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Abstract

In this study, rear-impeller axial-flow blood pumps (RIAFBP) were developed to realize a trans-
valve axial ventricular assist device (VAD) which consists of the latter blood pump and a polymer
monomembrane aortic valve, such as the jelly-fish valve. The motor of the RIAFBP is installed in the
left ventricle, and its impeller is placed at the aortic valve position.

In the prototype RIAFBP, the rotation of the motor is sustained by polyethylene bushes. The
RIAFBP has a length of 50 mm and diameter of 19.6 mm.

The miniature RIAFBP has the same construction as that of the prototype; however, it employs a
ceramic bearing and fin bearing to improve endurance and to reduce blood stagnation. The miniature
RIAFBP has a length of 63 mm and diameter of 12 mm.

Both RIAFBPs were examined by an in vitro experiment using a 33% glycerin solution. The
prototype RIAFBP achieved a maximum pump outflow of 8.5 L/min against a pump head of 100
mmHg at a rotational speed of 12000 rpm. The miniature RIAFBP achieved 7 L/min against a pump
head of 70 mmHg at a rotational speed of 21600 rpm.

In conclusion, the miniature RIAFBP has enough pump performance to realize the trans-valve axial

VAD.
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Introduction

Various rotary blood pumps have been clinically used as bridges to heart transplantation, and
recovery and for destination therapy (1). These devices are implanted parallel to the natural heart
between the left ventricle and ascending aorta using conduits consisting of foreign materials.

Here, a new axial-flow blood pump, a “valvo pump”, which is implanted at the aortic valve position,
was evaluated (2,3). It showed sufficient hydrodynamic performance to support cardiac function and
it had acceptable hemolysis characteristics, but the size of the valvo pump was too large to implant
into aortic valve position(4). Miniaturization of the valvo pump is difficult owing to is mechanical
structure, and the expected lifetime of the ferromagnetic fluid seal is approximately two years(5).
Then, we developed a new axial flow blood pump (2nd valvo pump) using our original blushless motor
and a passive magnetic bearing (6). In addition, the hemodynamic change under ventricular assist
device(VAD) using the 2nd valvo pump connected in series with the natural heart was investigated
using in vivo studies (7,8). The experimental results showed that the 2nd valvo pump enabled
pulsatile blood perfusion to the end- organs downstream from the pump without rotational speed
modulation; however, the potential risk of decreased blood flow caused by a pressure drop upstream
of the pump was measured. Thus, such as the concept of the valvo pump, upstream of the coronary
sinus is a suitable position for implantation of an axial VAD to avoid disturbance of coronary and
cerebral circulation (8). However, miniaturization of the 2nd valvo pump is difficult because we were
not able to generate enough magnetic repulsion force in a miniature passive magnetic bearing.

Wang et al. developed a reversible axial VAD implanted at the ascending aorta, and the blood
perfusion disturbance on the coronary flow was avoided by the synchronized forward/reverse rotation
of the impeller with the cardiac cycle as an intra-aortic balloon pump(IABP) counter pulsates with
the left ventricle to increase coronary perfusion (9). However, it is difficult to design an upstream and

downstream diffuser to maintain pump performance during reversible operation (10).
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Letzen et al. developed the intra-aortic axial VAD in which the impeller is placed at a rear position
of the motor, and is coupled with the encapsulated motor by magnetic coupling force. However, friction
in magnetic coupling causes energy loss and could cause hemolysis and thrombus formation (11).

Smith et al. developed an intra-atrial blood pump using a cylinder bearing, and they evaluated its
performance by an in vivo experiment (12). However, the endurance and hemocompatibility of the
cylinder bearing is unknown.

In this study, a new axial VAD was developed with an impeller placed at the rear of the motor as a
torpedo (13). The motor region of the axial VAD is placed in the left ventricle, and the axial VAD is
passed through the aortic valve. The impeller is placed at the aortic valve position, and it perfuses
the blood from the left ventricle to the ascending aorta just behind the aortic valve leaflets (Figure 1).
This configuration supports systemic, cerebral, and coronary circulation using the pulsatile flow
generated by the natural heart.

The purpose of this study is to develop this new cardiac support device, a trans-valve axial VAD. In
this study, a prototype rear-impeller axial-flow blood pump(RIAFBP) was developed for application
in a trans-valve axial VAD, and its pump performance was evaluated by an in vitro experiment. The

prototype RIAFBP was minimized to realize the trans-valve axial VAD.

Material and Method

Prototype rear-impeller axial-flow blood pump

Figure 2(a) shows the construction of a prototype RIAFBP. The RIAFBP has two parts: a motor and
an impeller. A feature of the valvo pump is that the impeller is separated from the motor (2,3). In
contrast to the clinically used axial VADs whose impeller is integrated with the rotor, the separation
between the rotor and impeller allows a flexible impeller design, and the well-established classical

impeller design theories (14) can be applied to design the impeller (2,3).
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The motor consists of a stator and neodymium magnets rotor, and the stator and rotor were designed
using motor design software (JMAG-express, JSOL Co., Tokyo, Japan) to achieve a motor torque of
0.01 N-m and an output power of 10 W at a rotational speed of 10000rpm.

