp than the circumferentially
magnetized magnets. Further, while the provimal surfaces may be orthogomal 1o the axis of
rotation, m some embodiments the proximal surfaces of the magnets may bhe shaped. and
therefore the proximal surfaces may be non-orthogonal to the axis of rotation, and in some
fustances at feast two of the circumferentially magnetzed roagnets may ool be coplanar,

i anon-modified Halbach arrangement, the physical diroensions of each maguetin the
array are identical, and only the direction of magnetization differs. In a second aspect of the
wodified Halbach arrav, at 1east one anal magnetized magoet has 2 physical dimension that s
different from a corresponding plovsical diveension of at least one circuroferential magnenzed
magnet.  For instance, in some embodiments, each permanent magnet comprises two side
surfaces extending radially away from the axis of rotation, and the {wo side surfaces for each
mmagnet form etther (a3 two parallel fat surfaces, (b two noveparallel 8at swrfaces, or & a
concave curved surface and a convey curved surface,

At anv given aual distance along the magnet, the owter surface of each magnet in a
radial divection will generally form an arc (Ve the outer surface will have a cross-sectional
shape fomung an arc of a circle about the axis of rotationy), which may differ in length hatween
magnets.  In some embodiments, an angle subtended by each arc from the axis of rotation is
between 17 and 89, and two different magnets mav have different subtended angles. In some
embodivoents, at least one of the angles s greater than 43 degrees, and/or at least one of the
angles s less than 48 degrees. Addigionally, or alternatively, ane or more of the magnets may
be longer, in an avial direction, than one or more other magnets in the array.

In a thivd aspect, the first and second aspects are combined; that i3, af least one axial
magnetzed magnet has a most prosimal surface that 1s a difforent distance from the distal end
compared to g most proximal swface of at least one circurnferential magnetized magnet and at
least one axial magnetized magnet has a physical dimension that s different from a
corresponding physical dirnension of at least one civcumferential magnetived maguoet,

These blood purop rotors can he incorporated mto fndravascular blood pumps, which
may be an axial blood pump or a diagonal blood pump, which pumps partly axially and partly

radially, he diameter of pure centrifugal blood pumps ie usually too large for intravasoular
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applications). Typically, the blood pumps will inchude a pump casing having a blood flow inlet
and a blood How outlet, the indravascular blood pumyp rotor, and an electric drive wut {which
may comprise a 2,- 4~ or G-pole stator) that s capable of magnetically interacting with said
travascular blood pump rotor.  In some embodiments, each circumferential magnetized
miagnet s further from a distal end of the electric drive unit than each axial magnetized magnet,

The electne drive wut creates a rotating electromagnetic field allows for simplification
of the mechanics of the blood pump by reducing the number of moving parts compared o a
common electric motor. This also reduces wear, because no contact hearing for an eleciric
sotor s necessary. The magnetic coupling between the drive unit and the 1mpelier not only
causes rotation of the impeller but also permuats correct ahignment of the impelier,

The distal surface of the drive unit may be flal or orthogonal 1o the axis of rofation, or
way be oblique or inchned. The distal swiace of drive unit be substantially trianguar or
trapezoidal 1o cross-section glong a plane including the axis of rotation. u the assembled state,
the distal surface of the drive unit may formo a comcal surface of substantially conical surface,
e.g.. aswface having facets but forming approximately a conical surface. Generally, the shaps
of the formed swrface can be convex. THustratively speakang, the porticns of the drive wnit may
be put together ke pie shces 1o form a circular arrangement having a conical top surface,

The magnets of the rotor may have or may form a conical or substantially conical recess
substantiatly corresponding in size and shape to the conical surface formed by the distal surface
of the drive wnit. Generally. the magnets may form a concave surface facing the convex surface
formed bv the drive unit improve the magnetic coupling. In another embodiment, the
arrangement of concave and convex surfaces may be vice versa, /2., the distal surface of the
drive woit may form a conical recess while the rotor magnets forms a convex conical surface.

The distal surface of the drive unit and the prosimal surfaces rotor will be separated by
a gap. The shape and dimension of the gap betwaen the rotor and the drive unit mav contribute
to hydrodynamic bearing capabilities.

The Halbach array will generally be provided as a plurality of magoets, such as four or
more, and preferably at least eight magnets. Varicus embodiments ulilize six magnets, eight,
ten, twelve, fourteen, sixteen, or twenty four magnets, thai are arranged in the impeller about
the axis of rotation. Prefevably, an even mumber of magnets is provided, more preferably a
nuruber that 18 g roultiple of the mumber of poles of the stator, 13 advantageons o avoud or
nunimize dead zones. The magnets may be arranged with substantially no gaps betwaen the

wdividual magnets in order (o ncrease the amount of magnetic malenial. However, it has been
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found that the efficiency of the magnetic coupling does not decrease if the magnets ars
separated by gaps, in particular radially extending gaps. Ths 15 because of the characieristics
of the magnetic ficld and the gap between the drive unit and the impeller. i the magnets in the
rotor are close 1o each other, the inpermost magnetic fleld Hnes, which extend in an arch from
one magnet (orth} to an adjacent magnet (sowth}, do not extend bevond the gap between the
drive umt and the impelier and, thus, do not reach the drive unit, i.e., they do not contrtbute 1o
the drive of the impeller. Therefore, thers is no loss in efficiency if a gap is provided hetween
the magnets in the impeller. The size of gap between the magnets in the impeller that can be
provided without loss of efficiency of the drive 18 dependent on the size of the gap between the
irapetler and the drive uit as a skalled person can calculate. The gaps between the impeller
magneis ¢an then be used, e g, as wash out channels.

