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ABSTRACT 
We have developed a magnetically suspended 

centrifugal blood pump that consists of combined 
active and passive magnetic bearings to be used as a 
durable ventricular assist device.  The Maglev 
centrifugal pump designed in this work consists of an 
active magnetic bearing, a permanent magnet bearing 
(PM bearing), a levitated impeller, and a motor stator.  
Two types of PM bearings were designed based on a 
numerical simulation performed prior to construction.  
Both of these PM bearings were capable of restricting 
the radial movement of the levitated impeller without 
deterioration of the axial position control performance.  
The maximum rotation speed for both types of pumps 
was 2000 rpm with pumping.  The maximum 
amplitude in the axial direction was only 0.05 mm.  
The Maglev centrifugal pump designed here displayed 
sufficient magnetic suspension ability and pump 
performance to be used as a ventricular assist device. 
 
 
INTRODUCTION 

Magnetically suspended centrifugal blood pumps 
have been developed as implantable ventricular assist 
devices for long-term use [1-4].  The absence of 
contact that is typical in the Maglev pump makes for 
high durability, lower hemolysis properties, and 
anti-thrombogenesity.  Axial movements and tilt of 
the levitated impeller are controlled with 
electromagnets in our system.  The radial movement 
of the levitated impeller is restricted by a permanent 
magnet bearing (PM bearing) to reduce energy 
consumption and the required complexity of the 
controller.  In this paper, the design concept of these 

PM bearings for this type of artificial heart is reported. 
 
 
METHODS 
Maglev centrifugal blood pump 

Figure 1 shows the Maglev centrifugal blood 
pump.  The Maglev centrifugal blood pump consists 
of a top stator, a rotor-impeller, and a bottom stator.  
The rotor-impeller is set between the top and the 
bottom stator.  The top stator has four 
electro-magnetic coils to control the tilt and the axial 
position of the rotor-impeller.  The bottom stator has 
twelve electro-magnetic coils to control the rotation.  
The radial movement of the rotor-impeller is restricted 
passively by using the PM bearing, which consists of 
two ring-shaped permanent magnets magnetized in the 
axial direction.  One of the magnets, the inner PM, is 
set based on the rotor-impeller circumference.  The 
other, the outer PM, is fixed based on the inner surface 
of the casing.  The rotor-impeller has its top yoke 
part on the top stator side and its bottom yoke part on 
the bottom stator side.  A closed type impeller with 
six vanes was constructed between the top yoke part 
and the bottom yoke part of the rotor-impeller. The 
diameter and thickness of the rotor-impeller are 60 
mm and 20 mm, respectively.  A pump casing was 
constructed between the top and the bottom stators, 
and the rotor-impeller was enclosed in this casing.  
The axial gap between the rotor-impeller and the top 
stator is 2 mm.  The axial gap between the 
rotor-impeller and the bottom stator is 2.8 mm.  The 
axial blood gap between the rotor-impeller and the 
pump casing is 0.5 mm.  The radial gap between the 
rotor-impeller and the pump casing is 1 mm.  The 
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height and diameter of the Maglev pump are 54 mm 
and 95 mm, respectively.  Figure 2 shows a block 
diagram of control system of the Maglev pump.  The 
rotor levitation and rotation is controlled with a digital 
PID control algorithm using dSPACE 3.2.  Four eddy 
current sensors are used to measure the rotor position 
in the axial direction and its tilt angles.  A rotary 
encoder with a hall sensor was set around the 
circumference of the rotor to measure and control the 
rotating speed. Control in the axial position and 
control of the tilt is maintained by adjusting the 
attractive force acting on the rotor-impeller.  The 
attractive force in the axial direction Fa (N) produced 
by the position control current Ia (A) in the top stator 
that acts on the rotor-impeller is as follows:   
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Where μ0  is the permeability of a vacuum, π4 × 
10-7 (H/m).  N is the number of turns in the 
electro-magnetic coil (turns).  R is the magnetic 
resistance of the gap between the top stator and the 
rotor-impeller (H-1).  B is the bias flux density 
produced by the permanent magnet on the top stator 
(T).  S is the cross-section area of the gap between 
the top stator and the rotor-impeller (m2). 
 
