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Development of a Novel Axial Blood Pump With
a Thrust Force Levitation Technology—Device
Design and Levitation Experiments

Ryota Magari and Wataru Hijikata

Abstraci—The durability of a blood pump has been en-
hanced owing to the development of nhoncontact bearings.
However, hydrodynamic bearings exhibit a risk of blood
trauma owing to their narrow gaps, and magnetic bearings
exhibit a risk of malfunctioning of their active control sys-
tem. Therefore, in this study, we developed a blood pump
that can levitate an impeller with a large gap without any
active control system. In the proposed system, the impeller
is levitated using a combination of the thrust force and
permanent magnets. The thrust force, which is generated
on the impeller as a reaction force to pump blood, changes
based on the interaction between the housing geometry
and impeller position. By utilizing this characteristic, the
thrust force acted as a passive restoring force. A pump
prototype was fabricated to verify the levitation. The exper-
imental results showed that the impeller can be passively
levitated in the axial direction by balancing the thrust and
magnetic force with a gap of as low as 500 pm without ac-
tive control. The pump head was 33.8 mmHg at 10 000 r/min
and 1.5 L/min. The proposed principle is expected to con-
tribute to the development of a blood pump with lower
blood trauma and higher reliability.

Index Terms—AXxial blood pump, levitation system, non-
contact bearing, thrust force, ventricular assist device
(VAD).

[. INTRODUCTION

EART transplantation is a treatment option for patients

with serious heart diseases, such as dilated cardiomyopa-
thy. However, the number of patients waiting for transplantation
is much higher than that of donors [1]. Therefore, ventricular
assist devices (VADs) have been used as a bridge to transplants
(BTTs). VADs are classified into two types: extracorporeal and
implantable. Extracorporeal VADs are placed outside the body
of a patient [2], [3], [4], [5], [6], [7]. Although the pump is
large and the movement of the patient is limited, this type of
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pump head can be detached for cost-effective use. Implantable
VADs are placed inside a patient’s body [8], [9], [10], [11],
enabling patients to move freely. Implantable VADs are required
to improve patients’ quality of life.

Currently, VADs are considered not only as BTT but also
as destination therapy (DT). In the United States, more than
70% of VADs were implanted as DT in 2019 [12]. To use
VADs as DT, problems resulting from long-term use, such as
thrombus formation and durability, must be solved. Methods
for preventing thrombus formation and its detection have been
proposed [13], [14], [15], [16].

Noncontact bearings have been used to increase the dura-
bility of VADs. There are two types of noncontact bearings:
hydrodynamic bearings [17], [18] and active magnetic bearings
[19], [20], [21], [23]. In a hydrodynamic bearing system, the
impeller is suspended by fluid forces generated in thin blood
films that separate the impeller and pump housing [24], [25].
This system does not require active control with sensors, and this
contributes to system reliability. However, this type of bearing
system can lead to severe blood trauma. Although red blood cells
are approximately 8 um in diameter, the blood film between the
impeller and pump housing is only a few dozen micrometers
in diameter. Therefore, high shear stress is applied to red blood
cells, which leads to serious blood trauma.

In an active magnetic bearing system, the impeller is sus-
pended by magnetic force. According to Earnshaw’s theorem
[26], levitation in all six degrees of freedom (DOFs) cannot be
achieved using a static magnetic field and paramagnetic materi-
als alone. Atleast 1-DOF for levitation requires feedback control
using electromagnets, a force from a dynamic magnetic field, a
force acting on diamagnetic materials, or other external forces.
Therefore, active magnetic bearing systems use electromagnets
and sensors to control the position of the impeller [27], [28], [29],
[30]. A pump with this system can realize a larger fluid gap in
the range of 200-300 pm, which contributes to a decrease in
blood trauma. However, active feedback control using sensors
and electromagnets has a high risk of pump failure because it
cannot maintain impeller levitation if a part of the system fails.

