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Abstract: In industrialized countries cardiovascular diseases are the major cause of 
death. The last clinical therapy option for some patients, suffering from terminal heart 
diseases, is donor heart transplantation. As the available number of donor organs is 
decreasing, many patients die while waiting for a transplant. For this reason Ventricular 
Assist Devices (VADs), which can mechanically support the human heart to achieve 
a sufficient perfusion of the body, are under development. For an implantable VAD, 
design constraints have to be deduced from the physiological conditions in the human 
body. In case of a VAD drive, these constraints are for example dimensions, electric 
losses, which might result in an overheating of blood, and a long durability. Therefore 
a hybrid permanent magnet hydrodynamic bearing is designed in this paper, which works 
passively and contactless. Based on Finite Element simulations of magnetic fields, 
various permanent magnet topologies are studied in terms of axial forces and stiffness.  
Key words: Ventricular Assist Device, VAD, Finite Element Method, FEM, magnetic 
bearings 

 
 
 

1. Introduction 
 

 According to the World Health Organization, cardiovascular diseases are the major cause 
of death in industrialized countries [1]. In the final stage of heart failure, a donor heart trans-
plantation is the last clinical therapy option. While the number of available donor hearts is 
decreasing, the demand for them is rising worldwide [2, 6].  
 Therefore, Artificial Hearts (AHs) are developed as a supporting therapy alternative. In 
general AHs can be distinguished between Total Artificial Hearts (TAHs) and Ventricular 
Assist Devices (VADs). A TAH serves as a human heart replacement and should sustain the 
life of patients until a donor organ is available. In science a main objective is to enhance its 
operation durability with the future prospect that the TAH can replace the human heart for the 
patients’ lifetime. If the patients’ heart retains some perfusion capabilities, a VAD can be im-
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planted to support the human heart to generate a sufficient perfusion of the body. In such 
a case there are two possible therapy strategies. The first one bridges the time until a transplant 
is available, similar to the TAH, while the second one bridges the time until the heart has re-
covered. A recovery might be possible due to the unloading of the weak human heart.  
 As an example of a left Ventricular Assist Device (LVAD) system the Heartmate II is 
shown in Figure 1, which is approved by the United States Food and Drug Administration 
(FDA) since 2008. The implanted pump unit generates a continuous blood flow and has blood 
immersed and conventional bearings [3, 5]. It is connected between the left ventricle of the 
human heart and the ascending aorta. The pump unit is supplied and controlled by external 
batteries and controller via an electric driveline penetrating the skin. This design has two 
major drawbacks, which are both limiting the durability of this VAD. First, the driveline is 
a source of infections. 
 

Fig. 1. Schematic of the VAD system Heartmate 2 

 
 This problem can be solved by applying a so called transcutaneous energy transmission 
systems (TET-systems), which have been described earlier e.g. by H. Miura et. al. [4]. Second, 
the applied bearings are conventional and therefore wear prone. Therefore, this contribution 
focuses on study of permanent magnet topologies for a hybrid hydrodynamic permanent magnet 
bearing. Such an assembly comprises the advantages of a passive and contactless bearing.   
 
VAD design 

 During Heart Assist operation the most important objectives are obviously a sufficient 
perfusion of the human body without blood and/or tissue damage. In general the requirements 
for the quality of a LVAD are higher than those of a right Ventricular Assist Device (RVAD). 
The reason is the higher mean pressure of the systemic blood circuit (100 mmHg) when 
compared to the pulmonary blood circuit (18 mmHg). This specification requires higher forces 
or torque to generate the sufficient perfusion with the drive system. This reflects on the con-
straints for the drive design, including its bearings. In medicine the important causes for blood 
damage are hemolysis, thrombogenicity or denaturation. High shear forces, stagnation of the 
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blood, not biocompatible material and coarse surfaces are the main factors yielding hemolysis 
and thrombogenicity. These effects have to be minimized in the design of the pump unit, 
based on the shape of the flow guiding, the shape of the impeller and/or its operation speed. 
The risk of hemolysis can be reduced by applying contactless bearings. In the human body 
denaturation starts at body temperature of 40˚C and is irreversible for temperatures above 
42˚C. Denaturation yields a deformation of the biomolecular structure of the proteins in the 
blood causing its destruction. Therefore an overheating of the blood, caused by the  losses of 
the active VAD components, has to be minimized. 
 Figure 2 represents the scheme of a radial flow LVAD. It has an axial inlet. The blood 
flow is diverted into the radial direction by the impeller. The impeller is attached to the rotor, 
which in combination with the stator, forms the drive of the LVAD. In this design the bearing 
is realized with a hydrodynamic bearing. In general hydrodynamic bearings rely on a thin film 
of blood and are classified as contactless and passive. Its repelling forces depend on its 
geometry, which is determined during the hydraulic design process. This VAD is operated by 
a Brushless DC (BLDC) disc type motor (Fig. 3). In order to achieve a high efficiency a field 
oriented control with block shaped currents is applied. This allows for a sensor less control.  
 

