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Abstract— As the heart failure is caused by the decrease in
the myocardial contraction, the direct mechanical myocardial
assistance in response to physiological demand, that is, the
synchronous support of the contractile function from outside
of the heart, might be effective. The purpose of this study was
to develop an artificial myocardium which was capable of
supporting the cardiac contraction directly by using the shape
memory alloy fibres based on nanotechnology. Some method-
ologies using novel devices other than the artificial hearts are
proposed so far with severe heart disease. However, it was also
anticipated that the decrease in cardiac functions owing to the
diastolic disability might be caused by using those ‘static’
devices. Then, this study was focused on an artificial myocar-
dium using shape memory alloy fibres with a diameter of 100 -
150 um, and the authors examined its mechanism in a mock
circulatory system as well as in animal experiments using
goats. Basic characteristics of the material were evaluated
prior to the hydrodynamic or hemodynamic examination using
a mock ventricular model. The results were as follows: a) The
length of the structure was able to be adjusted so that the
system could wrap the whole heart effectively. b) In the hydro-
dynamic study using the mock circulatory system, the myocar-
dial system was able to pump a flow against the afterload of
arterial pressure level. ¢) In the animal experiments, aortic
pressure and flow rate were elevated by 7 and 15% respec-
tively by the mechanical assistance of the artificial myocar-
dium, which was driven synchronising with the electrocardio-
gram, and also, d) The anatomically-identical shape of the
artificial myocardium might be more effective for the assis-
tance. In conclusion, it was indicated that this controllable
artificial myocardial support system was effective for the me-
chanical cardiac support for the chronic heart failure.

Keywords— Artificial myocardium, Shape memory alloy
fibre, goat experiment, mock ventricular model, hemodynamic
effect

1. INTRODUCTION

In general, the artificial ventricular assist systems, such
as artificial hearts, were employed for the treatment of the
severe heart failure in order to increase the circulation vol-
ume. However the complications caused by the hemolysis
or thrombosis on the surface of the artificial materials are
still outstanding problems in the application of those de-
vices to patients. Heart transplantation has also been widely
performed as destination therapy for the severe heart failure.
But it is limited by donor organ shortages, selection criteria,
as well as the cost [1]. And recently, cell transplantation to
repair or supplement impaired heart tissue has been reported
as an alternative therapy for that [2]. The authors assumed
that the essence of the pathophysiological development of
severe heart failure was in the decrease in the cardiac con-
tractility. Then an artificial myocardium has been developed
using a covalent nano-tech shape memory alloy fibre, which
is capable of assisting natural cardiac contraction from out-
side of the ventricular wall as shown in Fig. 1. The purpose
of this study was to develop a sophisticated artificial myo-
cardium unit, and also to have examined the hemodynamic
effects of the myocardial assist system on cardiac function.

The authors have been developing a totally-implantable
artificial myocardial assist device [3]-[6]. The methodolo-



gies of the direct ventricular support systems were already
reported as direct mechanical ventricaular assistance
(DVMA) by Anstadt’s or other groups, as well as the right
ventricular assist device which was invented and reported at
IDAC, Tohoku University [7]-[9]. In this study, a design to
surround the total heart has been established in order to
refrain from the stress concentration by the mechanical
assistance, and the hemodynamic performance of the artifi-
cial myocardial assist system were examined in a mock
circulatory system as well as on animal experiments using
goats.

1. MATERIALS AND METHODS

A. Basic constuctions of a newly-developed artificial
myocardium using shape memory alloy fibres

The myocardial assist system, as shown in Figure 2,
consists of a covalent type shape memory alloy fibre (Bio-
metal®). The diameter of the fibre is 100 microns, and it is
contracted by the Joule heating. In general, Ti-Ni alloy is
well known as a material with the shape-memory effect[10]-
[12]. The fibre material is able to be covered with a silicone
—tubing (diameter: 150um). The configuration of the mate-
rial was basically constructed by covalent bond, so that it
indicated a big strain change by 5 to 10% in length. The
linearity of the recovery strain and the changes in electric
resistance could be adjusted through the fabrication process,
so that the strain of the fibre could be easily controlled by
using the digital-servo system without potentiometers.

