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Description

CROSS-REFERENCES TO RELATED APPLICATIONS

[0001] This application claims priority to U.S. Provi-
sional Application No. 62/115,741, filed February 13,
2015 and entitled "IMPELLER SUSPENSION MECHA-
NISM FOR HEART PUMP,".

BACKGROUND OF THE INVENTION

[0002] Conventional heart pumps utilize magnetic el-
ements and/or hydrostatic bearings within a housing of
the pump to compensate attractive forces produced by
a stator motor to maintain an impeller of the pump in a
desired position within a chamber of the pump. Such
magnetic attractive forces from the magnetic elements
provide negative stiffness. This negative stiffness in-
creases as a distance between the magnetic elements
within the housing and magnets on the impeller becomes
shorter. Any tilt of the impeller will decrease a gap be-
tween the impeller and the wall of the chamber at an
outer edge of the impeller. At low impeller speeds, hy-
drodynamic bearing forces are sufficient to maintain this
gap. However, in conventional pump designs, at high
speeds the impeller tends to tilt, resulting in a decrease
of a size of the gap near the outer edges of the impeller.
WO1997042413A1 discusses a hybrid magnetically sus-
pended and rotated centrifugal pumping apparatus and
method.

BRIEF SUMMARY OF THE INVENTION

[0003] In an aspect, a centrifugal blood pump is pro-
vided as per appended claim 1.

BRIEF DESCRIPTION OF THE DRAWINGS

[0004]

FIG. 1 shows an example centrifugal blood pump
according to the disclosure.

FIG. 2 shows the blood pump of FIG. 1 in an alternate
view.

FIG. 3 shows a cross-section of the blood pump of
FIG. 1.

FIG. 4 shows another cross-section of the blood
pump of FIG. 1.

FIG. 5 shows yet another cross-section of the blood
pump of FIG. 1.

FIG. 6 shows yet another cross-section of the blood
pump of FIG. 1.

FIG. 7 shows yet another cross-section of the blood
pump of FIG. 1.

FIG. 8 shows one embodiments of magnetic stabili-
zation features of a blood pump according to em-
bodiments.

FIG. 9 shows one embodiments of magnetic stabili-
zation features of a blood pump according to em-
bodiments.

FIG. 10 shows one embodiments of magnetic stabi-
lization features of a blood pump according to em-
bodiments.

FIG. 11 shows one embodiments of magnetic stabi-
lization features of a blood pump according to em-
bodiments.

FIG. 12 shows one embodiments of magnetic stabi-
lization features of a blood pump according to em-
bodiments.

FIG. 13 shows one embodiments of magnetic stabi-
lization features of a blood pump according to em-
bodiments.

FIG. 14 shows one embodiments of magnetic stabi-
lization features of a blood pump according to em-
bodiments.

FIG. 13 shows one embodiments of magnetic stabi-
lization features of a blood pump according to em-
bodiments.

FIG. 14 shows one embodiments of magnetic stabi-
lization features of a blood pump according to em-
bodiments.

FIG. 15 shows one embodiments of magnetic stabi-
lization features of a blood pump according to em-
bodiments.

DETAILED DESCRIPTION OF THE INVENTION

[0005] The ensuing description provides exemplary
embodiments only, and is not intended to limit the scope,
applicability or configuration of the disclosure. Rather,
the ensuing description of the exemplary embodiments
will provide those skilled in the art with an enabling de-
scription for implementing one or more exemplary em-
bodiments. It being understood that changes may be
made in the function and arrangement of elements with-
out departing from the scope of the invention as set forth
herein.
[0006] Specific details are given in the following de-
scription to provide a thorough understanding of the em-
bodiments. However, it will be understood by one of or-
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dinary skill in the art that the embodiments may be prac-
ticed without these specific details. For example, with
regard to any specific embodiment discussed herein, any
one or more details may or may not be present in all
versions of that embodiment. Likewise, any detail from
one embodiment may or may not be present in any par-
ticular version of another embodiment discussed herein.
Additionally, well-known circuits, systems, processes, al-
gorithms, structures, and techniques may be shown with-
out unnecessary detail in order to avoid obscuring the
embodiments. The absence of discussion of any partic-
ular element with regard to any embodiment herein shall
be construed to be an implicit contemplation by the dis-
closure of the absence of that element in any particular
version of that or any other embodiment discussed here-
in.
[0007] The present disclosure is directed to, among
other things, minimizing or preventing a decrease in gap
size at high impeller speeds between the outer edge of
the impeller and the inner wall of a chamber of a blood
pump. Some aspects of the disclosure are directed to
reducing the risk of undesirable tilting of the impeller
and/or improving the overall stability of the impeller dur-
ing operation. Embodiments maintain an appropriately
sized gap through all impeller speeds by decreasing the
net attractive magnetic force on an outer portion of the
impeller, or by having a lower net attractive force on an
outer portion of the impeller than an inner portion. Al-
though the feature or aspects of the present disclosure
are not limited to a specific type of mechanical blood
pump, an example of a blood pump in which embodi-
ments of maintaining an appropriate gap size may be
practiced is shown and described in connection with
FIGS. 1-7. As will be understood by one of skill from the
description herein, some of the features described in-
crease a stabilizing force on the impeller over conven-
tional non-contact pump bearings, in various respects,
along the tilt axis.
[0008] In FIGS. 1-7, an exemplary centrifugal blood
pump is shown that includes a pump unit 1 that includes
a housing 2 made of a nonmagnetic material. Housing 2
includes a cylindrical body portion 3, a cylindrical blood
inlet port 4 that extends from one end surface of body
portion 3, and a cylindrical blood outlet port 5 that extends
from another end surface of body portion 3. Blood outlet
port 5 extends in a tangential direction of the outer cir-
cumferential surface of body portion 3.
[0009] As shown in FIG. 2, a position of one or more
annular shaped magnetic members is shown. In some
embodiments, pump unit 1 may include an inner annular
magnetic member 30 and an outer annular magnetic
member 32. Other embodiments may include one annu-
lar magnetic member or more than two annular magnetic
members. The annular magnetic members 30 and 32
may each be formed from a single ring-shaped magnetic
member, or may be formed from a number of magnetic
members arranged in an annular pattern.
[0010] As shown in FIG. 3, a blood chamber 7 and a