Therefore, the objective of this study is to develop a VAD with
anovel levitation system for an impeller with a large gap without
active control. The large gap reduces shear stress on blood cells,
which prevents blood trauma. Passive levitation eliminates the
risk of sensor failure and contributes to the realization of system
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Fig. 1. Configuration of a proposed axial flow pump.

reliability. In this study, thrust force levitation technology, which
is a novel levitation system utilizing a combination of magnetic
forces generated by permanent magnets and thrust generated by
the rotation of the impeller, was proposed, and its feasibility was
experimentally evaluated. The target dimensions of the proposed
VAD were 80 mm in length and 20 mm in diameter with the
smallest gap of 500 pm.

Il. PRINCIPLE OF THE THRUST FORCE LEVITATION
TECHNOLOGY

A. Configuration of the Proposed Pump

The axial pump, as shown in Fig. 1, was adopted as the
basic structure. The pump consisted of a housing, impeller, flow
straightener, diffuser, direct-drive motor, and passive magnetic
bearing. The housing used in the proposed pump has a unique
shape. Specifically, its diameter is larger in the middle part of
the pump. The flow straightener was installed on the inlet side
to suppress turbulence and swirling flow. The diffuser installed
at the outlet converts the swirling flow generated by the rotating
impeller into a straight flow and increases the pump head. Stator
coils and rotor magnets were installed outside the housing and
inside the impeller, respectively. The coils are coreless not to
generate a magnetic attractive force between them and the other
magnets.

B. Overview of the Levitation Principle

In this study, the forces acting on the impeller and displace-
ment of the impeller are considered in the coordinate system,
as shown in Fig. 2. Although the radial and angular directions
have 2-DOFs, only 1-DOF was considered because of its ge-
ometric symmetry. In the axial direction, the magnetic force
and thrust act on the impeller, and levitation is realized by
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Fig. 3. Levitation principle in the axial direction.

passively adjusting these forces. The thrust force acts on the
impeller as a reaction force against blood flow generation. In
the radial and angular directions, the impeller was supported
by magnetic repulsion. The proposed levitation system, which
supports 5-DOFs, except for rotation around the axial direction,
is realized by satisfying conditions 1)-3) shown in the following
text. In this study, positive stiffness indicates that the restoring
force or torque acts against the displacement of the impeller.

1) Axial direction: An equilibrium point exists, and the
resultant force of thrust and magnetic force exhibits a
positive stiffness around it.

2) Radial direction: An equilibrium point exists, and the
magnetic force exhibits a positive stiffness around it.

3) Angular direction: An equilibrium point exists, and the
torque generated by the magnetic force exhibits a positive
stiffness around it.

C. Levitation Principle in the Axial Direction

Fig. 3 shows the forces acting on the impeller in the axial di-
rection. According to Earnshaw’s law, it is impossible to levitate
an impeller with only permanent magnets because the stiffness
becomes negative for at least 1-DOF. Hence, electromagnets
or other external forces are required for DOFs with a negative
stiffness. In the proposed levitation system, the thrust force is
utilized as an external force in the axial direction to levitate the
impeller.

In the axial pump, the thrust 7'[N] acting on the impeller was
theoretically calculated using the following equation [31]:

1—p? 2u3

where + denotes the volume weight (kgf/m?), S denotes the
cross-sectional area of the flow path at the end of the impeller
(m?), H denotes the total pump head (m), . denotes the ratio

T=x
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Levitation principle in the radial direction.

of the axis to the diameter of the impeller, g denotes the grav-
itational acceleration (m/s?), Hy;, denotes the theoretical pump
head (m), and u, denotes the circumferential fluid speed (m/s).
The total pump head H includes the energy loss through the
pump, whereas the theoretical pump head Hy, is calculated by
ignoring the energy loss. According to (1), the thrust increases
as the total pump head and cross-sectional area of the flow path
at the end of the impeller increase. In addition, it has been
reported that the pump head decreases as the gap between the
housing and impeller increases [32]. This is due to the fact that a
larger gap increases the backflow. By considering these charac-
teristics, the proposed pump was designed to exhibit a positive
stiffness in the thrust force against the displacement of the
impeller.