B. Mock circulatory examination and animal experiments

Contractile function of the device developed was exam-
ined onto the originally-designed silicone mock left ventri-
cle (Figure 3). Hydrodynamic evaluation was conducted
against the afterload of 80 to 100mmHg without mock ven-
tricular contraction.

Hemodyamic data were also obtained from normal adult
healthy goats, the mean weight of which was 50kg. Prior to
the measurement, the artificial myocardial assist device with
parallel-linked shape memory alloy fibres was covered with

silicone rubber, and it was attached onto the ventricular wall.

Left ventricular (LV) pressure was measured by a catheter
tip transducer (Millar, SVPC-664A), The sensor was in-
serted at the left atrial portion through the mitral valve.
These hemodynamic data were recorded by a digital re-
cording unit (TEAC, LX-10) and the sampling frequency
was 1.5kHz.
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Fig. 1 Schematic illustration of an artificial myocardium attached on

the ventricular wall; the synchronous contraction can be achieved accord-
ing to the natural physiological demand.

Fig. 2 Whole view of the mechanical artificial myocardium developed;
the ventricle was covered by the band-shaped device and it was able to
support the contractile function synchoronising with natural heart beat.

Fig. 3 Hydrodynamic examination of the artificial myocardium; the de-
vice was attached onto the silicone mock left ventricular model.
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I11. RESULTS AND DISCUSSION

A. Hydrodynamic function in the mock circulatory system

The several mechanisms were examined in the mock
circulatory system, which was attached onto the silicone left
ventricle. An example of the hydrodynamic test was shown
in Figure 4. The length of the structure of the myocardial
assist device was adjusted to fit the ventricular model so
that the system could wrap the whole heart effectively. And
as shown in Figure 4, the elevation of the pressure and flow
rate measured at the outflow portion of the ventricular
model were around 10mmHg and 1L/min, respectively. The
it was indicated that the myocardial system was able to
pump a flow against the afterload of arterial pressure level.

B. Hemodynamic effects on animal experiments

The myocardial device developed was successfully in-
stalled into the goats’ thoracic cavity. Prior to the installa-
tion of the device, it was covered with silicone tubings and
sheets as shown in Figure 2. For the installation of the for-
mer electrohydraulic myocardial assist device which was
developed by the authors [6], it was necessary to remove at
least the fifth costa to make enough room to be fitted in the
thoracic cavity. But in this study by using shape memory
fibres, the actuator itself was so small that it would be
enough in less capacity for it in the thoracic cavity. More-
over, the procedure of the closed chest was found to be
much simpler.

Hemodynamic waveforms were changed by the me-
chanical assistance as shown in Figure 5. The aortic flow
rate as mean cardiac outpul was increased by 23% and the
systolic left ventricular pressure was elevated by 6% under
the low cardiac output condition at 2.5L/min by the me-
chanical assistance as shown in Figure 6. Therefore it was
indicated that the effective assistance might be achieved by
using the Biometal shape-memory alloy fibre.

IV. CONCLUSIONS

A myocardial assistive device has been developed and it
was suggested that the effective assistance could be
achieved in goats. When it is attached onto the ventricular
wall, it should be considered the forced refrigerant effect by

blood circulation such as coronary perfusion. It consisted of

shape memory alloy fibres, which was capable to be totally
installed into the thoracic cavity. It was easy to attach the
device onto the ventricular wall. The elevation of the car-
diac functions followed the changes in vascular hemody-
namics were investigated by the mechanical assist.
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Fig. 4 Changes in pressure and flowrate derived at the outflow portion
of the mock left ventricular model by the assistance of the artificial
myocardium. These hydrodynamic data were obtained from the mock

circulatory system with the afterload of 100mmHg.
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Fig. 5 Changes in the hemodynamics obtained from a goat (50kg);
AoP: aortic pressure, AoF: aortic flow measured at the root, PAP: pul-
monary arterial pressure. The arrows indicated the mechanical support
aspects by the artificial myocardium, and each assistance was synchro-
nising with natural electrocardiograms.
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Fig. 6 Changes in the left ventricular pressure (LVP) and mean cardiac
output calculated by aortic flow volume: ‘control’: without assistance,
‘assist’: mechanical assistance by the artificial myocardium.



