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Abstract; Tohoku University has developed various artifi-
cial organs over the last 30 years. Pneumatic driven ven-
tricular assist devices with a silicone ball valve have been
designed by the flow visualization method, and clinical
trials have been performed in Tohoku University Hospital.
On the basis of these developments, a pneumatic driven
total artificial heart has been developed and an animal
experimental evaluation was conducted. The development
of artificial organs in Tohoku University has now pro-
gressed to the totally implantable type using the transcu-
taneous energy transmission system with amorphous fibers
for magnetic shielding. Examples of implantable systems
include a vibrating flow pump for ventricular assist device,
an artificial myocardium by the use of shape memory alloy

with Peltier elements, and an artificial sphincter for
patients with a stoma. An automatic control system for arti-
ficial organs had been developed for the ventricular assist
devices including a rotary blood pump to avoid suction and
to maintain left and right heart balance. Based upon the
technology of automatic control algorithm, a new diagnos-
lic tool for evaluating autonomic nerve function has been
developed as a branch of artificial organ research and this
new machine has been tested in Tohoku University Hospi-
tal. Tohoku University is following a variety of approaches
aimed at innovation in artificial organs and medical engi-
neering fields Key Words: Vibrating flow pump—Artifi-
cial sphincter—Transcutaneous energy transmission
system—Shape memory alloy—Artificial myocardium.

Tohoku University has been involved in artificial
organ research for over 30 years. The first case dis-
charged from a hospital in Japan wearing a ventricu-
lar assist device (VAD) was achieved by Tohoku
University Hospital in 1985. Various artificial
organs are currently under development at Tohoku
University.

Received September 2002.

Presented in part at the 3rd Japan—Australia Cardiovascular
Bioengineering Symposium, held November 9-10, 2001, in Sendai,
Japan.

I:‘\ddress correspondence and reprint requests to Dr. Tomoyuki
Yambe, Department of Medical Engineering and Cardiology,
Institute of Development, Aging and Cancer, Tohoku University,
4-1 Seiryo-machi, Aoba-ku, Sendai 980-77, Japan. E-mail:
yambe@idac.tohoku.acjp

PNEUMATICALLY ACTUATED
VENTRICULAR ASSIST DEVICE

Circulatory support devices are necessary in
some patients with severe congestive heart failure.
However, some ventricular assist devices are too
expensive, especially for patients in developing coun-
tries. We succeeded in reducing the cost by adopting
silicone ball valves. Clinical application of our pneu-
matic ventricular assist device was performed, and
about 30% of patients were discharged from the
hospital after weaning. Figure 1 shows the Tohoku
University type pneumatic VAD.

PNEUMATIC TOTAL ARTIFICIAL HEART

Development of the pneumatic total artificial
heart (TAH) was carried out in our laboratory based
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FIG. 1. The Tohoku University type pneumatic ventricular assist
device is shown.

FIG. 2. The Tohoku University type pneumatic total artificial heart
is shown.

on the development experiences with the VAD. To
reduce cost and improve durability, silicone ball
valves were adopted in our TAH system. The basic
material of this TAH was designed using a polyvinyl
chloride paste, and the inner surface of the inner sac
was coated with polyurethane to prevent thrombus
formation. To test this pneumatic TAH, a fitting study
into the chest cavity of adult goats was conducted
(Fig. 2).

VIBRATING FLOW PUMP
Small size implantable ventricular assist device

The size and weight of implantable devices is so
important that various investigators have taken

various developmental approaches. We aimed to
solve the problem by increasing the drive frequency
of the ventricular assist device. A vibrating flow
pump, and small stroke volume with high driving fre-
quency enabled us to realize a small and lightweight
implantable ventricular assist device.

The weight of actuators has recently been lessened
by adopting a cross-slider mechanism. Miniaturiza-
tion was successful compared with a linear motor
drive (Fig. 3).

High frequency oscillated blood flow made by
vibrating flow pump (VFP) is so unique that influ-
ences on the cardiovascular system might be needed.
We evaluated the effect of oscillated assist flow with
VFP upon renal circulation using near infrared
spectroscopy in animal experiments on adult goats.

-During oscillated assist flow, oxygenated hemoglobin

in the kidney tended to increase. This finding will be
useful when considering the clinical application of
VFP.

TRANSCUTANEOUS ENERGY
TRANSMISSION SYSTEM

Energy transmission is an important issue in the
development of internal artificial organs. To maxi-
mize energy transmission we developed a tran-
scutaneous energy transmission system applying
amorphous fibers for magnetic shielding, and
achieved over 90% energy transmission efficiency

(Fig. 4).