As shown in Fig. 3, the diameter of the housing changes in
the middle area, which causes a change in the cross-sectional
area of the flow path, pump head, and gap between the housing
and impeller when the impeller is displaced. As shown in Fig. 4,
even if the stiffness of the magnetic force in the axial direction
is negative, the resultant force of the magnetic force and thrust
force can have a positive stiffness and an equilibrium point
position.

D. Levitation Principle in the Radial and Angular
Direction

As shown in Fig. 5, when the impeller moves in the radial
direction, the repulsive force generated by the permanent mag-
nets acts as a restoring force. In addition, as shown in Fig. 6,
when the impeller moved in the angular direction, the magnetic
force acted as a restoring torque. Consequently, the stiffness in
the radial and angular directions was positive, and the impeller
can maintain contactless levitation in these directions.

Magnetic torque

Angular displacement

Fig. 6.

Levitation principle in the angular direction.

on
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Fig. 7. Simulation models for impeller geometry.

Fig. 8. Two circular pipes with different diameters for investigating the
thrust force acting on the impeller and pump head in CFD analysis.

[1l. NUMERICAL ANALYSIS OF AXIAL THRUST
A. Method

To realize the proposed system, the thrust force should exhibit
a positive stiffness. Therefore, the pump was designed to exhibit
this type of characteristic using computational fluid dynamics
(CFD) analysis. ANSYS Fluent (ver19.0, ANSYS Japan, Tokyo,
Japan) was used as the solver. Blood was assumed as an incom-
pressible Newtonian fluid with a density of 1060 kg/m*® and
viscosity of 3.6 mPa - s. The boundary conditions were set as
follows: inlet flow rate of 1.5 L/min and outlet gauge pressure
of 0 Pa. The rotational speed of the impeller is 10 000 r/min.
A realizable k—¢ turbulence model was used for turbulence
modeling. The factors that influence thrust are the rotational
speed, shape of the impeller, straightener, diffuser, and housing.
In this study, the shape of impeller was designed. The detailed
design process is as follows.

1) Impellers A and B in Fig. 7 were placed in the two
circular pipes, as shown in Fig. 8, and the thrust and
pump head were calculated. Impeller A has spiral blades,
and rotor magnets are installed on its outer shell. It was
designed to increase the motor torque by reducing the gap
between the coils and rotor magnets. Conversely, impeller
B has a general shape for an axial flow pump, and rotor
magnets are installed along its axis. The pump proposed
in this study has a housing with a change in its diameter,
flow straightener, and diffuser. However, the calculated
cost tends to increase when all parts are considered in
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TABLE | Fig. 10. Simulation results of thrust force with respect to the axial
RESULTS OF THE THRUST FORCE AND PUMP HEAD FOR TWO TYPES OF displacement of impeller B at 10 000 r/min and 1.5 L/min.
THE IMPELLERS IN CFD ANALYSIS

35
Impeller A Impeller B | L :30 | I
Flow path $20 P14 $20 P14 -l —
Thrust 0.091 N 2020 N 072N 093 N Impeller C m
Pressure 6.9 mmHg 58 mmHg 11 mmHg 42 mmHg S Li)j

Fig. 11. Dimensions of impeller C.
the CFD analysis. Therefore, as a first step, the thrust

force and pump head were investigated using two circular 0
: : : : : 12.4 <—Pump head [mmHg]
pipes with different diameters (¢14 and ¢20) without a — .03 +
straightener or diffuser. The basic design of the impeller %
was determined based on the analysis results. ] 06
2) In the next step, the impeller was installed in the housing £ 09
with a straightener and diffuser, as shown in Fig. 9. The 19 Lo b

change in thrust was calculated by moving the impeller. o 1/ 2 3 4 5.6 7 8 9
Subsequently, the shape of the impeller was improved to /Axia] displacement Zy,p. [mm]
increase the thrust changes. -

B. Results

1) The simulation results of the thrust and pump head forthe gy 15 simulation results of thrust force and pump head with respect
two types of impellers are shown in Table I. The positive  to the axial displacement of impeller C at 10 000 r/min and 1.5 L/min.
direction was the same as that of the blood flow. Impellers
A and B acquire a change in thrust based on the flow
path diameter, and the changes were 0.29 N and 0.21 N,
respectively. Therefore, both impellers can be used to re-
alize the proposed system. The head pressure of impeller
B is higher than that of impeller A. This was because the
diameter of the blades of impeller A was smaller. Hence,
the circumferential velocity decreased. Considering these
results, it was determined that the blades should be placed
outside the impeller.