As our system could assist natural ventricular functions
with physiological demand, it might be applied in patients
with angina of effort or for the artificial circulatory support
for the patients with chronic heart failure, as well as the
cardiac massage at lifesaving emergency for the recovery
from ventricular fibrillation.

Therefore, it was indicated that this controllable artificial
myocardial support system was effective for the mechanical
cardiac support for the chronic heart failure.

All the animal experiments related to this study were scrutinised and
approved by the ethical committee on the animal experiment of the De-
partment of Medicine, Tohoku University, and also the Institute of Devel-
opment, Aging and Cancer, Tohoku University, 2004-2006.
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Recently, the ventricular assist devices are widely applied for a surgical treatment of the
final stage of severe heart failure as the bridge to heart transplantation or the destination
therapy. However, it was anticipated that the artificial components in the ventricular assist
devices might cause the problems concerning thrombosis and infection. As heart failure
involves the decrease in myocardial contractile function, the mechanical assistance by using
an artificial myocardium might be effective. In this study, the authors developed a mecha-
no-electric artificial myocardial assist system (artificial myocardium), which is capable of
supporting natural contractile function from the outside of the ventricle.
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1. Introduction

In general, patients with severe heart failure, who present an increased ventricular
filling pressure or insufficient amount of blood supply to the tissue, are given medical
or surgical treatment. Recently, artificial circulatory assistance by using ventricular
assist devices, such as artificial hearts, has been provide, which is followed by heart
transplantation. However, the deficiency of donor hearts might be a serious problem
in the world. And the transplantation waiting period in this country extends to several
years. Therefore, necessity of clinical application of artificial hearts with long-term
durability has arisen. As the size of the western ventricular assist devices, which
are provided at present, is still big for the smaller body size Asian people, several
artificial heart projects are being conducted in Japan, and one of these has started
clinical trials.

There are also some devices or procedures suggested to be useful for the surgi-
cal treatment of severe heart failure, such as the ventricular CorCup, Myosprint or
Dor’s procedure. And recently, cell transplantation to repair or supplement the im-
paired heart tissue has been reported on as an alternative therapy for that [2]. There
are many problems about the tissue reproduced in vitro or in vivo that are not yet
solved. Moreover, any control of the implanted tissue might be impossible from the
outside.

As the heart failure is caused by a decrease in the myocardial contractile function,
the direct mechanical myocardial assistance in response to physiological deficit, i.e.
a synchronous support of the contractile function from outside of the heart, might be
effective. The purpose of this study was to develop an artificial myocardium, which
would be capable of supporting the cardiac contraction directly by using the shape
memory alloy fibre of a minute diameter based on nano-technology.

The authors have been developing a totally-implantable artificial myocardial as-
sist device [3-6]. The methodologies of the direct ventricular support systems were
already reported on as direct mechanical ventricular assistance (DVMA) by Anstadt’s
or other groups, as well as the right ventricular assist device, which was invented and
reported on at IDAC, Tohoku University [7-9]. In this study, the authors developed
a prototype system of the mechano-electric artificial myocardium by using a paral-
lel-linked covalent shape memory alloy fibres, which was shown in Fig. 1, and its
basic hemodynamic performance was examined in goat experiments.

2. Materials and Methods

(1) Basic characteristics of the fibre and design of the artificial myocardium

In general, Ti-Ni alloy is well-known as a material with the shape-memory ef-
fect [10—16]. The fibre material (Biometal, Toki Corporation), which was used in
this study for the development of artificial myocardium, has the configuration of
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Fig. 1. Schematic illustration of a concept of the newly-designed artificial myocardium using a shape
memory alloy fibre

a covalent bond, and demonstrates a marked strain change as shown in Fig. 2, which
is similar to the changes in the surface strain in natural ventricle {17]. The linearity of
the recovery strain and the changes in electric resistance could be adjusted through
the fabrication process, so that the strain of the fibre could be easily controlled by
using the digital-servo system without potentiometers.