Design of the PM bearing 

The PM bearing produces a stiffness 
characteristic in the radial direction. However, an 
unstable axial repulsive force is generated when the 
inner PM on the levitated rotor shifts axially towards 
the outer PM.  Therefore, instability in the axial 
direction increases with an increase in the radial 
stiffness of the PM bearing, creating a trade-off 
problem.  The radial PM bearing should be designed 
from the point of view of balancing the axial active 
bearing.  Also, the energy consumption and the size 
of the device are limited in terms of being an 
implantable artificial heart.  We must consider both a 
lower input power and a smaller size of the active 
magnetic bearing simultaneously.   
Numerical simulation of the repulsive force:  A 
numerical simulation based on surface current density 

theory [5] was developed and performed to estimate 
the repulsive force produced by the PM bearing.  
Equation 2 describes the surface current density theory 
used in the numerical simulation.   denotes the 
repulsive force for the small elements, 

F/∆
R/∆  and 

R′/∆ of the inner PM and outer PM, respectively.  
F/∆ , R/∆ , and R′/∆ are three dimensional vectors: 
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Where M is the magnetization (Wb/m2).  The 
repulsive force produced by the PM bearing is  
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Figure 2: Block diagram of control system 
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Figure 3: Analysis model of the numerical simulation 
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calculated by summing  of all elements.  Each 
permanent magnet was modeled by dividing the area 
into 100 parts in the circumferential direction and 50 
parts in the axial direction.  This analysis model is 
shown in Figure 3.  The height, inner diameter, and 
outer diameter of the inner PM were fixed at 7 mm, 55 
mm, and 58 mm, respectively.  Inner and outer 
diameters of the outer PM were also fixed at 64 mm 
and 68 mm, respectively.  The height of the outer PM, 
H, and the axial and radial positions of the inner PM 
were changed in the simulation.  Two types of PM 
bearings were designed based on the simulation results.  
One of the PM bearings is referred to as the low 
stiffness type, the other as the high stiffness type. 

F/∆

Evaluation of the suspension force: The control 
performance in the axial direction of the active 
magnetic bearing was evaluated to determine the 
spring rate of the PM bearings.  The attractive force 
in the axial direction produced by the top and bottom 
stators was measured directly with a force gauge 
sensor.  The repulsive force in the radial direction 
was also measured directly with the force gauge 
sensor to evaluate suspension performance in the 
radial direction for both types of PM bearings. 
 
 
EXPERIMENTS 

The impulse response was measured to confirm 
levitation stability.  The rotor-impeller was levitated 
without rotation and was hammered in the radial and 
axial directions.  The levitation performance was 
evaluated in air.  The Maglev centrifugal pump was 
connected to a closed mock circuit filled with water, 
and levitation performance was evaluated. 
 
 
RESULTS 
Design of the PM bearing 
Numerical simulation of the repulsive force:  The 
spring rate of the PM bearing was estimated by 
dividing the calculated repulsive force by the 
displacement of the inner PM.  Figure 4 shows the 
relationship between the estimated spring rate of the 
PM bearing and the height of the outer PM.  In the 
numerical simulation, the estimated spring rate in the 

radial and axial directions changed in proportion to the 
height of the outer PM, and the spring rate in the axial 
direction was twice as strong as that in the radial 
direction.   
Evaluation of the suspension force:  The top stator 
could produce an attraction of 32 N over the 2 mm air 
gap between the rotor-impeller and the top stator.  
The bottom stator could produce an attraction of 12 N 
over the 2.8 mm air gap between the rotor-impeller 
and the top stator.  The controllable displacement of 
the rotor-impeller was plus or minus 0.5 mm in the 
axial direction.  The height of the low and high 
stiffness types were determined to be 2.5 mm 
(Estimated spring rate 2.5 N/mm) and 3.5 mm 
(Estimated spring rate 3.5 N/mm) based on the results 
of the numerical simulation and the evaluation of the 
control performance in the axial direction of the active  
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Figure 4: Estimated spring rate of the PM bearing 
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Figure 6: Impulse response in radial direction  
of the rotor-impeller  

 
magnetic bearing.  Figure 5 shows the measured 
repulsive forces produced by the PM bearings.  
When the inner PM moved 0.5 mm in the radial 
direction, the repulsive force produced by the low and 
high stiffness type PM Bearing were 1.2 N and 1.7 N, 
respectively.   The spring rates of the low and high 
stiffness type PM bearings are 2.4 N/mm and 3.4 
N/mm, respectively.  The spring rates of the low and 
high stiffness type PM bearings were nearly the same 
as those calculated by the numerical simulation. 
 