1) Fig. 10 shows the simulation results of the thrust regarding
the axial displacement zy, of impeller B. The positive
direction of the axial thrust was the same as that of blood
flow. The position at which the impeller contacted the
straightener is defined as zj,, = 0. The results showed
that the sensitivity of thrust to the displacement of the To realize the proposed levitation system, passive magnetic
impeller was small. This is because the displacement of bearings were designed considering the balance with thrust.
the impeller (< 5 mm) was too small when compared The finite-element method-based 3-D magnetic-field analysis
with the total length of the impeller blades (27 mm), and  was performed using the ANSYS Maxwell software (ANSYS
the flow path in the housing did not change significantly. Japan, Tokyo). In this analysis, motor magnets and levitation
Therefore, impeller C is designed, as shown in Fig. 11. magnets were modeled. Fig.13 shows the dimensions of the
Although impeller C has blades on the outside, similar to  rotor magnets and magnetic bearing. The material corresponded

impeller B, the blade length of impeller C is shorter. This
design is expected to have thrust sensitivity to impeller
displacements of a few millimeters. To prevent a decrease
in the pump head due to the shortening of the blades, the
number of blades was increased from two to five. Fig. 12
shows the simulation results of the thrust and pump head
with respect to the axial displacement of impeller C. The
results showed that impeller C exhibited a high thrust sen-
sitivity to the displacement. Its stiffness was 0.32 N/mm
atposition of 1.5mm < 2y, <3 mm. Therefore, impeller
C was appropriate for the proposed system.

IV. NUMERICAL ANALYSIS OF MAGNETIC FORCE
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tion in the axial direction in the magnetic-field analysis. Resultant force
was obtained from the axial magnetic force and thrust generated by
impeller C with the housing having gradually change of its diameter at
10 000 r/min and 1.5 L/min.

to a neodymium magnet N35EH with a residual flux density of
1200 mT and coercivity of 868 kA/m.

Preliminary investigations have shown that the axial height h
of a permanent magnet has a greater effect on its stiffness than
its radial thickness. Therefore, h was used as the design variable
and the radial thickness was fixed at 2.5 mm for the stator side
and 1.7 mm for the impeller side by considering the strength
of the permanent magnets and space limitations. The distance d
between the permanent magnets is another parameter that has a
significant effect on stiffness. Based on the above, a magnetic-
field analysis was conducted for a total of 12 combinations of
permanent magnet height . and distance d as design variables,
h=3,4 5mmandd=>5,7.5, 10, 12.5 mm, to determine the
magnet dimensions that satisfy both levitation conditions 1)-3),
as described in Section II-B and the following conditions.

1) The magnitude of the axial negative stiffness due to the
permanent magnet must be 0.20 N/mm or less to ensure
that it is smaller than the positive stiffness due to thrust
(0.32 N/mm).

2) The positive stiffness in the radial and tilt directions
should be as large as possible.

As aresult, h =4 mm and d = 7.5 mm were adopted.

Fig. 14 shows the simulation results for the axial magnetic
force with respect to the impeller position and the resultant force
obtained from the axial magnetic force and thrust. The linearized

peller position in the radial and angular direction in the magnetic-field
analysis. (a) Radial direction. (b) Angular direction.

curve was estimated using the least squares method. The stator
permanent magnets were placed so that the thrust and magnetic
force are balanced at ziyp = 2.1 mm, where the positive stiffness
of the thrust is at its maximum. As a result, Fig. 13 indicates the
state with zjmp = 7.9 mm. The resultant thrust and magnetic
force exhibited a positive stiffness of 0.159 N/mm around this
equilibrium point. These results satisfied the conditions of lev-
itation in the axial direction, and the impeller was expected to
levitate axially at around zjm, = 2.1 mm.