APPLICATION OF THE SHAPE MEMORY
ALLOY FOR ARTIFICIAL INTERNAL
ORGANS

Development of a small, lightweight actuator is the
most difficult challenge for totally implantable artifi-
cial organs because space in the body is limited.

FIG. 3. The photograph shows a vibrating flow pump,
implantable ventricular assist device.

Ariif Qrgans, Vol. 27, No. 1. 2003
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FIG. 4. A transcutaneous energy transmission system using
amorphous fibers is illustrated,

Shape memory alloy (SMA) is a high-efficiency
material. Input energy into SMA becomes very effi-
cient actuating power.

Saywer et al. reported on the development of an
SMA actuator for a TAH (1). They attached a large
quantity of SMA to an artificial ventricle, which
added contraction power to the ventricle. However,
the drive speed of SMA was too small compared
with the heart rate. Nitta et al. and Hayashi et al.
reported on a VAD actuated with SMA (2,3).
However, the drive speed was insufficient for the
heart rate. Other researchers proposed various appli-
cations that attracted the attention of some research
teams, such as valves for the urinary tract and stoma
(4.5).

Recently, we invented the Peltier-SMA actuator
for assisted circulation. This article reports and dis-
cusses the feasibility of SMA in artificial organ
research. '

ARTIFICIAL MYOCARDIUM

Bridging use of ventricular assist systems in heart
transplantation may become necessary for a long
time because of the shortage of donated hearts. In
this situation, the quality of life of the patients
waiting for a donor heart becomes increasingly
important, so development of a totally implantable
system is highly desirable (6-11). Toward this end,
miniaturization of actuators is fundamental, espe-
cially for people with small physiques such as average
Japanese people (6-8). The blood chamber in a
natural heart is formed by myocardium. Therefore, a
chamber is equal to an actuator; however, it is not so
with the artificial heart, unfortunately.

Constituting an. artificial heart is not the final goal
of our studies; in fact, we are aiming to develop arti-
ficial heart muscle. Artificial heart muscle would be

Artif Organs, Vol. 27, No. 1, 2003

sewn onto the ventricle to support the contraction
power of the natural heart ventricle. Since SMA is a
highly efficient material, an actuator made of SMA
can be miniaturized. Furthermore, since the drive
mechanism is simple, an SMA actuator is expected to
be durable,

However, the most important limiting factor of an
SMA actuator is its drive speed because of the
cooling time (1-3). We focused our attention on
Peltier elements, which are the most suitable for
rapid cooling. Electric energy becomes the move-
ment of the heat in Peltier elements, as we have
shown in Fig. 5. In other words, heat is moved from
one side to another side, thus one side is heated and
the other side cools down rapidly.

We utilized these characteristics in this study.
Peltier elements were attached to SMA and record-
breaking rapid cooling of SMA was achieved (1-3).
As shown in Fig. 6, Peltier-SMA can actuate both
ventricles of an artificial heart if the Peltier-SMA is
installed in the ventricular septum. The Peltier-SMA
may be an ideal drive mechanism candidate for a
total artificial heart.

First, we induced an electrical current into a Peltier

" element attached to the SMA. Electrical current

induced the heat transfer from one side to the other
side. Then, heat was moved from the heat sink to the
SMA. Thus, the SMA was heated and driven. After
that, the electrical current was inverted. Then,
the heat was moved from the SMA to the heat
sink. Thus, the SMA was cooled and driven to the
opposite side.

Endorhemlicq

femperature

FIG. 5. Heat transter in the Peltier element is shown.
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SMA
/

Peltier

Heat sunk

FIG. 6. Peltier-shape memory
alloy {SMA) actuator for total
artificial hear is shown.

We developed an artificial muscle to support the
right ventricle that was pneumatically actuated. The
moving patch actuator was sewn into the right ven-
tricle. This device was designed to support patients
with right heart failure such as pulmonary hyperten-
ston, several kinds of abnormalities, and so forth. We
succeeded in prolonging the survival of goats for
three months using right ventricular supporting arti-
ficial myocardium, as shown in Fig. 7.

The design of artificial myocardium for right heart
support is based on our previous studies. Figure 8
shows our Peltier-SMA right heart supporting artifi-
cial myocardium on a plastic model of a heart. We
are currently conducting the animal experiments,

ARTIFICIAL SPHINCTER

After an operation for rectal cancer or colon
cancer, some patients require stoma and this
adversely affects their quality of life.

FIG. 7. A goat with pneumnatic artificial myocardium is
pictured.

o A

RS

FIG. 8. Peltier-SMA artificial myocardium on a plastic mode! of
a heart is shown.