In order to enhance a wash-out flow through the gap betwesn the rotor and the drive
untt, g secondary set of blades may be provided o the rotor. In particular, secondary blades
may b provided on the side of the magnet or magnets that faces the drive wut ie.. in the gap
between the rotor and the drive unil.  In preferred embodiments, one or more of the
circwnferential magnetized magnets way include one or more secondary blades connected to
or formed onto a proxiveal surface of the magnet, exiending axially away from the provamal
surface in a proximal direction. In embodiments where the proximal surfaces of the axial and
circumferential roagnetized magoets are ab different distances from the drive wnil, the
secondary blades preferably do not extend bevoond the most proxireal portion of the axial
magnetized magnets.

The wash-ow flow may addiionally or alternatively be tncreased by charmels thar are
recessed i the surface of the magnet that faces the dnve wmt. The channels may estend e g.

radiatly or helically.

BRIEF DESCRIPTION OF DRAWINGS

Figure | 15 an ihustranion of an erchodirsent of a blood pump rotor and diive uni

Figure 2Ais an itiustration of an arrangement of magnets forming a cylindrical Halbach
array.

Figure 2B 15 an ilwstration of ooe embodiment for the magnetization of magneis
resulting in g Halbach array. and resulting magnetic Juses,

Figure 3A is a projection view of an ernbodiment of a modified Halbach array, focusing

on an end portion of the array.
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Figure 3B i3 a sumplified ithatratton of a side view of ong embodiment of a modified
Halbach arvay.

Figure 3C is a simplified tHustration of a side view of an alternative embodiment of a
moditied Halbach array.

Figure 3D is a projection view of another embodiment of a modified Halbach array,
focunsing on an end portion of the array

Figure 4A is a simplified tustration of a magoet in an embodiment of a modifiad
Haibach array.

Figures 4B-4F are cross-seciional illosirations of alternative configurations of magneis
for emboduments of roodified Halbach aravs.

Figures 3A-5C are projects of aliernate embodimenis of a modified Halbach array.

Figure 64 15 a projeciion view of one embodiment of 3 modified Halbach array with
secondary blades on the oircunderential roagnetized magnets.

Figwres 6B8-0D show cross-sectional views of alternative smbodimerts of secondary
blades.

Figure 7 cshows a cross-sectional view of a blood puomp according {0 the present
disclosure,

Figure 8A shows an endarged detail of the blood pump of FHG. 7.

Figure 88 chows the same view as FIG 84 according o an atemate embodiment,

DETAILED DESCRIPTION

Referring to FIG 1A, a cross-sectional view of an intravascolar blood pump rofor i3
iHustrated. The rolor 1 bas a distal portion 10 and a proxunal portion 20, Proximal portion 20
iz connected to the proxirnal end of distal portion 10

The rotor | {which mav sometimes be referred o as an impeller is configurad fo rotate
about the axis of rotation 5 by means of g firet beaning 31 and a second bearing 32, Both
beartngs 3%, 37 are contact-type beariogs in tis embodiment. Al least one of the hearings 31,
32 conld be anon-contact-type bearing, however, such as a magnetic ot hvdrodvnamic bearing.
The first bearing 31 is a pivot bearing having spherical bearing surfaces that allow for rotational
movement as well as pivoting mwovement o some degres.

The distal portion 10 includes a rotor hub 13 tapering in a distal direction towards the
wost distal end 12 of the rotor hub 11, The second bearing 32 i3 typically connecied 1o rotor |

ab the most distal end 12 of rotor hub 11, At least one blade 15 19 provided on the rotor 1 for
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conveying blood once the rotor 1 rotates. Anv blade 15 18 generally connected 1o rotor huds 11
Distal end 12 of the rotor hab 11 exiends distally bevond a most distal poriion of blade 15, and
The proximal portion 20 comiains permanent magnets 21 arranged so as to form a

moedified Halbach array.
eferring briefly to FIG 2A, a standard ovlindneal Halbach array s tvpeally

composed of a plurality of magnets 51, 52

3, 54, Eachmagnet s generally identical. save for
the magnetization direction. In standard cvlindrical Halbach arrays, the prowimal surfaces of
all magneis are generally aligned, and each magnet has an outer surface 55, an inner surface
58 closest to the axas of rotation 5, and two side swrfaces 56, 537 that exiend radially away from
the axis of rotation 5. The outer swiface 55 of each magnet generally has a cross-sectional
shape forming an arc of a circle about the auis of rotation 5, and there 18 an angle 59 sebtended
by each are from the axis of rotation 3.

Reforrimg to FIG 2B, wraditional Halbach arvavs 100 coroprise ap aliomating
arrangement of circumferential magnetized magoets 101 {e.g, the two poles 105, 106 are
separated in a substantially circumfereniial direction) and axial magnetized magnets 102 {e.g,
the two poles are separated in a substantially axial direction). The proximal surface 103 and
distal surface 104 of each magnet are substantially :dentical (inshape and axial/radial position)
to the proximal and distal surfaces of the other magnets in the array. The proximal surfaces
F03 of all magnets are typically substantially aligoned, such that no part of any magnet iu the
array estends beyvond the respective part of another magnet in the array. In this artangement,
a Halhach array will exbubit a relativelv strong magnetic fhux on one side and a relatively weak
magnetic fhix on the opposite side.

Rather than having the strong/weak roagnetic fhies be generated 1 a radal divection
as i3 typically dovne, the modified Halbach arrays of the present disclosure generate these
strong/weak magnetic fluxes in an axial direction. That s, the modified Halbach array in the
presently disclosed rotor generates g magoehe feld having 2 fivst yoagnetic flux 120 ina
proxumal divection and a second magnetic Huy 11010 adistal direction. The first magoetic fuy
120 is greater than the second magnetic fux 110,

Additionally, the traditional cylindrical Halbach arravs shown s FIGS. 2A and 2B are
modified for ase in the present disclosurs 1n one of three wavs.