The rotational motion of the rotor is sustained by polyethylene bushes without a mechanical seal.
The RIAFBP has two flow paths: the space between the rotor and stator and outside of the stator. The
rotor has a single vine sub-impeller to eliminate the stagnation of blood flow between the rotor and
stator. A main impeller has four vanes, and it draws the blood through four intakes at the back of the
motor, and hydrodynamic energy is added to the straightened blood flow.

Figure 2(b) shows the experimental model of the RIAFBP used to examine the pump performance
in an I1n vitro experiment. The prototype RIAFBP has a length of 50 mm and diameter of 19.6 mm,
and the length of the pump placed in the left ventricle is 35 mm. In the theoretical design of main
impellers, the impeller diameter was set to 17.3 mm. The vane number, vane inlet and outlet angle,
and hub ratio and hub length were determined by the angular momentum theory (14) under changing
operational point and estimated coefficient. Consequently, we designed over 20 kinds of the main
impeller and the optimum one was selected from the result of the in vitro experiment. The pump
housing and impellers were made from polyurethane using a CAD/CAM system (MDX-40, Roland DG,

Hamamatsu, Japan).

Miniature rear-impeller axial-flow blood pump

Figure 3(a) shows the construction of the miniature RIAFBP. The concept of the downsizing is to
reduce the diameter of a motor while maintaining the motor output. The construction of the miniature
RIAFBP is the same as that of the prototype pump; however, the miniature RIAFBP employs a
ceramic bearing upstream of the rotor, and a fin bearing using three guide vanes are installed

downstream of the rotor instead of the polyethylene bushes. The motor is redesigned to be a high-
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speed low-torque motor using motor design software. The estimated motor performance is a motor
torque of 0.0038 Nm and output 8 W at a rotational speed of 20000 rpm.

Figure 3(b) shows the miniature RIAFBP. The miniature RIAFBP has a length of 63 mm and
diameter of 12 mm. The diameter of the miniature RIAFBP is designed to be half that of the aortic
valve. The main impeller has three vanes and an outer diameter of 10 mm. As in the case of the
prototype RIAFBP, the impeller diameter was set to 10 mm, the vane number, vane inlet and outlet
angle, and hub ratio and hub length were determined by the angular momentum theory (14) under
changing operational point and estimated coefficient. Consequently, we designed 14 kinds of main
impellers and the optimum one was selected from the result of the in vitro experiment. The miniature

RIAFBP was also made from polyurethane.

Results
Prototype rear-impeller axial flow blood pump

The prototype RIAFBP was examined in an in vitro experiment using a 33% glycerin solution as
the working fluid. The RIAFBP was driven by a sensor less motor driver (DECS 50/5, Maxon Japan,
Tokyo, Japan). We designed over 20 kinds of impellers and selected the optimum one based on
hydrodynamic efficiency by the in vitro experiments. The results showed that an impeller with four
vanes, inlet and outlet angle of 15° and 18° , and hub length and hub ratio of 3.5 mm and 0.58,
respectively, showed good hydrodynamic performance.
Figure 4(a) shows the pump performance of the prototype RIAFBP. The prototype RIAFBP had a
pump outflow of 5 L/min against a pump head of 100mmHg at a rotational speed of 9600 rpm, and
the hydrodynamic efficiency was calculated as 7-8%.

The miniature RIAFBP was also examined in an 1n vitro experiment using a 33% glycerin solution,

and as in the case in the prototype RIAFBP, we selected the optimum impeller from the 14 kinds of
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impeller designs based on the hydrodynamic efficiency. The results show that an impeller with three
vanes, inlet and outlet angle of 19° and 31° , and hub length and hub ratio of 4 mm and 0.6,
respectively, showed excellent pump performance.

Figure 4(b) shows the pump performance of the miniature RIAFBP. The miniature RIAFBP had a
pump output of 3 L/min against a pump different pressure of 100 mmHg at a rotational speed of 19200

rpm. The hydrodynamic efficiency of the impeller was 6-7%.

Discussion
The new concept of the axial VAD in 1989 has several merits. An axial VAD serially connected with
the natural heart, such as the valvo pump, can support blood circulation with pulsatile flow generated
by the natural heart without pump speed modulation (15,16). However, realization of the valvo pump
concept has not occurred because it is difficult to develop a miniature high- power motor to meet the
requirement of the valvo pump under current motor technology. Thus, a new concept of the valvo
pump was proposed: The trans-valve axial VAD, in which the motor is installed in the left ventricle,
and the impeller is placed at the aortic valve position. In this study, initially, the basic structure and
hydrodynamic performance of a RIAFBP was confirmed by developing the prototype, and then, a
miniature RIAFBP was developed for the trans-valve axial VAD. The diameter of the miniature
RIAFBP was approximately half that of the aortic valve, and it had a maximum pump output of 7
L/min, which is adequate pump performance for a left ventricular assist device.
However, the shape of the H-Q curve of each pump is different, as shown in figures 4(a) and (b).
In general, a typical H-Q curve of an axial-axial flow pump includes a part with a straight line and a
part with a curved line (13). The prototype RIAFBP operates within the part with the straight line
while the miniature RIAFBP operates within the parts with the straight line and curved line. The H-

Q curve depends on the impeller and the configuration of the inlet and outlet. Then, the H-Q curve of
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the miniature RIAFBP can be made similar to the liner characteristics.