The basic stress-strain characteristics were examined in a test circuit as shown
in Fig. 3. Tensile force which was generated by the fibre and its displacement were
measured simultaneously by a force transducer (Kyowa, LUR-A-50SA1) and a laser
position sensor (Keyence, LB-01), respectively.

Strain-Temperature Curve (BMF150)

80 ] (Load = 300gf) End of

’ contraction
2 6.0
£
% 4.0 A Coolingj

Heating
2.0 |
0

0 20 40 60 80 100
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Fig. 2. Typical relationship between strain and temperature obtained from the Biometal fibre (diameter:
150 pm). Because of the linearity between the strain and the electric resistance, the displacement can
be controlled by the simple circuit and also the sense of force can be estimated



150 Y. Shiraishi et al.

{ Micro Computer 1

——1 Drive Unit “‘I .

N l Spring as tensile
: resistance
Load | SMA ,

Cell ’——Cjzsxxmsmmm —Q/V\[A/W T

N —q | Z
Displacement
Meter

: Amplifier|  Amplifier
] !
% Recorder |

Fig. 3. Schematic drawing of the measurement system for the stress-strain characteristics of the shape
memory alloy fibre. The spring constant as the tensile resistance was selected from 1.7 to 4.1 N/mm

The newly-developed electro-mechanical artificial myocardium consists of
the following components: a) an actuator which was made of parallel-linked shape
memory alloy fibres, b) an originally-designed signal controller. The weight of each
fibre was 14 mg, and the length was set to be 280 mm. The total weight of the whole
actuator was around 15 g. The myocardial actuator shown in Fig. 4 was attached
onto the heart, and it could support the natural contractile function from the outside
of the ventricular wall. Its mechanical assistive motion was synchronized with the
electrocardiogram so as not to obstruct the natural cardiac diastolic functions.

‘Development
of an Artificial

Fig. 4. A shape memory alloy fibre covered by a silicone tubing (upper lefl), and a prototype of artificial myocar-
dium developed in this study (bottom left); the artificial myocardial fibres were covered with waterproof
polymers
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(2) Animal experiments

Prior to the measurement, the myocardial assist device was installed in the
thoracic cavity and anchored onto the surface girdling the heart by under general
anesthetising procedure. The hemodynamic waveforms were obtained from healthy
goats, the mean weight of which was 53 kg. Pulmonary and aortic blood pressures
were measured by transducers and amplified with a polygraph (Fukuda Denshi,
MCS-5000). The aortic flow rate was also measured at the aortic root by an ultrasonic
flowmeter (Transonic Systems, TS420). Each data was digitally recorded with a data
recorder (TEAC, LX-10) by the sampling frequency of 1.5 kHz.

All the animal experiments related to this study were scrutinised and approved
by the Ethical Committee on Animal Experiments of the Department of Medicine,
Tohoku University, and also the Institute of Development, Aging and Cancer, Tohoku
University, 2004-2006.

3. Results and Discussion

Figure 5 shows the transient response of the Biometal fibre under the different in-
put conditions. The duty ratio was changed from 50 to 300msec, and there was no
discernible variation of the speed of the stress gain. As the actuation was conducted
only by the cooling-and-heating process in the fibre, neither a sound nor an electric
noise could be easily generated in each part.

The myocardial device developed was successfully installed into the goats’ tho-
racic cavity. Prior to the installation of the device, it was covered with silicone rubber

1600
1400 = — —50msec —— 100msec - —
1200 |- — — ——200msec —-—300msec ~ —

Load [gf]

Time [s]

Fig. 5. Basic characteristics of the transient response obtained from a single fibred module under
the different pulse wave modulation input conditions; the duty of the input was set to be 50, 100, 200,
300 msec respectively at the room temperature (25°C)
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and PVC polymer. For the installation of the former electrohydraulic myocardial
assist device, which was developed by the authors [6], it was necessary to remove at
least the fifth costa to make enough room to fit it into the thoracic cavity. But in this
study, by using shape memory fibres, the actuator itself was so small that it would
require even a smaller volume in the thoracic cavity. Moreover, the procedure of the
closed chest was found to be much simpler. However, any other complications which
might have been associated with the operation were not confirmed in goats yet.