motor chamber 8 are partitioned from each other by a
dividing wall 6 within housing 2. Blood chamber 7, as
shown in FIGS. 3-4, includes a rotatable disc-shaped im-
peller 10 having a through hole 10a in a center thereof.
Impeller 10 includes two shrouds 11, 12 in an annular
shape, and a plurality (e.g., six) of vanes 13 formed be-
tween two shrouds 11 and 12. Shroud 11 is arranged on
the blood inlet port 4 side, and shroud 12 is arranged on
the dividing wall 6 side. Shrouds 11, 12 and vanes 13
are made of a nonmagnetic material.
[0011] A plurality (six in this case) of blood passages
14 are formed between two shrouds 11 and 12 and are
partitioned from one another by the plurality of vanes 13.
As shown in FIG. 4, blood passage 14 is in communica-
tion with through hole 10a at the center of impeller 10,
and extends with through hole 10a of impeller 10 as a
starting point to an outer circumference such that blood
passage 14 gradually increases in width. In other words,
each vane 13 is formed between two adjacent blood pas-
sages 14. In the first embodiment, the plurality of vanes
13 are provided at regular angular intervals, and each
has the same shape. Thus, the plurality of blood passag-
es 14 are provided at regular angular intervals and has
the same shape.
[0012] When impeller 10 is driven to rotate, blood that
has flowed in through blood inlet port 4 is delivered by
centrifugal force from through hole 10a to an outer cir-
cumferential portion of impeller 10 via blood passages
14, and flows out through blood outlet port 5. It is con-
templated that the blood inlet port 4 may be configured
and/or arranged to minimize or prevent the formation of
thrombosis within (i.e., internal) the blood inlet port 4, and
also to minimize turbulence at a fluid interface between
the blood inlet port 4 and the blood chamber 7.
[0013] A plurality of permanent magnets may be em-
bedded in shroud 11. For example, an inner magnet 15
and an outer magnet 16 may be included in shroud 11.
One or more annular magnetic members may be embed-
ded in an inner wall of blood chamber 7 facing shroud
11. For example, inner annular magnetic member 30 and
outer annular magnetic member may be embedded in
the inner wall. The annular magnetic members 30 and
32 may be permanent magnets or may be electromag-
netic elements. Either a soft magnetic element or a hard
magnetic element may be used as the annular magnetic
members 30 and/or 32.
[0014] The annular magnetic members 30 and 32 may
each be formed as a single permanent magnet or as a
plurality of permanent magnets. If a single permanent
magnet is provided, the permanent magnet is formed in
an annular or ring shape. If a plurality of permanent mag-
nets are provided, the plurality of permanent magnets
may be arranged at regular angular intervals along the
same circle. While described as annular magnetic mem-
bers, it will be appreciated that each of the magnetic
members described herein may be formed from one or
more magnets, and may be in any non-annular arrange-
ment, such as other symmetrical shapes. In some em-
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bodiments, the inner annular magnetic member 30 may
have a greater net attractive force with the inner magnet
15 than the net attractive force between the outer annular
magnetic member 32 and the outer magnet 16. Such a
configuration may decrease the tilt of the impeller, espe-
cially at high impeller speeds, thus maintaining a size of
the gap between the outer edge of the impeller and the
housing wall.
[0015] As shown in FIG. 4, a plurality (e.g., nine) of
permanent magnets 17 are embedded in shroud 12. The
plurality of permanent magnets 17 are arranged with a
gap therebetween at regular angular intervals along the
same circle such that magnetic polarities of adjacent per-
manent magnets 17 are different from each other. In other
words, permanent magnet 17 having the N-pole toward
motor chamber 8 and permanent magnet 17 having the
S-pole toward motor chamber 8 are alternately arranged
with a gap therebetween at regular angular intervals
along the same circle.
[0016] As shown in FIG. 3 and FIG. 7, a plurality (e.g.,
nine) of magnetic elements 18 are provided in motor
chamber 8. The plurality of magnetic elements 18 are
arranged at regular angular intervals along the same cir-
cle to face the plurality of permanent magnets 17 in im-
peller 10. A base end of each of the plurality of magnetic
elements 18 is joined to one disc-shaped magnetic ele-
ment 19. A coil 20 is wound around each magnetic ele-
ment 18. In the direction of a central axis of impeller 10,
the length of magnetic element 18 is shorter than that of
coil 20. That is, when an axial length of magnetic element
18 is expressed as x and an axial length of coil 20 is
expressed as L relative to the surface of disc-shaped
magnetic element 19, a relationship of 0<x<L is satisfied.
[0017] Referring back to FIG. 7, space for winding coil
20 is equally secured around the plurality of magnetic
elements 18, and surfaces facing each other of every two
adjacent magnetic elements 18 are provided substantial-
ly in parallel to each other. Thus, a large space for coils
20 can be secured and turns of coils 20 can be increased.
As a result, large torque for driving impeller 10 to rotate
can be generated. Further, copper loss that occurs in
coils 20 can be reduced, thereby enhancing energy effi-
ciency when impeller 10 is driven to rotate. The plurality
of magnetic elements 18 may be formed in a cylindrical
shape. In this case, a circumferential length of coils 20
can be minimized to reduce copper loss that occurs in
coils 20, thereby enhancing energy efficiency when im-
peller 10 is driven to rotate.
[0018] An outline surface surrounding the plurality of
magnetic elements 18 (a circle surrounding the periph-
eries of the plurality of magnetic elements 18 in FIG. 7)
may correspond to an outline surface surrounding the
plurality of permanent magnets 17 (a circle surrounding
the peripheries of the plurality of magnetic elements 18
in FIG. 4), or the outline surface surrounding the plurality
of magnetic elements 18 may be larger than the outline
surface surrounding the plurality of permanent magnets
17. Further, it is preferable that magnetic element 18 be