First Modification Approach
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The first modification approach s to modify the arrangemsent of magnets in an axial
divection.  This technique involves creating differences 1o positioreng and/or onentation of
proximal swrfaces of axial and circumferential magnetized magnets in the Halbach array.

in particalar, as shown in FIG. 3A, a Halbach arrav 200 of the present disclosure will
contain aliernating civcumferential magoetized roagnets 201 and axial magnetized magnets 202
i a oylindrical arrangement around an avis of rotation 220, The proximal surface 212 of at
least one axial magnetized magnet 202 is a different distance along an axial direction from the
proximal surface 211 of at least one circumferential magnetized magnet 201, As seen in
FIG 34, a portion of the outer surface 205 of the mnal magnetized rosgnet way exiend
prosimally bevond the prosimal surface 211 of at least one circunderential magoetized magnet
20,

Various erobodiments of thes can be iHustrated with reference to FIGS. 3B, 3C, and 3D,
These two figures are simplified lusirations of the wost proximial portions of the magnets in
embodiments of modified Halbach arrays according to the present disclosure.

in particular, FI( 3B provides a simplified iHustration showing a side vigw of the
prosimal ends of two axial magnetived mwagnets 301, 303, and one circumferential magnetived
magnet 303 where the most prosimal surface of each magnet 18 onthogonal 1o the axig of
rotation 310, Note that as the proximal surfaces of each magnet in thus embodiment are
orthogonal to the axis of rotation, ary point or portion of the prosimal swface would qualify
as the most proxiroal point or portion of that magnet.

As the most proximal surfaces 302, 304, 305 in the dlustration are flat, any point can
be considered the most proximal portion, and thes, the difference 302 i axial locations of the
maost prosimal portions of an axial roagnetized magnet 301 and a circumferential magnetized
magnet 303 can be readily doternuned.

if the physical dimensions of the magnets are iderdical, this difference in axial
postioning can be created by simply offvettiing the maal positioning of the axial magnetized
magnets as compared o the crcumferential magnetized roagnets.  This is lustrated o
Fi{z. 38, where the most distal surface 307 of magnet 301 is offset axially from the most distal
sur{ace 308 of magnet 303,

FIG. 3B provides a simular illustration, but i this embodiment, the most prosimal
surfaces 312, 314, 316 of the axisl magnetized magnets 313 and crcomdorendial magnetized
magnets 311, 315 are shaped and not necessarily orthogonal fo the axis of rotanion. I this

example, the shaped surfaces are shown as sirnple angled flat surfaces, but skilled artisans will
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recognize that curves or complex shapes can easilv be incorporated as appropriate. An axis of
retation 320 and a direction of rotation 321 of the rotor 15 also provided for reference.

As seen n FIG. 3B, the most proxinal point or portion 318 of the axial magnetized
magnet 313 (here, the tratling edge of the magnet) is identified along with the most proximal
portion 317 of the circurnferential magnetized magoet 311 In preferred ersbodirsents, the
most proximal point or portion 317 of the cireumferential magoetized magoet 15 in the same
relative posttion on the proximal surface as the most proximal point or portion 318 of the aal
magnetized magnet. For example, if the most proximal point or portion 318 of the axal
magnetized magnet 1s on the raling edge (according to the direction of rotation 321 of the
rextory of the outermost surface of the maal magnetized magnet, then the most proximal point
s portion 317 of the circumferential magnetized magnet i3 preferably on the irailing edge of
the outermost swrface of the circumferential magnetized magnet The difference 319 in axial
tocation of the most proximal poists or portions 317, 314 can then be determined.  Stnular 1o
the emobodiment i FIG. 3A, if the physical dimensions of the moagneis are identical, this
difference in axial positioning can be located by simply offsetting the axial positioning of the
axial magnetized magneats as compared to the circumiferential magnetized magnets.

in preforred embodiments, the difference n axial position 1¢ between | vomoand 7 mm
Sad differently, the most proximal portion of the circumfersniial magnetized magnet 18
preferably between 1 mro and 7 rom eloser o the distal end of the rotor than the wost proxiroal
pottion of the axial magnetized magnet. In some emboduments, this difference is at least 0.5
mny, oy, 2 mam, 3 mm, 4 oan, or & mm, and no more than 10 mum, & oy, 7 oum, 6 oum, 3
s, 4 num, 3, or 2 muw, including all possible combinations and subranges theresf.

in preferred embodiments, the most proxuwal portion of sach cirenmierential
magnetized magoet is an wdentical distance from the distal end of the rotor. and the roost
promamal portion of sach axial magoetized magnet is an idendical distance from the distal end
of the rotor. In some embodiments, however, that may oot be desirable, and thus other
combinations are envisioned.

For example, 1n some embodiments, the most proximal surfaces of the circumferential
magnetized magnets are not alf equally distant from the distal end of the rotor, while the most
prosimal surfaces of all axial magnetized magoets are. In other embodiments, the reverse is
true; the most proximal surfaces of all circunmderential magnetized magnets are at equal
distances froup the distal end of the rofor. while af least some of the most provimal surfaces of

the wxial magoetized roagnets are not. And in shll other embodiments, the wost proximal
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sur{aces of the circumferential magnetized magnets are not all equally distant from the disial
end of the rotor, and the most proximal surfaces of all axial magnetized magoets are also vot
equally distang from the distal end of the rotor.