 

Fig. 2. Scheme of a Left Ventricular Assist Device 
 

Fig. 3. CAD drawing of a VAD drive 
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 The rotor consists of a ferromagnetic steel ring, which houses 16 axially magnetized, neo-
dymium iron boron magnets (NdFeB) with a remanent induction of 1.4 T at 20°C. There are 
18 coils, made of a rectangular shaped copper wire in three phase star connection, attached to 
the ferromagnetic stator yoke. The copper fill factor amounts to approx. 60%. In the desired 
operation point the air gap is 1 mm. Table 1 collects the design parameters of the introduced 
drive, which are its output torque of 12 mNm, a speed of 2500 rpm and its maximum outer 
dimensions including the air gap between stator and rotor, allowing for a perfusion of 6l. of 
blood per minute against an mean aortic pressure of 100 mmHg.  
 

Table 1. Design parameters 
Design objectives  

nominal speed 2500 rpm 
nominal torque 12 mNm 
drive height 10 mm 
outer radius < 20 mm 

 

2. Study of permanent magnet topologies 

 In the initial design of the presented drive the coils were partially filled with ferromagnetic 
steel and air and the resulting axial forces were compensated by a hydrodynamic bearing, 
relying on a thin layer of blood without friction. In a next step the efficiency of the drive 
should be increased. As the output power of an electrical motor is directly linked to its torque 
generation, an increased torque generation also improves the drive’s efficiency. Basically the 
torque generation can be calculated by the cross product of the rotor radius r and the radial 
force Frad.  

  .radFrT
rrr

×=  (1) 

 The radial force is given by the following Equation 2: 

  .)( radrad eBlIF
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 In this geometry the active coil length l is only dependent on the drive geometry and is 
therefore assumed to be constant. If the coil supply current I is kept constant, the radial force 
as well as the drives efficiency can be maximized by increasing the magnetic induction B. 
This is achieved by completely filling the stator teeth with ferromagnetic material with a rela-
tive permeability μr (~1000) that is higher than the μr of air (ca. 1). Additionally stray flux is 
reduced by this arrangement yielding a higher efficiency. But according to Equation 3,  
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this design increases the axial forces Faxial as well, when compared to the previous topology, 
which can not be compensated by the hydrodynamic bearing. In Equation 3 A is the surface 
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area penetrated by the magnetic induction B, which is given by the drive geometry. The 
constant vacuum permeability is given by the variable μ0. As there is available space in the 
motor, the idea is to support it with permanent magnet material, to keep the advantages of pas-
sive and contactless bearings. According to Earnshaw’s law [7],  

  ,02 ≤+⋅ zkkρ  (4) 

permanent magnets are always instable in one direction. This can be explained by the sum of 
the axial kz and radial stiffness kρ, which is always lower than zero. For this reason the repel-
ling permanent magnets should compensate the axial attracting forces of the drive, while the 
hydrodynamic bearing is stabilizing the drive in radial direction and provides additional stabi-
lization capabilities for the axial direction.  
 For the evaluation of the investigated permanent magnet topologies the maximum avail-
able space in the drive, limited by the inner and outer radius ri and ro respectively and the 
height of the stator hs and rotor hr, is used to generate the maximum possible magnetic field. 
Table 2 collects the dimensions of the presented topologies (Figs. 4, 5), which are both axially 
magnetized.  
 

Table 2. Dimensions of the permanent magnets topologies 

Parameter [mm] 
Stator height  6 mm 
Rotor height  3 mm 
Air gap  0.75 ~ 1.2 mm 
Inner radius ri 5.5 mm 
Outer radius ro 10 mm 
Medium radius rm 7.6 mm 

 

 

Fig. 4. Non segmented axial 
magnetized permanent magnet 

 

 

Fig. 5. Double segmented axial 
magnetized permanent magnet 
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The second topology is divided into two segments, which are magnetized in directions that are 
reverse to each other. By varying the medium radius rm of this topology, the geometry yielding 
the maximum possible force output is determined. For the evaluation and comparison of both 
topologies static and three dimensional magnetic Finite Element (FE) simulations were perfor-
med. As the remanent magnetic induction is dependent on the material temperature, it has 
been adjusted for the simulation by applying Equation 5. It amounts to 1.37 T at an assumed 
surrounding tissue temperature of 40EC and a temperature coefficient α of !12%/EK and a re-
manent induction Br,20 of 1.4 T at room temperature.  

  ( )( ).1 2020, TTBB rr −+= α  (5) 

 In Figure 6 the resulting simulated forces of the two arrangements are presented for air 
gaps in the range of 0.75 and 1.2 mm. At an air gap of 1 mm there is an intersection between 
them. For larger air gaps the non segmented permanent magnet topology yields higher repel-
ling forces.  
 Additionally the axial stiffness of the topologies, describing the variation of axial forces F 
in dependency of the air gap z, have been determined by the analytical calculation of the dif-
ferential quotient of the forces acting at neighbored air gap thicknesses dbx and dbx+1. 
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 As the air gap db in the drive should have a maximum width of 1 mm, the double segmen-
ted permanent magnet bearing can generates higher forces and stiffness (see Figs. 6, 7) when 
compared to the non segmented alternative. This variant is therefore more promising for 
a stable motor and VAD operation.  
 When comparing the non and double segmented topologies, the stray flux is reduced due 
to a reduction of the magnetic short circuits. Although a further segmentation or additional 
flux guiding iron parts might improve the results further, these options are not considered here 
due to manufacturing reasons. When changing from axial to radial magnetization, the resulting 
maximum forces for the non – and double segmented topology amount to 48 and 55 N re-
spectively. Additionally the resulting stiffness is lower for the radial magnetized variant. For 
this reason the double segmented and axial magnetized permanent topology is applied as an 
bearing for the following drive modifications.  
 