designed not to be magnetically saturated at maximum
rating of pump 1 (a condition where torque for driving
impeller 10 to rotate becomes maximum).
[0019] Voltages are applied to nine coils 20 in a power
distribution system shifted by 120 degrees, for example.
That is, nine coils 20 are divided into groups each includ-
ing three coils. Voltages are applied to first to third coils
20 of each group, respectively. To first coil 20, a positive
voltage is applied during a period of 0 to 120 degrees, 0
V is applied during a period of 120 to 180 degrees, a
negative voltage is applied during a period of 180 to 300
degrees, and 0 V is applied during a period of 300 to 360
degrees. Accordingly, a tip surface of magnetic element
18 having first coil 20 wound therearound (end surface
on the impeller 10 side) becomes the N-pole during the
period of 0 to 120 degrees, and becomes the S-pole dur-
ing the period of 180 to 300 degrees. A Voltage VV is
delayed in phase from a voltage VU by 120 degrees, and
a voltage VW is delayed in phase from voltage VV by
120 degrees. Thus, rotating magnetic field can be formed
by applying voltages VU, VV, VW to first to third coils 20,
respectively, so that impeller 10 can be rotated by attrac-
tive force and repulsion force between the plurality of
magnetic elements 18 and the plurality of permanent
magnets 17 in impeller 10.
[0020] When impeller 10 is rotating at a rated rotation
speed, attractive force between the magnetic elements
15 and 16 and the annular magnetic members 30 and
32 and attractive force between the plurality of permanent
magnets 17 and the plurality of magnetic elements 18
are set to be balanced with each other substantially
around a center of a movable range of impeller 10 in
blood chamber 7. Thus, force acting on impeller 10 due
to the attractive force is very small throughout the mov-
able range of impeller 10. Consequently, frictional resist-
ance during relative slide between impeller 10 and hous-
ing 2 which occurs when impeller 10 is activated to rotate
can be reduced. In addition, a surface of impeller 10 and
a surface of an inner wall of housing 2 are not damaged
(no projections and recesses in the surfaces) during the
relative slide, and moreover, impeller 10 is readily levi-
tated from housing 2 without contacting even when hy-
drodynamic force is small during low-speed rotation.
[0021] A number of grooves of hydrodynamic bearing
21 are formed in a surface of dividing wall X facing shroud
12 of impeller 10, and a number of grooves of hydrody-
namic bearing 22 are formed in the inner wall of blood
chamber 7 facing shroud 11. When a rotation speed of
impeller 10 becomes higher than a prescribed rotation
speed, a hydrodynamic bearing effect is produced be-
tween each of the grooves of hydrodynamic bearings 21
and 22 and impeller 10. As a result, drag is generated
on impeller 10 from each of the grooves of hydrodynamic
bearings 21 and 22, causing impeller 10 to rotate without
contacting in blood chamber 7.
[0022] Specifically, as shown in FIG. 5, each of the
grooves of hydrodynamic bearing 21 are formed with a
size corresponding to shroud 12 of impeller 10. Each
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groove of hydrodynamic bearing 21 is positioned with
one end on an edge (circumference) of a circular portion
slightly distant from a center of dividing wall 6. Each
groove extends from the edge spirally (in other words, in
a curved manner) toward a portion near an outer edge
of dividing wall 6 such that the groove of the hydrody-
namic bearing 21 gradually increases in width. Each of
the grooves of hydrodynamic bearing 21 has substan-
tially the same shape, and the grooves are arranged at
substantially regular intervals. Each groove of hydrody-
namic bearing 21 includes a concave portion. Each
groove may have a depth of between about 0.005 to
0.400 mm. Between about 6 to 36 grooves may form
hydrodynamic bearing 21.
[0023] In FIG. 5, ten grooves in an equiangular ar-
rangement with respect to the central axis of impeller 10
form hydrodynamic bearing 21. Since the grooves of hy-
drodynamic bearing 21 have a so-called inward spiral
groove shape, clockwise rotation of impeller 10 causes
an increase in fluid pressure from an outer diameter por-
tion toward an inner diameter portion of the grooves for
hydrodynamic bearing 21. As a result, a repulsive force
that acts as a hydrodynamic force is generated between
impeller 10 and dividing wall 6.
[0024] In some embodiments, alternatively, or in addi-
tion to, providing grooves for hydrodynamic bearing 21
in dividing wall 6, grooves for hydrodynamic bearing 21
may be provided in a surface of shroud 12 of impeller 10.
The hydrodynamic bearing effect produced between im-
peller 10 and the grooves of hydrodynamic bearing 21,
causes impeller 10 to move away from dividing wall 6
and to rotate without contacting the dividing wall 6. Ac-
cordingly, a blood flow path is secured between impeller
10 and dividing wall 6, thus preventing occurrence of
blood accumulation therebetween and the resultant
thrombus. Further, in a normal state, the grooves of hy-
drodynamic bearing 21 perform a stirring function be-
tween impeller 10 and dividing wall 6, thus preventing
occurrence of partial blood accumulation therebetween.
[0025] It is preferable that a corner portion of each of
grooves for hydrodynamic bearing 21 be rounded to have
R of at least 0.05 mm. As a result, occurrence of hemo-
lysis can further be reduced.
[0026] As with the grooves of hydrodynamic bearing
21, as shown in FIG. 6, the grooves of hydrodynamic
bearing 22 are each formed with a size corresponding to
shroud 11 of impeller 10. Each groove of hydrodynamic
bearing 22 has one end on an edge (circumference) of
a circular portion slightly distant from a center of the inner
wall of blood chamber 7. The groove extends spirally (in
other words, in a curved manner) toward a portion near
an outer edge of the inner wall of blood chamber 7 such
that the groove gradually increases in width. Each of the
grooves has substantially the same shape. The grooves
are arranged at substantially regular intervals. Each
groove of hydrodynamic bearing 22 includes a concave
portion. Each groove may have a depth of between about
0.005 to 0.4 mm. It is preferable that about 6 to 36 grooves