Additionally, in some embodiments, at least two of the most proximal surfaces of the
circumferential magnetized magnets are not coplanar. This may result from, for example,
magneis having provimal swrfaces that are angled or curved w 2 circumferential direction
and/or a radial direction. For instance. as seen in FIG. 3B, the proximal surfaces 312, 316 of
circnnrferentiad magnetized magnets 311, 315 {which have dentical physical dimenstons) are
angled in a circurnferential duection, and thus are not coplanar,  Alteroatively. s clear that
when the proximal swrfaces of the magnets form a conical or substantially conical surface, the
proximal surfaces would not be coplanar.

In FI(r 30, an emvbodiment can be seen that combines some of the features seen in
FIGS. 3A and 3B, Specifically, as seen in FIG. 3D, magnets are arranged 1o rotate o g
clockwise direction 332 around a cendral axis 331, An inner surface 333 defines a ceniral
opening having a first diameter, and an outer swrface 334 defines the cuter edge of the magnet
array, having a second diameter greater than the first diameter, Yo this Hgure. several first
portions 335 alternate with several second portions 340, Each first portion s substariially flat

T
il

and orthogonal to the axis of rotation 331, Each second portion 340 is offser axially from the
first portion 335, The second portion has a leading surface 344 and a trailing surface 345,

A first subportion 343 of the most prosimal surface of each second portion 340 may be
paratiel to the first portion. That is, in some embodiments, there may be a flat nuno zone
where the pressure can be distritnded over the surface and the fluid can flow off the second
portion 340,

A second subportion 342 of the most proximal surface of each section portion 340 may
be conioured. In some embodiments, the confour i a rising contowr in the counterciockwise
direction (opposite the direction of rotation). The contour may taper a distance 343 from a
maosi distal point 349 (such a3 a point near the leading surface 344} to g most proxamal point
350 {such as a point at or near the trathing surface 345 or the first subportion 343}, That 5, one
part {e.g., ref. 349} of the must proximal swrface of the second portion 340 mav be ¢loserto the
fivat portion 338 in an axal direction than a second part {e.g., rell 350} of the most prosimal
surface of the second portion by a distance 344

in some embodiments, no portion of the second subportion 342 is coplanar with the

first subportion 343, In some embodiments, the second subportion 342 comprises a curved

10
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surface {e.g., a concave or convex swrface). In some embodiments, the second sebportion 342
comprises a substantially flat swrface at a Hxed angle relative to the first portion 348,

in some embodiments, the second subportion 340 may include sidewalis, such a5 a
tratling sidewall 346 at the traling surface 345, or an outer sidewall 347 at the outer surface
334 of the array. These sidewalls roay be used to control the flow of bloed, reducing flowin a
radial direction, efc.

Further, a skilled artisan will recognize that although the magnsis illustrated in the
figures are shown as having sharp comers, the edges mav be Ddly or partially beveled,
chamfered, rounded, ste.

Second Modification Approach

The second modification approach is to configure a physical dimension of at least one
axial magnetized magnet to be different from the corresponding phyvsical dimension of af least
one circumferential magnetized roaguet. That 15, rather than all magnets being generally
wlentical except for magnetization dirsction, the physical dimensions are tweaked such that the
magnets,

Refernng to FIG 44, an Hustration of anmdividual magnet 401 in a modified Halbach
array 18 provided. For each magnet 401, there is an cuter surface 402, an nner sarface 407,
and side surfaces 403, 404 extending radially outward away from the axis of rotation 499,
Fach roagnet alse has a proximal surface 406,

in preferred embodiments, each permanent magnet has an outer surface 402 with a
cross-sectional shape forming an arc of a circle about said avix of rotation 492, The physical
dimensions of the arcs are such that the angle 403 subtended by each are from the axis of
redation 499 18 most preferably between 17 and 827, In some embodiments, the angle is at least
19,57, WY, 15 or 20°, and no more than 897, 807, 707, 607, 507, or 40", inchuding all possible
combanations and subranges thereof, For example, 1 sore ermbodisends, the angle is between
3% and 707, between 107 and 80", or between 207 and 707

in some erabodiments, when the magnets are arranged in a modified Halbach array, the
angle subtended by the arc of the cuder swrface of a firsi magnel in the array 18 different from
the angle subtended by the are of the outer surface of a second magnet in the array. In some
embodimernts, at least ong of the angles is greater than a threshold value, and at least one of the
angles s fess than the threshold value, The threshold value is equal to 3607 /k, whare # s the

vumber of magnets inthe array. 8o for a Halbach amay coroprised of § magnets, the threshold

11
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value is 457, fur 16 magnets the thrashold value s 22.57, and for 24 magnets the threshold valus
is 137, To some embodiments, all avial magoetized magnets have different angles subtended
b their arcs than al circumferential magnetized magnets. In some embodiments, all axial
magnetized magneis have larger angles subtended by their arcs than all circumferential
magnetized roagnets. In soroe erobodimuents, all axial magnetized roagnets have smaller angles
subtended by their arcs thao all circumferential magnetived magnets.

in soms embodimends, the angle for the circumferential magnetized magnsts or the
axial magnetized magnets {but not both) ts less than 447, In some embodiments, the angle 13
less than 307, In some ernbodiments, the angle is less than 207 In soroe embodiments, the
angle is fess than 107

The outer swrface 407 that forms an arc also has a maxdmum arc length 408 {ie., the
tongest arc length of an outer surface that can be formed by a plane orthogonal to the axis of
rotgfion) that can vary from magnet 1o magoel.  In preferred exobodirpends, the are length of
each magnet in the array s between 1 nun and 5 nun. In some embodiments, the arc length of
each magnet in the array is between | mm and 4 mm or between I mm and 3 mm. In some
embodivnents, the arc length of each magnet 1o the arvay 1e between 2 and 3 mm. In the most
preferred embodiments using the second technique, the maxiroum arc length of at least one
axial magnetized magnet 18 different from the maxinmmem arc length of at least one
circumferential magnetized magoet.