Fig. 15 shows the simulation results of the radial and angular
magnetic force with respect to the impeller position at the
equilibrium point in the axial direction. Equilibrium points exist
in both radial and angular directions, and the magnetic forces
exhibit a positive stiffness of 0.095 N/mm and 0.080 mN-m/°,
respectively.

These results satisfied the conditions of levitation in the radial
and angular directions. The simulation results confirmed that
the levitation conditions were satisfied in all the directions
1)-3), as described in Section II-B. Note that the diameter of
the stator magnet ring on the outlet side is set to smaller than
that on the inlet side to increase the stiffness in the radial and
tilt directions. The difference in the inner diameters of these
two rings may cause cross coupling between the radial and tilt
motions. Although this is not considered in this study, if it will
be a problem for levitation, aligning the diameters of the two
rings can greatly reduce cross coupling.

V. NUMERICAL ANALYSIS OF MOTOR TORQUE

The current density of the motor coils, required to rotate the
impeller, was calculated using magnetic-field analysis. If an iron
core is used in this pump, a magnetic attractive force is generated
between the rotor magnet and core, resulting in negative stiffness
in the radial and angular directions. Therefore, a coreless motor
was used in this study. The required motor torque was set to
4.4 mN-m, which was obtained from the results of the CFD
analysis with a rotational speed of 10 000 r/min, flow rate of
1.5 L/min, and head pressure of 23.5 mmHg, as conducted in
Section III. Fig. 16 shows the configuration of the motor. The
motor magnet had four poles. The motor was a three-phase motor
(U, V, and W) with six air-core coils.

A finite-element method 3-D magnetic-field analysis was
performed using the ANSYS Maxwell software (ANSYS Japan,
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Tokyo). The material of the rotor was a neodymium magnet
N35EH with a residual flux density of 1200 mT and coercivity
of 868 kA/m. The material of the coil corresponded to copper.
Current / was determined from the current density and cross-
sectional area of the coil. Current / was applied to phase U and
current —I/+/2 was applied to phases V and W. By changing
the electrical angle of the current, the maximum torque was
calculated for each current density. It should be noted that the
coil occupancy was set as 60% in this calculation.

During the design process, the coil outer diameter was grad-
ually increased to achieve the target torque. As a result, the
dimensions, as shown in Fig. 16, were adopted. Fig. 17 shows
the simulation results of the motor torque with respect to the
current density. The results show that a target value of 4.4 mN-m
can be realized with a current of 14.2 A/mm?. This coil size is
too large for application to a blood pump, and the current density
requires air cooling for continuous operation. Nevertheless, this
design was adopted in this study to demonstrate a new levitation
principle. The motor coil is air cooled by a small USB fan. The
large size and high current density were caused by the use of an
air-core coil and the large gap between the coil and the permanent
magnet due to the impeller blades. Since the magnetic circuit
allows negative stiffness in the axial direction, it is possible to
propose coil size and current density for future blood pumps by
applying, for example, an axial-gap motor with an iron core.

VI. EXPERIMENTAL EVALUATION OF AXIAL FORCE
A. Overview of the Experimental Device

To validate the CFD and magnetic-field analyses, we experi-
mentally measured the axial force. Fig. 18 shows the configura-
tion of the pump used for validation. The thrust force generated
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on the impeller can be transmitted to load cells (LMA-A-50N,
Kyowa Electronic Instruments Co., Ltd., Tokyo) via a shaft that
supports the impeller. It should be noted that two bearings are
installed inside the impeller, as shown in Fig. 19. Hence, the shaft
was not rotated. The shaft was supported by linear bearings, and
the position of the impeller was adjusted by turning the screws
on both ends of the experimental apparatus. The smallest gap
between the impeller and housing was 500 pm. Fig. 20 shows
photographs of the experimental apparatus and the components
in its flow channel.