form hydrodynamic bearing 22. In FIG. 6, ten grooves
forming hydrodynamic bearing 22 are equiangularly ar-
ranged with respect to the central axis of impeller 10.
[0027] Alternatively, or in addition to, providing the
grooves of hydrodynamic bearing 22 in the inner wall of
blood chamber 7, the grooves of hydrodynamic bearing
22 may be provided in a surface of shroud 11 of impeller
10. It is preferable that a corner portion of each of grooves
of hydrodynamic bearing 22 be rounded to have R of at
least 0.05 mm. As a result, occurrence of hemolysis can
further be reduced
[0028] The hydrodynamic bearing effect produced be-
tween impeller 10 and the grooves for hydrodynamic
bearing 22 causes impeller 10 to move away from the
inner wall of blood chamber 7 and rotates without con-
tacting the inner wall. In addition, when pump unit 1 is
subjected to external impact or when the hydrodynamic
force generated by hydrodynamic bearing 21 becomes
excessive, impeller 10 can be prevented from being in
close contact with the inner wall of blood chamber 7. The
hydrodynamic force generated by hydrodynamic bearing
21 may be different from the hydrodynamic force gener-
ated by hydrodynamic bearing 22.
[0029] It is preferable that impeller 10 rotate in a state
where a gap between shroud 12 of impeller 10 and di-
viding wall 6 is substantially equal to a gap between
shroud 11 of impeller 10 and the inner wall of blood cham-
ber 7. If one of the gaps becomes narrower due to serious
disturbance such as fluid force acting on impeller 10, it
is preferable that grooves of hydrodynamic bearing 21
and 22 have different shapes so that the hydrodynamic
force generated by the hydrodynamic bearing on the nar-
rower side becomes higher than the hydrodynamic force
generated by the other hydrodynamic bearing to make
the gaps substantially equal to each other.
[0030] While each groove of hydrodynamic bearings
21 and 22 has the inward spiral groove shape shown in
FIGS. 5-6, grooves having another shape may be used.
Nevertheless, for blood circulation, it is preferable to em-
ploy grooves having the inward spiral groove shape,
which allows for a smooth flow of blood.
[0031] As mentioned above, it is contemplated that the
blood inlet port 4 may be configured and/or arranged to
minimize or prevent the formation of thrombosis within
(i.e., internal) the blood inlet port 4, and also to minimize
turbulence at a fluid interface between the blood inlet port
4 and the blood chamber 7. In general, it is contemplated
that thrombosis formation may occur due to a vortex form-
ing in or within one or both of blood inlet port 4 and the
blood chamber 7 in a location near or adjacent blood inlet
port 4, and/or due to stress or forces imparted on blood
as it transitions into a spinning motion once it reaches
the impeller 10.
[0032] FIGs. 8-15 depict embodiments of pumps using
one or more annular magnetic members of a magnetic
suspension system to maintain a size of a gap between
an impeller and a chamber wall of a housing at high im-
peller speeds. Theses pumps may be configured as
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those described in FIGs. 1-7 above. The annular mag-
netic members may correspond to the annular magnetic
members 30 and 32 described herein. The magnetic sus-
pension systems are often made up of magnetic ele-
ments within the impeller, annular magnetic members
embedded within a housing of the pump, a stator motor,
and/or hydrostatic bearings formed in the housing. Em-
bodiments maintain this gap size by producing a lower
net attractive force at an outer or distal portion of the
impeller than at an inner or proximal portion of the impel-
ler. In some embodiments this net attractive force rela-
tionship is achieved by decreasing the attractive force at
the outer portion or by producing a repulsive force at the
outer portion. Other embodiments achieve the greater
inner attractive force by increasing the attractive force at
the inner portion of the impeller. In other embodiments,
the gap may be maintained by using electromagnets as
the annular magnetic members and utilizing active mag-
netic control to adjust the magnetic forces as impeller
speeds and/or gap size change. Alternative methods of
increasing and/or maintaining the gap size at high impel-
ler speeds may also include increasing the gap between
the motor stator and the motor magnet, although his may
decrease the efficiency of the motor. It will be appreciated
that combinations of the techniques described herein
may be used to further adjust and/or maintain the gap
size.
[0033] FIGs. 8 and 9 depict systems that decrease the
outer annular magnetic member’s magnetic force to cre-
ate a greater net magnetic attraction at the inner annular
magnetic member. In FIG. 8, a pump 800 having a hous-
ing 804 is shown. An impeller 802 is shown having a
plurality of magnetic elements embedded therein. The
impeller is configured to rotate within the housing 804.
Here, an inner magnetic element 806 and an outer mag-
netic element 808 are embedded within impeller 802.
One or more annular magnetic members may be embed-
ded within housing 804. For example, an inner annular
magnetic member 810 and an outer annular magnetic
member 812 are embedded within a side wall of the hous-
ing 804. As shown here, by making a distance between
the inner annular magnetic member 810 and inner mag-
netic element 806 less than a distance between outer
annular magnetic member 812 and outer magnetic ele-
ment 808, the net attractive force along the outer edge
of impeller 802 may be decreased and/or made lower
than the net attractive force at an inner portion of the
impeller 802. This lessened attractive force results in a
reduction of negative stiffness at the outer annular mag-
netic member 812 and an increase in the gap between
the impeller 802 and the inner wall of the housing 804.
Making the distance between the inner magnets smaller
than the distance between the outer magnets can be
achieved by moving the inner annular magnetic member
810 closer to the impeller, by moving the outer annular
magnetic member 812 away from the impeller, and/or by
a combination of both.
[0034] In some embodiments, making the distance be-