The prosimal swrface 406 of each magnet will have g surface grea. Yo preferrad
embodiments. the surface area of at least one axial magnetized magnet i different from the
surface area of at least one curcumferential magnetized magnet.

n the most preferved embodiments, sach axial magnetized magnet cither {a) has a larger
maxiroum arc length snd a targer surface ares than cach circuraferential magneuzed magoet,
or (b} has a smaller maximum are length and a smaller surface area than each circumferential
maguetized magnet.

Each magoet 401 slso has an axvial length 409 (e, the distance between the most
proximal point of the magnet and the most distal point of the magret). In some embodiments,
the axial length of at least one axial magnetized magnet is different from the axial length of at
least one circomferential magnetized magnet.

When arranged mn the modified Halbach array, the array will bave a substantially
cyhindrical cross-section.  The maximum outer diameter of the modified Halbach array is

generally lees than 7 vomy, such as < 675 vam, or <65 o In this configuration, the inner
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surfaces of each magnet will form an opening that may exiend af least partially through the
modified Halbach array, and preferably exitends through the entire modified Halbach array.
The opening will generally have a diameter of between 0.5 nun and 2 mm. Thus, the inner
surface 4007 of each magnet is typically a distance 410 from the axis of rotation 499 that s
betwesn 0,25 mun and | nun

Addittonally, each sude surface 403, 404 will have a length that exiends between an
mnner surface and an outer surface. In FIG. 4A. side surface 403 1s shown as having a length
411 that is measured from the imner surface 407 {o the outer surface 402, It will be recogmzad
that this length may or may not be the same as the radial distance of the outer surface from the
inner surface; for example, if the side surface 13 curved, the fength 411 would be greater than
the radial disiance between the inner and oder swrface. In ganeral, each side surface of each
magnet will have a length between I mm and 3 mun, such as between 1 mm and 4 wmm, or 2
i and 4 mn

Skilled artisans will recogruze that some alf of these differences in physical dimensions
may be combined in a single array. For example, in some embodimenis, both the arc length
and axial length mav differ between axial magnetived magnets and ciroumnferential magnetized
magnets,

Referrimg to FIGR, 4B-4E, various alternative physical configurations of magnets in
maodified Halbach arrays are ifhustrated,

in FIG. 4B, the modified Halbach arvay ¢ shown as having an allernating arrangement
of circumferential magnetized magnets 421 and axial magnetized magnets 431 configurad
arsnnd an axis of rotation 499, where each magnet 421, 431 in the array has two non-paratiel
flat side surfaces 423, 424, 433, 434 extending radially outward away from the axis of rotation
499, from an imner surface 427 of each magnet. Each magnet bas an outer surface 422, 432,
and a most proximal surface 426, 436, The outer swrfaces 422, 432 have cross-sectional shapes
forming an arc of a circle about said axis of rotation 499, with an angle 403, 415 subtended by
sach arc fromo the was of rotation 499 Yo preferred ombodiments, each side swrface 1
configured to be substandially normal to the outer surface, such that an imagivary plang
extending along the a side surface of anv given magnet in an array would intersect the angle of
rotation,

FIG. 4B is illustrated as having circuniferential magnetized magnets 421 that have a
greater angle subtended by the arc and/or greater arc length than the axial magnetized magnets

431 However, a skilled artisan will recognize that the opposite could also be frue — that the
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axial magnetized magneis could have greater angles subtended by their ares and/or greaier arc
lengths than the circumferenizal magnetized magnets.

in preferred embodiments, each side surface will not be configured to be substantially
normal o the outer swrface; an imaginary plane extending dong cach flat side swface of a
given magnet would not jutersect the angle of rotation,

in FIG. 4C, the modified Halbach array 15 shown as having an ahiernative arrangement
of circumferential magnetized magnets 441 and axial magnetized magnets 451 configurad
argnnd an axis of rotation 499, but here the axial magnetized magnets 451 have parallel fat
side surfaces 453, 454, while the cireumterential magnetized yoagnet 441 have non-paraliel fat
side surfaces 443, 444, A skilled artisan will recognize that the opposite could also be true —
that the anial magnetized magnets could have non-parailel flat side surfaces, while the
circumferential magnetired magneis have parallel flat side surfaces.

The modified Halbach array has angles 443, 435 subtended by the arcs of the cuter
surfaces 442, 442 by the axis of rotation 499, It should be recognized that it is possible for,
e.g., angle 405 (rom FIG. 4B} and angle 445 (from FIG. 4C) 1o be identical, while the lengths
of the side sur{aces may be quite different.

o FIG 41, the modified Halhach array 15 shown as having an alternaimg arrangement
s circumferential magnetized mwagneis 461 and axial magnetized magnets 471 configured
around an axis of rotation 499, but here each maguoet 461, 471 have two non-flat side surfaces
463, 464, 473, 474, Yo particular, cach magnet has a concave curvad surface 463, 473 and a
convex curved swface 464, 474

Skilled artisans will recognize that these variations may be combined in various
embodiments. For example, as seen in FIG. 48, the modified Halbach arvay is shown as having
an alternating arrangement of circwnferential magnetized magnets 482 and axial magnetized
magnets 431, 483 However, a first magnet 481 has two paraliel flat side surfaces 443, 4%6.
A second magnet 482 bas one flat side aurface 434 that is not nosrmal to the outer surface of the
magnet (that is, an imagnary plane extendding along the flat side surface would vot intersect
the axis of rotation). The second magnet 482 also has a concave curved surface 487, A third
magnet 483 has a concave curved surface 488 and a convex curved surface 485,

In FIG. 4F, another arvangersent 1s seen. Here, while all magnets have paraliel Hat
sides, the sides are not centered as seen 1w FIG 4C. Rather, the plane defined by one side 492

of a first magnet 491 is configured to intersect the axas of rotation 499, while the plane defined

14



10

15

20

25

30

WO 2022/216713 PCT/US2022/023486

by the other side 493 of the first magnet 491 13 configured {o tangentially intersect the inner
surface 407 of the magnet.
Third Modification Approach

The third modification approach combines the first and second modification
approaches. That is, in addition to manipuiating the axial postiioning of the proximal surfaces
as accompiished by the frst modification technique. it also mcludes adjusiing physical
dimensions of the magnets as well.