B. Measurement of Axial Thrust Force

Fig. 21 shows the mock-circulation loop used for the thrust
measurement. The output of the load cell was amplified using
an amplifier (WGI-470AS1, Kyowa Electronic Instruments Co.,
Ltd., Tokyo, Japan) and recorded using an oscilloscope (Pi-
coScope 5442D, Pico Technology Co., Ltd., U.K.). The axial
position of the impeller was measured using a laser-displacement
meter (LK-G150; Keyence Co., Ltd., Tokyo). The output of
the laser-displacement meter was amplified using an amplifier
(LK-G3000V, Keyence Co., Ltd., Tokyo, Japan) and recorded
using an oscilloscope. Pressure gauges (GP-M001, Keyence Co.,



This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

MAGARI AND HIJIKATA: DEVELOPMENT OF A NOVEL AXIAL BLOOD PUMP WITH A THRUST FORCE 7

Flow

straightener Diffises

Impeller

Shaft

A

PTG
nomow .

Rotor magnet

Spacer Spacer

Permanent magnet
for levitation

Inside of impeller

Fig. 20. Photographs of the impeller, flow straightener, and diffuser.
Reservoir
Resistance
- AV
A
Flow meter
Pressure Pressure
gauge gauge
Fig. 21.  Mock-circulation loop to survey motor performance.

Ltd., Tokyo, Japan) were installed at the inlet and outlet of the
pump. Water and pig blood were used as the working fluids. After
the impeller was set in the desired position, the measured values
of the load cells by the magnetic force and screw pressurization
were reset to zero. Then, the impeller was rotated to measure
the thrust. The pump was operated at a flow rate of 1.5 L/min
and rotational speeds of 5000, 7500, and 10 000 r/min. Fig. 22
shows a photograph of the thrust measurement when blood was
used as the working fluid.

Fig. 23 shows the experimental results when water was used
as the working fluid. The stiffness was calculated as the slope
of the least-squares linear approximation of the thrust force
at 1.5 <zjpp< 2.5 mm. The flow rate was set as 1.5 L/min,
but the maximum flow rates were 1.1 L/min and 1.3 L/min at
Zimp = 1.5 mm and 2.0 mm, respectively, at 5000 r/min to ensure
that the thrust at those times was recorded. At other positions and
speeds, the flow rate was set to 1.5 L/min. The results indicate
that the stiffness of the thrust was positive.

Fig. 24 shows the experimental results when blood was used
as the working fluid. The hematocrit of the blood was measured
three times using an automatic hemocytometer (MEK-6550,
Nihon Kohden Co., Ltd., Tokyo), and they were 36.9%, 37.1%,
and 37.2%. The viscosity of the blood was measured with a vis-
cometer (SV-10, A&D Co., Ltd., Tokyo), and it was 5.12 mPa-s

Reservoir
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sensor pump

f: \L\W

= Pressure
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' Flow
meter 'I

Pressure
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Load cell Load cell

Fig. 22.  Photograph of thrust measurement with blood.
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Fig. 24.  Experimental results of thrust measurement in blood at a flow

rate of 1.5 L/min.
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Fig. 26. Resultant force obtained from the measured magnetic force

and thrust in water at 10 000 r/min and 1.5 L/min.

(21.9 °C). Although the blood viscosity was not identical to the
value set by the CFD analysis due to individual differences, the
experiment was conducted to evaluate whether the tendency to
obtain positive stiffness with displacement was the same. The
flow rate at 5000 r/min did not reach the target flow rate of
1.5 L/min, and the thrust at maximum flow was recorded. The
flow rates were 0.72 L/min, 0.89 L/min, 0.98 L/min, 1.1 L/min,
1.2L/min, 1.2 L/min, 1.3 L/min, and 1.2 L/min at 2y, = 1.5 mm,
2.0mm, 2.5 mm, 3.0 mm, 3.5 mm, 4.0 mm, 4.5 mm, and 5.0 mm,
respectively. At other speeds, the flow rate was set as 1.5 L/min.
The results showed that, as in the case of water, the stiffness of
the thrust was positive. The tendency to obtain positive stiffness
with axial displacement in the experiments and the CFD analysis
was consistent.