tween the inner magnets smaller than the distance be-
tween the outer magnets can be achieved by changing
a position of the inner magnet and/or the outer magnet
relative to the impeller as shown in FIG. 9. For example,
a pump 900 may have a housing 904 and an impeller
902 such as described in FIG. 8. An inner magnet 906
of the impeller 902 may be moved closer to an inner an-
nular magnetic member 910 within the housing 904
and/or an outer magnet 908 may be moved away from
an outer annular magnetic member 912. In some em-
bodiments, one or more of both the housing magnetic
members 910 and 912 and the impeller magnetic ele-
ments 906 and 908 may be positioned to create the larger
distance between the outer magnets than the inner mag-
nets. In some embodiments, the net force difference be-
tween the inner and outer portions of the impeller may
be attained by decreasing the attractive force at the outer
annular magnetic member, such as by reducing the mag-
net size and/or otherwise reducing the strength of the
outer annular magnetic member 912.
[0035] FIGs. 10 and 11 depict embodiments of pumps
that increase a magnetic force of an inner annular mag-
netic member and decrease or eliminate a magnetic force
of an outer annular magnetic member. For example, in
FIG. 10, a pump 1000 is shown having an impeller 1002,
housing 1004, an inner magnetic element 1006, and an
outer magnetic element 1008 as described above with
regard to FIG. 8. Pump 1000 may include an inner an-
nular magnetic member 1010 having a net magnetic at-
traction with the inner magnetic element 1006 that is
greater than a net magnetic attraction between an outer
annular magnetic member 1012 and the outer magnetic
element 1008. In pump 1000, this is done by increasing
the magnetic force of the inner annular magnetic member
1010 in combination with reducing the magnetic force of
the outer annular magnetic member 1012 and/or by in-
creasing the distance between the outer annular mag-
netic member 1012 and the outer magnetic element
1008. The increase in magnetic force of the inner annular
magnetic member may be realized by increasing the
magnet volume and/or by using a stronger magnet. In
some embodiments, the magnetic force of the inner an-
nular magnetic member 1010 may be increased suffi-
ciently such that the outer annular magnetic member
1012 and/or outer magnetic element 1008 may be elim-
inated. For example, FIG. 11 shows a pump 1100 having
only a strong inner annular magnetic member 1110 and
an inner magnetic element 1106.
[0036] In some embodiments, the gap between the im-
peller and the housing may be maintained by increasing
the attractive force of the inner annular magnetic member
while using an opposite polarity magnet as the outer an-
nular magnetic member to create a repulsive force on
the outer edge of the impeller and to increase the impeller
suspension stiffness. For example, FIG. 12 shows a
pump 1200 having an inner annular magnetic member
1210 having a sufficiently high attractive magnetic force
and an outer annular magnetic member 1212 that has a
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polarity relative to an outer magnetic element 1208 to
create a repulsive force that serves to maintain the gap
size, even at high impeller speeds.
[0037] FIG. 13 shows one embodiment of a pump 1300
where a diameter of an outer annular magnetic member
1312 is increased to be larger than a diameter of an outer
magnetic element 1308 on an impeller 1302 and/or to
extend radially beyond at least a portion of the outer mag-
netic element 1308. The outer annular magnetic member
1312 also has a polarity selected to create a net repulsive
force with the outer magnetic element 1308. When the
outer annular magnetic member 1312 extends beyond
at least a portion of the outer magnetic element 1308,
the repulsive force has a force component toward the
rotational axis of the impeller 1302, which increases the
radial stiffness. The impeller rotation center shifts toward
an outlet side of pump 1300 when the flow rate is high.
The repulsive force of the rotational axis direction in-
creases as the impeller is pushed toward the outlet side,
compensating against pump pressure distribution due to
the high flow rate. Thus, the repulsive force produce by
the outer annular magnetic member 1312 helps maintain
the impeller position, and thus gap size, as impeller
speeds increase.
[0038] In some embodiments, reduction of a diameter
of an inner annular magnetic member may be used in
conjunction with increasing a diameter of an outer annu-
lar magnetic member, resulting in an increase in the radial
stiffness of the magnetic suspension system of the pump.
For example, FIG. 14 shows a pump 1400 having an
outer annular magnetic member 1412 of increased di-
ameter and an inner magnetic member 1410 having a
reduced diameter. By reducing the diameter of the inner
annular magnetic member 1410 such that the inner an-
nular magnetic member 1410 is positioned at least par-
tially inward of the inner magnetic element 1406, a thick-
ness of a pump housing 1404 may be reduced by putting
an inner annular magnetic member 1410 of increased
size within dead space of a pump inflow conduit 1414.
This positioning results in an increase in the negative
stiffness of the magnetic suspension system. The radial
component of the repulsive force of the outer annular
magnetic member maintains the impeller radial stiffness
as the position of the inner annular magnetic member
1410 increases the negative stiffness. Additionally, the
inward position of the inner annular magnetic member
1410 increases the magnetic resistance while reducing
the magnetic flux, and thus, the net attractive force acting
on the impeller 1402. The repulsive force of the outer
annular magnetic member 1412 helps compensate for
the reduction of attractive force of the inner annular mag-
netic member 1410 to maintain the gap size between the
housing 1404 and the impeller 1402.
[0039] In some embodiments, a ferromagnetic ring,
such as a steel ring, may be positioned between an inner
annular magnetic member and an inner magnetic ele-
ment when the inner annular magnetic member has a
diameter positioned inward of an inner magnetic element