For example, FIG. 5A shows an arrangement of magnets where the proximal surface of
cach axial magnetized magnet S0 15 located Auther along the axis of rotation (lowards the
prosimal end of the rotor) than the proxiveal surface of each circumferential roagnetized magnet
542, and the ouler surface of each axial magnetized magnet has an arc length greater than the
ase lenpth of the outer surface of each ciroumnferential magnetized magnet. Each magnet has
two non-paratiel flat side surfaces.

in FIG. 5B, the proximal surface of each axial magnetired magnet 503 is located further
along the axis of rotation (fowards the proximal end of the rotor) than the proximal sorface of
each circumferential magnetized magnet 504, and the outer surface of each axial magnetized
magnet bas an are longth smaller than the arc length of the outer surface of each crrcunorential
magnetized magnet.

Figure 53C chows an arrangement of moagnets where cach magnet has a concave side
surface and a convex side surface. The proxiveal surface of each axial roagnetized magnet 505
is Iocated further along the axis of rotation {fowards the proximal end of the rotor} than the
proximal surface of each circumferential magnetized magnet 506, The outer surface of each
axial magnetized magnet has an arc length greater than the are length of the outer surface of
each circunferential magnetized magnet.

in addition. other modifications may be made. For example. in some embodiments, at
{east one secondary blade ¢ provided on a proximal surface of at least one circumferential
magnetzed magnet. which extends axially in g proximal direction.

A view of the proximal surfaces of an smbodirnent of a Halbach array 5 shown in
Fiz 6A. In particular, the modified arvay mcludes adial magnetired magnets 601 having a
most prosimal surface 603 that extend wdally further along the axis of rotation 699 1w a
prosimal direction than the most proximal surface 604 of each cireuraferential magnetized
magnet 602, The most proxumat surfaces 606 of sach blade 003 preferably do not extend

beyond the most proximal surfaces 603 of each axial magnetized magnet 601,
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The cross-sectional shape of the Made mav vary in the radial and/or axiad direction. For
example, in some embodiments, each blade 605 tapers shightly in the radial divection, as the
hlade extends away from the axis of rotation 699, In some embodiments, each blade 605 tapers
slightly in the axial direction, as the blade extends away from the proximal surface 604 of a
circumferential magnetized magnet 602, In some embodiments, the blade fapers 1o both the
radial direction and axial direction. In some embodiments, the proxiroal surface 606 is angled
such that a portion 607 of the proximal surface 606 of the blade 605 that is closest to the axis
of rotation 18 further from the proximal serface 604 of the circumferential magnetized magnet
than a portion G608 of the proximal surtace 606 of the blade 603 that is further from the axis of
reotation 699 Said differently, the height of the blade 605 at a portion 607 close to the axis of
rotation 699 i3 greater than the height of the blade 605 at the portion 603 that is radially Rurther
from the axis of rotation.

The general cross-sectional shapes of the blades may vary significantly as desired. For
example, while each blade may be generally rectangular, other blades may have curved shapes,
trapezoidal or triangular shapes, oval shapes, or even geometric siadium shapes.

I preferred embodiments, each biade has the same shape, but 1 some embodirpents,
one or more blades may vary 1o shape.

Further, in some embodiments, if secondary blades are uslized, the mumber of
secondary blades on each circursferential magnefized magnet is preferably wdentical. However,
n other ernbodiments, each circumferential magnetived magoet may dependently have O, 1,
2. or 3 blades.

FIG. OB illustrates a cross-sectional view of a circomferential magnetized magnet 610,
locking at the proximal surface 611 of the wmaguet and the secondary blade 613 The shape of
the blade is generslly reclangular, radislly offset from the inner surface of the magoet by a
distance 617, and where the suter surface 616 of the blade s substantially flush with the suter
surface 612 of the magoet.

it should be recognized that having blades which are radially offvet roman nner and/or
outar surface of a magnet is not required, although in preferred embodiments, any blades ars
radially offset from at least the inner surface. When blades are offset from an inngr and/or
outer surface, any radial offset distance 1o preferably less than 25% of the radial length of the
prosimat sirface of the magnet, and 8 typically | nup or Jess.

FiG. oC iHlustrates a sirpilar view of the proximal surface 621 of magnet 620, However,

here, the magne! has two secondary blades 625, 626, and each s a Jifferent shape (in thug
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embodiment, a rectanguiar blade 625 and an arbiiranly curved blade 626 are iflusirated). The
reciangular shaped blade 623 has an outer edge or surface that 13 substantially flush with the
oarter surface 622 of the magnet 620, but the arbitrarily curved blade 626 is radially offset from
the cuter surface of the magnet by a distance 628, Both blades are radially offaet from the
wner surface of the magoet,

FIG. 61y illustrates a similar view of the proximal surface 631 of magnet 630, However,
hers, the magnet has two wdentical secondary blades 635, 636, where each secondary blade s
a geometric stadium shape. The secondary blades 635, 636 are both offset radially from both
the inner and outer surface of magnet 630.