The magnetic levitation as a non-contact bearing is one of the best options for rotational blood
pumps (17,18) showever, it may be technically impractical to develop a magnetic levitation bearing
for small axial VADs. The miniature RIAFBP employs ceramics and fin bearings belonging to a
second-generation blood pump, such as the Heart mate 2 and Jarvik 2000 (18). Further improvement
of the bearings is required for long-term endurance and to prevent thrombus formation. However,
these bearings could sustain the rotational motion in the miniature RIAFBP.

An impeller with a superior hydrodynamic efficiency is expected to minimize hemolysis (19). In
this study, the highest hydro dynamically efficient impeller was chosen to be optimum. However,
impeller and guide vane improvement, including a detailed design, is required for further reduction
of hemolysis and thrombus formation by hemolysis tests and a CFD analysis.

The hydrodynamic efficiency of the prototype RIAFBP was estimated to be 7-8%, while that of
the miniature RIAFBP was estimated as 6-7%. The maximum efficiency of the miniature axial flow
blood pump developed by Smith et al. is 20% (20), but this result was obtained using a bigger motor
in the in vitro measurement system.

On the other hand, we measured the hydrodynamic efficiency by installing the impeller in the
motor used and it was driven by the sensor less motor driver. In the sensor less motor driver, the
electrical loss increased with an increase in motor load and motor speed because the switching timing
of the stator excitation current was deviated in the case of a low-torque motor, such as our blushless
motor.

However, in practice, it is difficult to distinguish between the hydrodynamic loss, electro-mechanical
loss of the motor, and electrical loss of the driver circuit. Therefore, the hydrodynamic efficiency of
the impeller could be underestimated. Further study is required to reduce the energy losses by

improving the impeller, motor, and electric circuit.
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An important issue for the trans-valve axial VAD is wear on the aortic valve. The miniature
RIAFBP is combined with a polymer monomembrane valve, such as the jelly fish valve (21), to realize
the trans-valve axial VAD (Figure 5). The trans-valve axial VAD can be stitched to the base of the
aorta, similar to artificial aortic valve replacement. The jelly-fish valve is a superior artificial heart
valve, and its hemocompatibility and long-term endurance has been confirmed by chronic animal
experiments. Conversely, Jarvik et-al. developed the Valve-pump, similar to the valvo pump, that
combined a miniature axial VAD with a tissue valve (22). The structures of the jelly-fish valve and
tissue valve are different, and the miniature axial VAD structurally fits well to the jelly-fish valve,
rather than the tissue valve by replacing the central axle of the jelly-fish valve to the axial VAD. But
further study is required on the effects of the interaction between the valve and pump on the pump
performance in an in vitro experiment, and to investigate a proposed surgical procedure by an in vivo
experiment.

Another potential issue of the trans-valve axial VAD is the wiring of the motor lead wires. We are
planning to wire the motor lead wires through a tunnel inside the housing wall and through a tunnel
inside the spoke of the polymer monomembrane valve to the valve ring. This wiring has the advantage
of preventing direct contact between the motor wires and blood, and can reduce the risk of thrombus
formation.

In further development, a miniature RIAFBP with a diameter less than 8 mm could be installed
through catheterization, such as a transcatheter aortic valve replacement (23), with a stent.

The hydrodynamic performance of the trans-valve axial VAD should be evaluated in in vitro and in

vivo experiment.

Conclusion

In this study, prototype and miniature RIAFBPs were developed to realize a trans-valve axial VAD.
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The miniature RIAFBP was combined with a polymer monomembrane aortic valve, such as the jelly
fish valve, create a valvo pump.

The miniature RIAFBP has enough pump performance for a trans-valve axial VAD application;
however, further studies including CFD analysis and hemolysis tests are required to reduce the risk

of hemolysis and thrombus formation.
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Figure Caption

Figure 1 Illustration of axial flow blood pump passing through aortic valve

Figure 2(a) construction of the prototype rear-impeller axial flow blood pump

Figure 2(b) Prototype rear-impeller axial flow blood pump

Figure 3(a) Construction of miniature rear-impeller axial flow blood pump

Figure 3(b) Miniature rear-impeller axial flow blood pump

Figure 4(a) Pump performance of prototype rear-impeller axial flow blood pump

Figure 4(b) Pump performance of the miniature rear-impeller axial flow blood pump

Figure 5 Trans-valve axial flow blood pump combing miniature rear impeller axial flow blood pump

with polymer monomembrane valve like jellyfish valve(21)
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