on an impeller. FIG. 15 shows a pump 1500 having an
outer annular magnetic member 1512 extending radially
beyond an outer magnetic element 1508 and an inner
annular magnetic member 1510 positioned inward of an
inner magnetic element 1506. Pump 1500 also includes
a ferromagnetic ring 1516 positioned between inner an-
nular magnetic member 1510 and inner magnetic ele-
ment 1506. The ring 1516 skews the magnetic flux such
that the attractive force from the inner annular magnetic
member 1510 is better directed to act upon the inner
magnetic element 1506.
[0040] The invention has now been described in detail
for the purposes of clarity and understanding. However,
it will be appreciated that certain changes and modifica-
tions may be practiced within the scope of the disclosure.

Claims

1. A centrifugal blood pump, comprising:

a housing (2) that defines an inlet passage (4),
a chamber, and an outlet passage (5);
an impeller (10) rotatably positioned in the
chamber to transfer blood from the inlet passage
through the chamber and to the outlet passage;
a plurality of impeller magnets embedded in the
impeller such that the impeller and the plurality
of impeller magnets rotate together within the
chamber, wherein the plurality of impeller mag-
nets comprises an inner impeller magnet (806)
and an outer impeller magnet (808);
a motor to control movement of the impeller in
the chamber, the motor being positioned adja-
cent the chamber and separated from the cham-
ber by a partition member; and
at least one annular magnetic member (17) em-
bedded in a wall of the housing opposite the par-
tition member, wherein the at least one annular
magnetic member comprises an inner annular
magnetic member (810), and an outer annular
magnetic member (812), wherein a first net mag-
netic force between the at least one annular
magnetic member and a proximal portion of the
plurality of impeller magnets exhibits greater at-
traction than a second net magnetic force be-
tween the at least one annular magnetic mem-
ber and a distal portion of the plurality of impeller
magnets, the proximal portion and the distal por-
tion being relative to a central axis of the impel-
ler; wherein at least a portion of the outer annular
magnetic member extends radially beyond at
least a portion of the outer impeller magnet, and
a net repulsive force is exhibited between the
outer annular magnetic member and the outer
impeller magnet.

2. The centrifugal blood pump of claim 1, wherein:
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the inner annular magnetic member produces a
greater magnetic force than the outer annular mag-
netic member.

3. The centrifugal blood pump of claim 1, wherein:
a distance between the outer impeller magnet and
the outer annular magnetic member is greater than
a distance between the inner impeller magnet and
the inner annular magnetic member.

4. The centrifugal blood pump of claim 1, wherein:
the first net magnetic force is an attractive force and
the second net magnetic force is a repulsive force.

5. The centrifugal blood pump of claim 1, further com-
prising:
a ferromagnetic ring disposed between the inner an-
nular magnetic member and the inner impeller mag-
net.

6. The centrifugal blood pump of claim 1, wherein:

the impeller (10) comprises an inner portion and
an outer portion; and
a first net magnetic force between the inner an-
nular magnetic member and the inner impeller
magnet exhibits greater attraction than a second
net magnetic force between the outer annular
member and the outer impeller magnet.

7. The centrifugal blood pump according to claim 6,
wherein:
a distance between the outer impeller magnet (808)
and the outer annular magnetic member (812) is
greater than a distance between the inner impeller
magnet (806) and the inner annular magnetic mem-
ber (810).