The use of these secondary blades, and the contowring or shaping of the prosimal
surface of the magnets. may be configured o reduce the axial forces on one or more bearings.
As will be understood, more force on a bearing increases the heat generated by the rotation due
to, e.g., frictional forces. Bevond increased wear-and-iear on the pump, the heat transfer {o
blood may lead 1o further complications. Therefore. in some embodiments, the proximal
sur{ace of the magnets are either contoured or contain one or more secondary blades, which
may be configured o reduce the axial load on one or more bearings. In some embodiments,
there 1s greater reduction in the load at higher rotational speads.

Referring to FIG. 7, a cross-sectional view of a blood pump 700 is illustrated. The blood
pump 700 comprises the rotor 711 as described above, and an electric drive unit 750. The
blood pump 700 further comprises a pump casing 702 with a blood flow inlet 741 and a blood
flow outlet 742. The blood pump 700 is designed as an intravascular pump, also called a
catheter pump, and is deployed into a patient’s blood vessel by means of a catheter 745. The
blood flow inlet 741 is at the end of a flexible cannula 743 which may be placed through a
heart valve, such as the aortic valve, during use. The blood flow outlet 742 is located in a side
surface of the pump casing 702 and may be placed in a heart vessel, such as the aorta. The
blood pump 700 is electrically connected with an electric line 746 extending through the
catheter 745 for supplying the blood pump 700 with electric power in order to drive the pump
700 by means of a drive unit 750.

If the blood pump 700 is intended to be used in long term applications, i.e., in situations
in which the blood pump 700 is implanted into the patient for several weeks or even months,
electric power is preferably supplied by means of a battery. This allows a patient to be mobile
because the patient is not connected to a base station by means of cables. The battery can be

carried by the patient and may supply electric energy to the blood pump 700, e.g., wirelessly.
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The blood is conveyed along a passage 744 connecting the blood flow inlet 741 and the
blood flow outlet 742 (blood flow indicated by arrows). Rotor 711 as described above is
provided for conveying blood along the passage 744 and is mounted to be rotatable about an
axis of rotation 705 within the pump casing 702 by means of a first bearing 731 and a second
bearing 732. The axis of rotation 705 is preferably the longitudinal axis of the impeller 711.
Both bearings 731, 732 are contact-type bearings in this embodiment. At least one of the
bearings 731, 732 could be a non-contact-type bearing, however, such as a magnetic or
hydrodynamic bearing. The first bearing 731 is a pivot bearing having spherical bearing
surfaces that allow for rotational movement as well as pivoting movement to some degree. A
pin 733 is provided, forming one of the bearing surfaces. The second bearing 732 is disposed
in a supporting member 713 to stabilize the rotation of the impeller 711, the supporting member
713 having at least one opening 714 for the blood flow. Blades 715 are provided on the rotor
711 for conveying blood once the rotor 711 rotates. Rotation of the rotor 711 is caused by the
drive unit 750 which is magnetically coupled to a magnet 731 at the proximal end of rotor 711.
The illustrated blood pump 700 is a mixed-type blood pump, with the major direction of flow
being axial. It will be appreciated that the blood pump 700 could also be a purely axial blood
pump, depending on the arrangement of the rotor 711, and in particular the blades 715.

Skilled artisans will recognize how to configure an electric drive enit to be capable of
magnetically interacting with said mtravascular blood pump rotor.

to be capable of working with the disclosed rotor. The electric drive unit should be
configured to be adjacent to, but physically separated from, the rotor 711. In preferred
embodiments, the slectric drive unit comprises or consisis essentially of a 2+, 4+ or G-pole
siator.

FIG. 84 ilustrates in more detail the interior of one embodiment of the blood pump of
FIG 7 In partcular, the intenor of the blood pump 801 includes impeller 811 and drive urut
564 In some embodiments, the drive umit 860 comprises a plurality of posts 850, such as six
posts 850, only two of which are visible 1o the cross-sectional view of FI(z 84 The posts 850
have g shaft portion 851 and a head portion 852 The head portion 852 is disposed adjacent to,
but separated {rom, the rotor 811 in order 1o magnstically couple the drive unit 860 to the rotor
811, For this purpose, the rotor 811 has a modified Halbach array 821, as described sbove. The
magnets 821 are disposed al the end of the rotor 811 facing the drive umt 860, That is, the

magnets 821 are af the provimal end of rotor 811 Dhue 1o the shape of the drive unit, the
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magnets €21 have an inclined proximal surface substantially mirroring the shape of the drive
Wt

The posts 830 are sequentially controfled by a contral unit (not shown) in order o create
arotating magnetic field for driving the blood pump 804, The magnet 321 is arranged to interact
with the rotating magnetic field 30 a3 o cause rotation of the rotor 811 about the axis of rotation
805, Coil windings are arranged about the shall portions 851 of the posts 830, The posts 850
are arranged paratlel to the axis of rotation 805, more specifically, a longitudinal axis of each
of the posis 85¢} is parailel to the axas of rotation 805.

i order 1o close the magnetic flux path, a back plate 839 1 typically used. The back
plate 839 s located at the end of the shaft portions 831 apposite the head portions 852, The
posts 8350 act as a magnetic core and are made of a switable matental, in particular a soft
magnetic material, such as steel or a euntable alloy, in particular cobalt steel. Likewise, the back
plate 839 15 made of a surtsble soft magoenc material, such as cobalt steel. The back plate 859
enthances the magnetic fhix, which allows for reduction of the overall diameter of the blood
pumyp 800, which is important {or intravascular blood pumps. Duae o the use of the modifiad
Halbach arvay, no magoetic voke on the other side of the rotor magnets 821 is required.