Artif Organs, Vol. 27, No. 1, 2003
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FIG. 9. Shown is a prototype artificial sphincter.

We developed an artificial sphincter to meet this
need using an SMA to the stoma as shown in Fig. 9
(4). When the temperature is raised by electricity, the
artificial sphincter opens, which allows patients to
control their evacuations. A photograph of a proto-
type artificial sphincter is shown in Fig. 9. Long-term
animal experiments are now being conducted on this
device.

Electric power was supplied to the artificial sphinc-
ter by the use of the transcutaneous energy trans-
mission system (TETS) as shown in Fig. 4.

Basic. performance of this artificial implantable
device is now under discussion. However, we are
still evaluating different coating materials for the
implantable part, because Silastic material for an
implantable device is difficult to import.

FIG. 10. A pig with artificial sphincter is shown,

Ariif Organs, Vol. 27, No. I, 2003

The objective of the design concept is to enable
patients to go to the bathroom whenever they
choose. And then, when ready, they would take the
TETS and attach it to their abdomen so that they
would be able to control the implanted sphincter
easily.

At present, the development of an artificial sphinc-
ter is at the stage of long-term animal experiments.
Figure 10 shows a pig with a stoma and artificial
sphincter. We are currently conducting a long-term
endurance test for an artificial sphincter with TETS.
When this test is completed we aim to begin preclin-
ical trials,

CONCLUSION

This article reports on various artificial organs
developed by Tohoku University and evaluates them
for clinical applications.
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Abstract

Where s the place which should be helped in a patient with congestive heart failure? The answer may be contraction of the heart. At Tohoku
University, development research of “the artificial myocardium™ has been conducted, using a ball screw type electromagnetic motor.
Furthermore, super-miniaturization is being attempted at present. Thus, a system with shape memory alloy is being developed. The cooling
speed problem was solved by the application of the Peltier element. A drive at a speed equal to that of a heartbeat was realized by the
application of this system. At present, a ventricular assist device is used for patients waiting for a heart transplant in Japan. An air driven type
system disturbs a patient’s QOL remarkably because it is connected to the drive device. With our concept, energy is provided by using the
electromagnetic force from outside of the body by the use of transcutaneous energy transmission system. Magnetic shielding by amorphous
fibers was used at Tohoku University to improve the total efficiency: A natural heart can alter the cardiac output corresponding to the demand.
Artificial internal organs must participate in the system of the living body, too. Tohoku University has developed a resistance based artificial
heart control algorithm, which simulated a baroreflex system to cope with every demand. Nano level sensing equipment is now under
development at Tohoku University. At present, development is being conducted aiming at an “intelligent artificial myocardium”.

© 2003 Editions scientifiques et médicales Elsevier SAS. All rights reserved.

Keywords: Intelligent artificial myocardium; Nano technology; Artificial baroreflex; Transcutaneous energy transmission; Shape memory alloy

1. Introduction Pneumatic driven ventricular assist devices such as Xe-

mex and Toyobo have been playing a very important role

Heart transplant facilities have recently been expanded in
Japan, Everybody hopes transplant procedures in this coun-
try will reach a satisfactory level [1-4]. However, the short-
age donor hearts is a serious problem. A ventricular assist
device is used as a bridge to transplantation [5,6].

* Comresponding author. Tel.: +81-22-717-8517; fax: +81-22-717-8518.
E-mail address: yambe@idac.tohoku.ac.jp (T. Yambe).

© 2003 Editions scientifiques et médicales Elsevier SAS. All rights reserved.

doi:10.1016/j.biopha.2003.08.016

[2-6]. According to the increase in the waiting period for a
donor heart, the realization of a totally implantable artificial
heart is becoming increasingly important. After going back
to basics, reconsideration was given to the principles [7-11].

Where can most assistance be given to a patient suffering
from congestive heart failure?

The answer may be the contraction of the heart.
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Fig. 1. Schematic drawing of the ball screw magnetic motor for implantable
artificial myocardinm. . | ’

If we consider the principle of heart massage, cardiac
output is supported by pushing.a ventricle. Based on this
idea, a system was devised by ‘which the ventricle was
pushed, This system is sevn onto the ventricle and assists the
tontraction power of the natural heart.

Development research of “the artificial myocardlum" has
been conducted in Tohoku University for many years. Air
pressure drive type artificial myocardium research in chronic
animal experiments had already proven successful and the
supporting effect of the artificial myocardium was confirmed
in chronic animal experiments over 3 months.