8. The centrifugal blood pump according to claim 6,
wherein:
the inner annular magnetic member (810) produces
a greater magnetic force than the outer annular mag-
netic member (812).

9. The centrifugal blood pump according to claim 6,
wherein:
the inner annular magnetic member (810) has a
greater volume than the outer annular magnetic
member (812).

10. The centrifugal blood pump according to claim 6,
wherein:
the first net magnetic force is an attractive force and
the second net magnetic force is a repulsive force.

11. The centrifugal blood pump according to claim 6,
wherein:

at least a portion of the inner annular magnetic
member is disposed radially inward of the inner
impeller magnet; and
a net attractive force is exhibited between the
inner annular magnetic member and the inner
impeller magnet.

12. The centrifugal blood pump according to claim 6, fur-
ther comprising:
a ferromagnetic ring disposed between the inner an-
nular magnetic member and the inner impeller mag-
net.

Patentansprüche

1. Eine Zentrifugalblutpumpe, die Folgendes umfasst:

ein Gehäuse (2), das einen Einlasskanal (4), ei-
ne Kammer und einen Auslasskanal (5) defi-
niert;
ein Laufrad (10), das rotierbar in der Kammer
positioniert ist, um Blut vom Einlasskanal durch
die Kammer und zum Auslasskanal zu beför-
dern;
eine Vielzahl von Laufradmagneten, die im Lauf-
rad eingebettet sind, so dass das Laufrad und
die Vielzahl von Laufradmagneten gemeinsam
innerhalb der Kammer rotieren, wobei die Viel-
zahl der Laufradmagneten einen inneren Lauf-
radmagneten (806) und einen äußeren Laufrad-
magneten (808) umfasst;
einen Motor zur Steuerung der Bewegung des
Laufrads in der Kammer, wobei der Motor neben
der Kammer positioniert ist und durch ein Trenn-
element von der Kammer getrennt ist; und
zumindest ein ringförmiges Magnetelement
(17), das in einer Wand des Gehäuses gegen-
über dem Trennelement eingebettet ist, wobei
das zumindest eine ringförmige Magnetelement
ein inneres ringförmiges Magnetelement (810)
und ein äußeres ringförmiges Magnetelement
(812) umfasst, wobei eine erste resultierende
Magnetkraft zwischen dem zumindest einen
ringförmigen Magnetelement und einem proxi-
malen Teil der Vielzahl der Laufradmagneten ei-
ne größere Anziehung als eine zweite resultie-
rende Magnetkraft zwischen dem zumindest ei-
nen ringförmigen Magnetelement und einem
distalen Teil der Vielzahl der Laufradmagneten
aufweist, wobei der proximale Teil und der dis-
tale Teil relativ zu einer zentralen Achse des
Laufrads sind; wobei zumindest ein Teil des äu-
ßeren ringförmigen Magnetelements sich radial
über zumindest einen Teil des äußeren Laufrad-
magneten hinaus erstreckt und eine resultieren-
de abstoßende Kraft zwischen dem äußeren
ringförmigen Magnetelement und dem äußeren
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Laufradmagneten auftritt.

2. Die Zentrifugalblutpumpe entsprechend Anspruch
1, wobei:
das innere ringförmige Magnetelement eine größere
Magnetkraft als das äußere ringförmige Magnetele-
ment erzeugt.

3. Die Zentrifugalblutpumpe entsprechend Anspruch
1, wobei:
ein Abstand zwischen dem äußeren Laufradmagne-
ten und dem äußeren ringförmigen Magnetelement
größer als ein Abstand zwischen dem inneren Lauf-
radmagneten und dem inneren ringförmigen Mag-
netelement ist.

4. Die Zentrifugalblutpumpe entsprechend Anspruch
1, wobei:
die erste resultierende Magnetkraft eine anziehende
Kraft und die zweite resultierende Magnetkraft eine
abstoßende Kraft ist.

5. Die Zentrifugalblutpumpe entsprechend Anspruch
1, die zudem Folgendes umfasst:
einen ferromagnetischen Ring, der zwischen dem
inneren ringförmigen Magnetelement und dem inne-
ren Laufradmagneten angeordnet ist.

6. Die Zentrifugalblutpumpe entsprechend Anspruch
1, wobei:

das Laufrad (10) einen inneren Teil und einen
äußeren Teil umfasst;
eine erste resultierende Magnetkraft zwischen
dem inneren ringförmigen Magnetelement und
dem inneren Laufradmagneten eine größere
Anziehung als eine zweite resultierende Mag-
netkraft zwischen dem äußeren ringförmigen
Magnetelement und dem äußeren Laufradma-
gneten aufweist.

7. Die Zentrifugalblutpumpe entsprechend Anspruch
6, wobei:
ein Abstand zwischen dem äußeren Laufradmagne-
ten (808) und dem äußeren ringförmigen Magnete-
lement (812) größer als ein Abstand zwischen dem
inneren Laufradmagneten (806) und dem inneren
ringförmigen Magnetelement (810) ist.

8. Die Zentrifugalblutpumpe entsprechend Anspruch
6, wobei:
das innere ringförmige Magnetelement (810) eine
größere Magnetkraft als das äußere ringförmige Ma-
gnetelement (812) erzeugt.