C. Measurement of Axial Magnetic Force

Similar to the thrust measurement, the axial magnetic force
was measured using load cells. Impeller displacement was mea-
sured using a laser-displacement meter. Thrust was measured
without rotating the impeller. Fig. 25 shows the measured
magnetic force. At 1.5 <z, < 2.5 mm, the stiffness of the
measured magnetic force was —0.189 N/mm and the error
against finite element method (FEM) analysis was 12%. Fig. 26
shows the resultant force calculated from the measured thrust
(water, 10 000 r/min) and magnetic force. The resultant force
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Fig. 27. Photograph of the experimental device to verify levitation in
the axial direction.
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Fig. 28. Result of levitation verification in the axial direction. The pump
was operated at 10 000 r/min and 1.5 L/min in water.

had a positive stiffness of 0.055 N/mm, which was 35% of that
calculated by simulation. This was due to errors in the magnetic
force and thrust, respectively. However, stiffness was positive
and the equilibrium point existed at zinp = 2.0 mm. Therefore,
it is considered to satisfy the axial levitation condition and can
levitate in the axial direction.

VII. VERIFICATION OF AXIAL LEVITATION
A. Evaluation of Levitation Stability

We experimentally verified axial levitation. As shown in
Fig. 27, load cells were eliminated from the pump used in
Section VI. The impeller is supported by a shaft in the radial
and angular directions. The impeller can be displaced in the
axial direction by loosening the screws at both ends of the
experimental machine. The mock-circulation loop, as shown in
Fig. 21, was used. The axial displacement of the impeller was
measured using a laser-displacement meter. The laser output was
recorded using an oscilloscope via an amplifier with a sampling
period of 5 kHz. Water was used as the working fluid.

As a result of the experiment, it was determined that the im-
peller levitated in the axial direction. Fig. 28 shows the measured
axial displacements. The lines drawn at zimp, = 0 and 5 mm in
the graph indicate the positions of the impeller (both ends of
the shaft) contacts. At approximately 3 and 7 s, the impeller
was pushed using a screw installed at the end of the pump to
verify the stability of the levitation. The impeller returned to the
levitation position after the displacement. The center position
of the levitation was at zinp, = 1.70 mm with an amplitude of
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0.10 mm. Note, however, that the vibration may be suppressed
by the damping effect of the linear bearing, so the shaft must be
eliminated for a precise evaluation of the vibration amplitude.
The pump head in the levitation position was 33.8 mmHg. When
the motor was stopped at approximately 23 s, the impeller lost
thrust and stopped levitation. It should be noted that the levitation
was achieved in the initial permanent magnet position. However,
levitation failed when the impeller was displaced significantly.
Hence, the position of the external magnet on the inlet side
was shifted 1 mm toward the inlet side in this experiment.
Therefore, the levitation position of the impeller differed from
Zimp = 2.0 mm calculated in Section VI. From the experiments
in Section VI and the results of the magnetic-field analysis, it
is assumed that the magnitudes of the negative stiffness in the
axial direction and the positive stiffness in the radial and tilt
directions are reduced by about 30% each, as a result of this
change in magnet position.

The results of this section show that the impeller levitated in
the axial direction with the smallest gap of 500 um without any
active control.

B. Relationship Between Operating Conditions and
Levitation Position

In Section VII-A, axial levitation was shown at 10 000 r/min
and a flow rate of 1.5 L/min. In this section, we investigated as
to how the axial levitation position changes when the rotational
speed and flow rate are varied, and we evaluate the flow rate and
speed range over which the impeller can levitate axially. The
mock-circulation loop, as shown in Fig. 21, was used, and water
was used as the working fluid. The experiments were conducted
as follows. First, the impeller was rotated with the flow rate
set to zero by the crump resistance. The axial displacement
and pump head were recorded, while the clump was gradually
loosened, and the flow rate was continuously varied from 0 to
the maximum.

In this levitation system, the axial magnetic force should
exhibit negative stiffness because the radial and angular direc-
tions are supported only by the magnetic force. The measured
magnetic force, as shown in Fig. 25, indicates that the magnetic
force exhibits a negative stiffness when 2iyp < 4 mm. Therefore,
in this experiment, the screws at both ends of the experimental
pump were adjusted such that the movable range of the im-
peller was 0 <z, < 4 mm, where the magnetic force exhibited
negative stiffness. The flow rate, displacement, and pump head
were recorded using an oscilloscope at a sampling frequency
of 1 kHz, and the moving averages of ten interval data were
calculated.