FIG. 8B iliustrates an alternative embodiment which is substantially similar to the
embodiment of FIG. 3A with the exception that fop surfaces of the head portions 832 facing
the magnets 821 are not inclined but exiend in a plane perpendicular o the axis of rotation,
Accordmgly, the magnets 821 do not have inclined provimal surfaces. The miraonnn gap 839
between the proximal surfaces of magnets 821 and the distal surface of the drive unit 860 can
be easily measwred. In some embodiments, the most proximal surface of each circumferential
smagnetized magnet is further from a distal end of said electnie drive unit than the most prosimal
surface of each avial magnetized magnet.

Those skilled in the art will recognize, or be able to ascertain ustng no more than routine
experumentation, many eguivalents to the specfic embodiments of the present disclosure

described heretn. Such egquivalents are intended 1o be encompassed by the following clairs.
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What is claimed is:

i. An intravascular blood pump rotor, comprising:

a distal portion having a rotor hub tapering in a distal direction and configured to rotate
around an axis of rotation, at least one blade extending outward from said rotor hub, and a distal
end of said rotor hub extending distally beyond a most distal portion of said at least one blade;
and

a proximal portion connected to the distal portion having permanent magnets arranged so
as to form a modified Halbach array generating a magnetic field having a first magnetic flux in a
proximal direction and a second magnetic flux in a distal direction, said first magnetic flux being
greater than said second magnetic flux, said modified Halbach array comprising an alternating
arrangement of axial magnetized magnets and circumferential magnetized magnets,

wherein at least one of said axial magnetized magnets has a most proximal point or
portion of a surface that is a different distance from said distal end as compared to a most

proximal point or portion of a surface of at least one of said circumferential magnetized magnets.

2. The intravascular blood pump rotor according to claim 1, wherein a proximal surface of
each circumferential magnetized magnet is a first distance axially from said distal end, and a
proximal surface of each axial magnetized magnet is a second distance axially from said distal

end, said second distance being greater than said first distance.

3. The intravascular blood pump rotor according to claim 1, wherein a difference between

said first distance and said second distance is between 1 and 7 mm.

4. The intravascular blood pump rotor according to claim 1, wherein at least two of said

proximal surfaces of said circumferential magnetized magnets are not coplanar.
&. An intravascular blood pump, comprising

a pump casing having a blood flow inlet and a blood flow outlet;

an intravascular blood pump rotor according to claim 1; and

20



WO 2022/216713 PCT/US2022/023486

an electric drive unit capable of magnetically interacting with said intravascular blood

pump rotor.

&, The intravascular blood pump according to claim 5,wherein said electric drive unit

comprises a 2-, 4-, or 6-pole stator.

7. The intravascular blood pump according to claim 5, wherein each circumferential
magnetized magnet is further from a distal end of said electric drive unit than each axial

magnetized magnet.

8. The intravascular blood pump according to claim 5, wherein said intravascular blood

pump is an axial-type blood pump.

9. An intravascular blood pump rotor, comprising:

a distal portion having a rotor hub tapering in a distal direction and configured to rotate
around an axis of rotation, at least one blade extending outward from said rotor hub, and a distal
end of said rotor hub extending distally beyond a most distal portion of said at least one blade;
and

a proximal portion connected to the distal portion having permanent magnets arranged so
as to form a modified Halbach array generating a magnetic field having a first magnetic flux in a
proximal direction and a second magnetic flux in a distal direction, said first magnetic flux being
greater than said second magnetic flux, said modified Halbach array comprising an alternating
arrangement of axial magnetized magnets and circumferential magnetized magnets,

wherein at least one of said axial magnetized magnets has a physical dimension that is
different from a corresponding physical dimension of at least one of said circumferential

magnetized magnets.
16.  The intravascular blood pump rotor according to claim 9, wherein each of said permanent

magnets comprises two side surfaces extending radially away from said axis of rotation, said two

side surfaces for each of said plurality of permanent magnets forming either two parallel flat
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surfaces, two non-parallel flat surfaces, or a concave curved surface and a convex curved

surface.

11.  The intravascular blood pump rotor according to claim 9, wherein said permanent
magnets each have an outer surface with a cross-sectional shape forming an arc of a circle about
said axis of rotation, an angle subtended by each arc from said axis of rotation being between 1°

and 89°.

i2.  The intravascular blood pump rotor according to claim 11, wherein said permanent
magnets comprise a first magnet and a second magnet, and an angle subtended by an arc from

said first magnet is different from an angle subtended by an arc from said second magnet.

13.  The intravascular blood pump rotor according to claim 12, wherein at least one of said

angles is greater than 45°.

i4.  The intravascular blood pump rotor according to claim 13, wherein at least one of said

angles is less than 45°.

15.  The intravascular blood pump rotor according to claim 9, wherein said physical
dimension comprises a length of an arc formed by a cross-section of an outer surface of each

magnet.

1. The intravascular blood pump rotor according to claim 9, wherein said physical

dimension comprises a length of each magnet in an axial direction.
i17.  The intravascular blood pump rotor according to claim 9, wherein said physical

dimension comprises a length of an arc formed by a cross-section of an outer surface of each

magnet, and a length of each magnet in an axial direction.

22



WO 2022/216713 PCT/US2022/023486

18.  The intravascular blood pump rotor according to claim 9, further comprising a blade on a
proximal surface of at least one circumferential magnetized magnet, extending axially in a

proximal direction.

19, Anintravascular blood pump, comprising
a pump casing having a blood flow inlet and a blood flow outlet;
an intravascular blood pump rotor according to claim 9; and
an electric drive unit capable of magnetically interacting with said intravascular blood

pump rotor.
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