9. Die Zentrifugalblutpumpe entsprechend Anspruch
6, wobei:
das innere ringförmige Magnetelement (810) ein

größeres Volumen als das äußere ringförmige Ma-
gnetelement (812) hat.

10. Die Zentrifugalblutpumpe entsprechend Anspruch
6, wobei:
die erste resultierende Magnetkraft eine anziehende
Kraft und die zweite resultierende Magnetkraft eine
abstoßende Kraft ist.

11. Die Zentrifugalblutpumpe entsprechend Anspruch
6, wobei:

zumindest ein Teil des inneren ringförmigen Ma-
gnetelements radial nach innen vom inneren
Laufradmagneten angeordnet ist; und
eine resultierende anziehende Kraft zwischen
dem inneren ringförmigen Magnetelement und
dem inneren Laufradmagneten auftritt.

12. Die Zentrifugalblutpumpe entsprechend Anspruch
6, die zudem Folgendes umfasst:
einen ferromagnetischen Ring, der zwischen dem
inneren ringförmigen Magnetelement und dem inne-
ren Laufradmagneten angeordnet ist.

Revendications

1. Une pompe à sang centrifuge, comprenant :

Un boîtier (2) qui définit un passage d’entrée (4),
une chambre et un passage de sortie (5) ;
Un rotor (10) positionné de manière à tourner
dans la chambre afin de faire passer le sang du
passage d’entrée par la chambre et vers le pas-
sage de sortie ;
Une pluralité d’aimants de rotor intégrés au rotor
de sorte que le rotor et la pluralité d’aimants de
rotor tournent ensemble dans la chambre, dans
laquelle la pluralité d’aimants de rotor est cons-
tituée d’un aimant interne de rotor (806) et d’un
aimant externe de rotor (808) ;
Un moteur pour contrôler le mouvement du rotor
dans la chambre, le moteur étant positionné à
côté de la chambre et séparé de la chambre par
une cloison ; et
Au moins un membre magnétique annulaire (17)
incorporé à une paroi du boîtier et opposé à la
cloison, dans laquelle au moins un membre ma-
gnétique annulaire comprend un membre ma-
gnétique annulaire interne (810), et un membre
magnétique annulaire externe (812), dans la-
quelle une première force magnétique nette en-
tre au moins un membre magnétique annulaire
et une partie proximale de la pluralité d’aimants
de démontre une attraction plus importante
qu’une seconde force magnétique nette entre
au moins un membre magnétique annulaire et
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une partie distale de la pluralité d’aimants de
rotor, la partie proximale et la partie distale étant
relatives à un axe central du rotor ; dans laquelle
au moins une partie du membre magnétique an-
nulaire externe s’étend radialement au-delà
d’au moins une partie de l’aimant externe de ro-
tor, et une force de répulsion nette est produite
entre le membre magnétique annulaire externe
et l’aimant externe du rotor.

2. La pompe à sang centrifuge de la revendication 1,
dans laquelle :
Le membre magnétique annulaire interne produit
une plus grande force magnétique que le membre
magnétique annulaire externe.

3. La pompe à sang centrifuge de la revendication 1,
dans laquelle :
Une distance entre l’aimant externe du rotor et le
membre magnétique annulaire externe est supérieu-
re à une distance entre l’aimant interne du rotor et
le membre magnétique annulaire interne.

4. La pompe à sang centrifuge de la revendication 1,
dans laquelle :
La première force magnétique nette est une force
d’attraction et la seconde force magnétique nette est
une force de répulsion.

5. La pompe à sang centrifuge de la revendication 1,
comprenant en outre :
Un anneau ferromagnétique disposé entre le mem-
bre magnétique annulaire interne et l’aimant interne
du rotor.

6. La pompe à sang centrifuge de la revendication 1,
dans laquelle :

Le rotor (10) comprend une portion interne et
une portion externe ;
Et la première force magnétique nette entre le
membre magnétique annulaire interne et
l’aimant interne du rotor produit une plus grande
attraction que la seconde force magnétique net-
te entre le membre magnétique annulaire exter-
ne et l’aimant externe du rotor.

7. La pompe à sang centrifuge selon la revendication
6 dans laquelle :
Une distance entre l’aimant externe du rotor (808)
et le membre magnétique annulaire externe (812)
est supérieure à une distance entre l’aimant interne
du rotor (806) et le membre magnétique annulaire
interne (810).

8. La pompe à sang centrifuge selon la revendication
6 dans laquelle :
Le membre magnétique annulaire interne (810) pro-

duit une plus grande force magnétique que le mem-
bre magnétique annulaire externe (812).

9. La pompe à sang centrifuge selon la revendication
6 dans laquelle :
Le membre magnétique annulaire interne (810) est
doté d’un plus grand volume que le membre magné-
tique annulaire externe (812).

10. La pompe à sang centrifuge selon la revendication
6 dans laquelle :
La première force magnétique nette est une force
d’attraction et la seconde force magnétique nette est
une force de répulsion.

11. La pompe à sang centrifuge selon la revendication
6 dans laquelle :

Au moins une partie du membre magnétique an-
nulaire interne est disposée radialement vers
l’intérieur de l’aimant interne du rotor ; et
Une force magnétique nette est produite entre
le membre magnétique annulaire interne et
l’aimant interne du rotor

12. La pompe à sang centrifuge selon la revendication
6 comprenant en outre :
Un anneau ferromagnétique disposé entre le mem-
bre magnétique annulaire interne et l’aimant interne
du rotor.
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