So, from this, obtaining an improved implantable artificial
myocardium in QOL was planned. This year, with a Grant in
aid for scientific research, and Science research-funds from
the Ministry of Welfare, Labor, a new development project
was commenced. The most advanced sensor and actuator
nano technology was applied, aiming for the development of
a super-miniature dev1ce which exceeds retrogenerative
medlcme '

gﬁ.' Actuator for an artificial myocardivm

The challenge was to find a miniature motor with high
torque from among all the miniature motors available
throughout the world. A ball screw type electromagnetic
totor, which was adopted in the robot arm in the space
shuttle, was used [12-16] (Fig. 1). This motor was applied to
the animal experiment, and at present, its effect on heart
gssistance is being confirmed.

Furthermore, as super-miniaturization is also a goal, a
system with shape memory alloy is also being developed at
present. Regarding the shape memory alloy, the rise in tem-

Fig. 2. Photograph of an example of a candidate for an implantable artificial
" myocardium using shape memory afloy with the Peltier clement.

perature by the thrown ‘energy is directly related to the drive
[17,18]. Therefote, the energy éfficiency is high. However,
an important problem is the drive speed. Cooling dowh the
shape memory alloy is difficult. This problem was solved at
Tohoku University by the application of the Peltier element
(Fig. 2). The Peltier clement is a semiconductor element,
which moves heat. The settlement side is refrigerated due to
the movement. A drive at a speed equal to a heartbeat was
realized by the application of this system and currently,
research aiming at the 1mpr0vement of the durability is being
conductcd

This system also aims at the development of a super-
miniature micro system. The development of a micro actua-
tor for holding nano level structure development is indispens-
able. Various kinds of nano actuators are now under
development at Tohoku University. These nano-micro sys-
tems are expected to become the key technology for artificial
myocardivm,
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Fig. 3. 'l'ime senes data of an aruﬁcml ba.roreﬂex system with bl\vcntncular
rotary blood pump assistance with vcntncu.lar fibrillation. During increase
of the blood pressure by drug administration, the drive speed of RP was
automatically controlled to be decreased. This control dlgorithm can be used
in the artificial myocardium system.
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3. Energy supply system
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At present, an asslstant mhmcd hcart is uscd for pa-
tients waiting for a heart. transplant Only an air pressure
drive type system is coyere.j by insurance in Japan. An air
driven type system disttirbs a patient’s QOL remarkably
because it is connected to the drive device. So, a totally
implantable system is necessa.ry to 1mpr0ve the pauent 5
QOL. '

With our concept, energy is provided to the artificial
myocardium using the electromagnetic force from outside
the body. Such a system has been developed all over the
world. Magnetic shielding by amorphous fibers was used in
Tohoku University to improve the total efficiency [9,10].
Amorphous fibers are attached outside the coil, which is
Placed on the skin to prevent the leakage of magnetic power.
Therefore, the efficiency of the energy transmission between
the coils is improved.

Power generation equipment, to which nano technology
was applied, is currently being developed at Tohoku Univer-
sity. This system can improve the efficiency of the energy
use. As a comparison, this system resembles that of a hybrid
car. The energy of the actuation part is used, and the genera-
tion of electricity is achieved.

4, Artificial myocardium control algorithm

A natural heart can alter the cardiac output corresponding
to the demand. Artificial internal organs must participate in
the system of the living body, too. Therefore, artificial inter-
* nal organs must maintain pace with the actions of the living
body, and must cope with the total system. Tohoku Univer-
sity developed a resistance based artificial heart control algo-
rithm, which had a simulated baroreflex system to cope with
every demand [19,20]. A total artificial heart, a ventricular
assist device, cardiopulmonary bypass, percutaneous car-
diopulmonary support system (PCPS) and a rotary blood
pump can be controlled with this automatic control system
[19-21]. Fig. 3 shows time series data of biventricular total
nonpulsatile artificial circulation with resistance based con-
trol algorithm simulating the barorefiex function. According
to the increase of blood pressure with drug administration,
the drive speed of the rotary pump was automatically con-
trolled to be decreased. Since it can be calculated at the
microchip level, it can be implanted in the control microchip
for an artificial myocardium (Fig. 4).

skin
”f/m 1y
P _
control unft o
Battery primary coll

PLg 4 Schemauc ﬂlustratxon of the total system of an implantable artificial myocard:um

The sensing device is, of course, 1mportaut in the auto-
matic control system. Nano level sensing equipment is now
under development in Tohoku University. It can sense hemo-
dynamic pressure, blood flow and several hormonal factors.
A chronic durability animal experiment has already been
completed with the micro sensors. More miniaturization is
planned to build this into the nano level structure.

Development aiming at an “intelligent artificial myocar-
dium” is being conducted at present.
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