  Fig. 6. Force vs. air gap 
    of magnetic bearings 
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  Fig. 7. Stiffness vs. air gap 
     of magnetic bearings 

 
 

3. Evaluation of the drive design 
 

 The next step contains the determination of the axial force and stiffness of the introduced 
drive design, which are position dependent due to the occurrence of reluctance forces. As the 
drive assembly is symmetric, an evaluation of a drive rotation of 120Eel is sufficient. Due to the 
inertia of the rotor and its nominal rotational speed of 2500 rpm, the axial force and stiffness are 
calculated by determining the mean value of the position dependent force and stiffness. The 
stator yoke as well as the rotor back iron is made of solid ferromagnetic steel (9S20) with 
a saturation induction of 1.7 T. According to Figure 8 the rotor backiron is saturated. 
 

 

Fig. 8. Distribution of the induction inside the BLDC drive 
 
Additionally high stray flux occurs due to the relatively high air gap. For these reasons a quasi 
transient, three dimensional and non-linear solver is applied for the Finite Element (FE) simu-
lation of the magnetic induction and the resulting forces. When comparing the axial forces of 
the current drive design with 16 magnetic poles (see Fig. 9) and of the double segmented per-
manent magnet bearing, a stable VAD operation is not possible without decreasing the at-
tracting forces in the drive.  
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 According to Equation 3 the magnetic induction B or the surface area A, penetrated by the 
magnetic induction, has to be reduced. For the first option two possibilities have been con-
sidered. One option is to decrease the number of poles and therefore the number of permanent 
magnets in the rotor. This yields a more homogeneous air gap field and a reduced attraction 
force, a lower axial stiffness and torque. Due to the higher relative permeability of ferro-
magnetic iron, the magnetic induction inside the iron is higher than in air. For this reason the 
axial force can also be reduced by decreasing the stator teeth height, yielding coils partially 
filled with air and iron. This option, as well as a reduction of the surface area A, requires 
significant modifications in the drive design. The simpler way is to reduce the number of poles 
by adjusting the axial magnetization direction of neighbored rotor permanent magnets. In 
Figure 8 the axial force of a drive with 16 and 8 poles are presented. The 8 pole variant ge-
nerates lower forces for air gaps in the range of  0.75 and 1 mm. This is the desired operation 
range of the drive. Outside the 1 mm air gap range, this variant yields a higher axial force due 
to its flatter force vs. displacement characteristic. 
 In Figure 10 the absolute attracting and repelling axial forces of the drive and the applied 
permanent magnet bearing respectively are presented. For air gaps dB between 0.75 and 1.2 mm 
the attractive forces exceed the repelling forces by approx. 5N, while the slope of both graphs is 
in the same range. Therefore the design of the drive and bearings is modified according to Figure 
11. By operating the drive with different air gaps between stator and rotor and upper and lower 
bearing, the force characteristic of the bearing is shifted as shown in Figure 10.  

  Fig. 9. Axial forces 
     in BLDC drive 

 

  Fig. 10. Comparison 
     of absolute forces 
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Fig. 11. Assembly of motor and bearing 
 

Therefore the absolute axial forces of the motor and the bearing are nearly identical in the air 
gap between 0.9 and 1 mm. Possible deviations from the working point can be stabilized by 
the aforementioned hydrodynamic bearing.   
 
 

4. Conclusions  
 
 Ventricular Assist Devices (VADs) are required to support the weak human hearts of 
patients, suffering from cardiovascular diseases, to generate a sufficient perfusion of the body. 
When designing the VAD components, the physical constraints of the human body have to be 
considered to avoid blood and tissue damage. In order to prevent an overheating of the blood 
caused by excessive losses and to avoid blood damage by shear forces, passive and contactless 
bearings are desirable for their drives. For the previous version of the presented drive design 
only a hydrodynamic bearing was applied to meet this requirement. Due to higher axial forces 
of the described drive, permanent magnet bearings are investigated and integrated in its design 
to support the hydrodynamic bearing. It turned out that a double segmented axial magnetized 
topology generates higher repelling forces and axial stiffness, when compared to a non 
segmented topology. Nevertheless further modifications of the drive design, such as a reduced 
number of poles as well as different air gap thicknesses for the motor and the bearing, are re-
quired. While the magnetic bearing compensates the major part of the axially attracting forces 
in the drive, the hydrodynamic stabilizes it in a motor air gap range between 0.9 and 1 mm. 
 In the near future the design of the hybrid bearing has to be validated by measurements. 
But before additional aspects such as the radial force and stiffness as well as the resistance 
against tilt of the bearing have to be studied.  
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