Fig. 29 shows the measured axial displacements. The lines
drawn at zjmp, = 0 and 4 mm on the graph denote the positions
where the impellers (both ends of the shaft) are in contact. The
results show the relationship between the operating conditions
and levitation position.

1) When the rotational speed was constant, the levitation
position moved downstream as the flow rate increased.

2) When the flow rate was constant, the levitation position
moved upstream as the rotational speed increased.

g 5
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= 4
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c !
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Fig. 29. Experimental results of a survey of levitation position with
respect to the flow rate and rotational speed of the impeller.
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Fig. 30. Relationship between thrust and levitation position. (a) When
thrust decreases. (b) When thrust increases.

.. Thrust

Reasons for 1) are as follows. When the flow rate was in-
creased, the resistance of the mock loop decreased because of
the loosening of the crump resistance. If the rotational speed
is constant, then the load on the impeller decreases as the
mock loop resistance decreases. Therefore, the thrust acting on
the impeller as a reaction force against blood flow generation
was also reduced. As the thrust decreases, the graph of the
resultant force shifts upward, as shown in Fig. 30(a), and the
axial equilibrium point moves downstream. Given these reasons,
when the flow rate is increased at a constant speed, the levitation
position moves downstream. The reasons for 2) are as follows.
As the rotational speed increases, the thrust increases. As the
thrust increases, the point of equilibrium between the thrust
and magnetic force moves upstream, as shown in Fig. 30(b).
Therefore, when the rotational speed was increased at a constant
flow rate, the levitation position moved upstream.

Furthermore, based on the results in Fig. 29, we evaluated
the range of flow rates over which the axial levitation is pos-
sible. For example, at 10 000 r/min, the impeller levitated at
Zimp = 1 mm at a flow rate of 0 L/min. As the flow rate increased,
the displacement 2y, also increased (moved downstream) and
contact occurred when the flow rate exceeded 2.5 L/min. This
confirms that the flow rate range in which levitation is possible
at 10 000 r/min is from O to 2.5 L/min. As the rotational speed
decreased, the range of the flow rate that can be levitated became
narrower. Furthermore, below 6000 r/min, no levitation occurred
in the range of 0 <zj,p< 4 mm.

Fig. 31 shows the measured pump head. The arrows in the
graphs indicate the range of flow rates that can be axially
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Fig. 31. Measured head pressure with
rotational speed of the impeller.

respect to the flow rate and

levitated. The results show that the pump head was almost
constant even when the flow rate was varied within the range
of levitation. Although the pump head generally decreases with
increasing flow rate in the blood pumps, this trend was not ob-
served in the levitation range of this pump. This is potentially be-
cause the pump efficiency varies with the flow rate. In this pump,
as shown in Fig. 29, the position of the impeller moves upstream
toward a smaller housing diameter as the flow rate increases. As
the impeller blades enter a smaller channel diameter, the fluid
in the pump is more likely to be drawn downstream, where the
channel diameter is smaller, and the fluid is less likely to impinge
on the diameter-changing area of the housing. Therefore, as the
flow rate increased, the impeller moved upstream, and the pump
efficiency was considered to increase.

VIIl. CONCLUSION

In this study, thrust force levitation technology was developed
torealize VADs with large gaps without an active control system.
The axial magnetic force and thrust acting on the impeller were
experimentally measured, and the results showed the same trend
as in the simulation results. The stiffness of the resultant axial
force was 0.055 N/mm. Axial levitation verification showed that
the impeller levitated in the axial direction with the smallest gap
of 500 pm without any active control. Furthermore, the ranges of
flow rates and rotational speeds over which axial levitation was
possible were clarified. The verification of levitation, including
the radial and angular directions, will be examined in a future
study. Although we have proposed a mechanism that achieves
positive stiffness in all axial, radial, and tilt directions, it is not
large enough for application to an artificial heart that includes
the possibility of patients walking and falling. In a future study,
we will also include optimizing the housing, impeller shape, and
magnetic circuit to increase the positive stiffness.
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