Impulse response 

The impulse responses in the radial and axial 
directions of the Maglev pump with the low and high 
stiffness type PM bearings are shown in Figure 6 and 
Figure 7, respectively.  The transient response in the 
radial direction of the low and high stiffness types 
decayed for 10 sec and 7 sec, respectively.  The 
transient response in the axial direction of the low and 
high stiffness types decayed for 0.15 sec and 0.2 sec, 
respectively.  
 
Levitation performance in air 

The maximum oscillating amplitude in the axial 
and radial directions is shown in Figure 8 and Figure 9, 
respectively.  The maximum rotational speed of both 
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Figure 7: Impulse response in the axial direction  
of the rotor-impeller 

 
the low and high stiffness types was 3000 rpm.  The 
maximum oscillating amplitude in the axial direction, 
controlled actively by the stator in both stiffness types, 
was 0.19 mm.  The rotor-impeller of the low stiffness 
type touched the casing at a rotation speed of 1000 
rpm and 1400 rpm.  The rotor-impeller of the high 
stiffness type touched the casing at a rotation speed of 
1200 rpm only.  Figure 10 shows the levitation power 
consumption of the low and high stiffness types.  At 
a rotation speed of 1500 rpm, the power consumption 
for levitation in the low and high stiffness types was 
1.2 W and 1.7 W, respectively. 
 
Levitation performance in water 

Figure 11 and Figure 12 show the change in 
oscillation amplitude in the axial and radial directions 
of the levitated rotor during pumping due to increasing 
ro ta t ion  speed .   F igure  13  shows the  HQ 
characteristics of the Maglev pump. The maximum 
rotational speed, the maximum flow rate, and the 
maximum head pressure for both types were 2000 rpm, 
10 l/min, and 200 mmHg, respectively.  The 
maximum oscillating amplitude in the axial direction, 
controlled actively by the stator in both stiffness types, 
was 0.05 mm.  The maximum oscillating amplitudes 
in the radial direction of the low and high stiffness  
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Figure 8: Maximum oscillating amplitude  

in the axial direction in air 
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with the low and high stiffness type in air 
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types were 0.5 mm and 0.6 mm, respectively.  A 
pressure head of 100 mmHg and a flow rate of 5 l/min 
were generated with at a rotation speed of 1500 rpm.  
The maximum oscillating amplitude in the radial 
direction for both types and the total power 
consumption including motor power at this point was 
0.3 mm and about 10 W, respectively. 
 
 
DISCUSSION 

The numerical simulation of the repulsive force 
showed that the spring rate in the axial direction is 
twice as strong as that in the radial direction.  This 
result suggests the following relationship.  If the 
spring rate in the radial direction is too high, stability 
in the axial direction will decrease, resulting in an 
increase in the power consumption for levitation.  In 
the experimental results for the impulse response and 
levitation performance in air and water, the difference 
in stability due to a difference in the stiffness of the 
PM bearing was confirmed.  Although the stability in 
the radial direction of the high stiffness type is 
superior to that of the low stiffness type, the stability 
in the axial direction of the high stiffness type was 
lower.  A Maglev pump that used the high stiffness 
PM bearing would have poor control in the axial 
direction.  Additionally, at rotation speeds near 1500 
rpm, the power consumption for levitation of the high 
stiffness type was 40 % higher compared with that of 
the low stiffness type.  In the levitation experiment in 
air, the rotor-impeller collision with the casing in the 
radial direction was the effect of the resonance 
frequency of the magnetic suspension in the radial 
direction.  However, in the levitation experiment in 
water, the oscillating amplitude in the radial and axial 
directions decreased due to the damping effect of 
water, preventing any collisions.  The pump 
developed here displayed particularly good magnetic 
suspension performance in the axial direction.  Since 
the low stiffness type has sufficient magnetic support 
performance, although the stability in the radial 
direction is low compared with the high stiffness type, 
and total power consumption is low, the low stiffness 
type seem to be the better.  The overall pump 
performance of the developed Maglev pump is good 

enough for use as a left ventricular assist system. 
 
 
CONCLUSION 

The PM bearing was designed based on a 
numerical simulation.  The PM bearing restricted the 
radial movement of the levitated impeller without 
deterioration of the axial position control performance.  
This Maglev centrifugal pump displayed sufficient 
pump performance for use as a ventricular assist 
device.  In the future, improvement in restricting the 
radial movements of the rotor-impeller and 
miniaturization of this Maglev pump will be explored. 
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