Hemodynamic waveforms were changed by the mechanical assistance as
shown in Fig. 6. The aortic flow rate was increased by 23% and the systolic left
ventricular pressure was elevated by 6% under the low cardiac output condition at
2.5 /min by the mechanical assistance. Therefore, it was indicative of the point that
the effective assistance might have been achieved by using those shape-memory
alloy fibres.

100
Aortic 8

go Lleft ventricula %

Pressure [mmHg]
N
(@]

AoF [l/min]

0 1 2 3 4 5 6
Time [sec]

Fig. 6. Changes in hemodynamic waveforms obtained in a goat; the arrows indicated the mechanical contractile
assistance by the artificial myocardial developed. The assistance was carried out one third of the natural heart beat

4. Conclusion
The newly-designed mechano-electric artificial myo-cardium was developed by

using a shape memory alloy fibre, which was capable to be totally installed into the
thoracic cavity. It was easy to attach the device onto the ventricular wall. And also
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the preliminary examination of the performance of the device was conducted in goat
experiments. The amelioration of the cardiac functions following the changes in the
vascular hemodynamics were investigated by the mechanical assist. As our system
could be a symbiotic autonomous system which is capable of assisting natural ven-
tricular functions with physiological deficit, it might be useful for the application in
patients with chronic heart failure, such as angina of effort, and also as the cardiac
massage in life-saving emergency for the recovery from ventricular fibrillation, as
an alternative circulatory support.
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Abstract:  The authors have been developing an artificial myocardium using a sophisticated covalent shape memory
alloy fibre, which is capable of assisting natural cardiac contraction from the outside of the ventricular wall. We applied
engineering method based on robotics control and constructed the artificial myocardial assist system which might be
able to regulate derangement and regenerative tensile force on the surface of heart. In this study, a design to surround
the total heart has been established in order to refrain from the stress concentration by the mechanical assistance, and
the hemodynamic performance of the artificial myocardial assist system were examined in a mock circulatory system as
well as on animal experiments using goats. Basic characteristics of the shape memory alloy fibre unit were examined
and the displacement control could be achieved under the condition of the different external temperature by feedback
using the PID control. And also the increase of the external work of the goats left ventricular pressure-volume
relationship were obtained by the assistance using an artificial myocardium with parallel-linked configuration, and

therefore it was indicated that the effective ventricular mechanical support could be performed by the device.

Keywords: Artificial myocardium, hemodynamic assistance, pressure-volume relation, shape memory alloy fibre

1. INTRODUCTION

In general, the artificial ventricular assist systems,
such as artificial hearts, were employed for the
treatment of the severe heart failure in order to increase
the circulation  volume[l-10]. However the
complications caused by the hemolysis or thrombosis on
the surface of the artificial materials are still outstanding
problems in the application of those devices to patients.
The authors assumed that the essence of the
pathophysiological development of severe heart failure
was in the decrease in the cardiac contractility. Then an
artificial myocardium has been developed using a
covalent nano-tech shape memory alloy fibre, which is
capable of assisting natural cardiac contraction from
outside of the ventricular wall without any blood contact
surfaces of the device[11-16]. The purpose of this study
was to develop a sophisticated artificial myocardium
unit, and also to have examined the hemodynamic
effects of the myocardial assist system on cardiac
function.

89-950038-5-5 98560/06/$10 © 2006 ICASE

2. MATERIALS AND METHODS

2.1 Basic characteristic of myocardial unit

The myocardial assist system consists of a covalent
type shape memory alloy fibre, ‘Biometal’. The material
of the shape memory alloy fibre was structured as
covalent shape, so that it had long durability of periodic
contraction over 800 million cycles. The relationship
between the temperature and the strain of the fibre was
shown in Figure 1. The diameter of each fibre employed
for the ventricular supporting girdle is 100-150 microns,
and it is contracted by the Joule heating by 5 to 10% of
the total length. The artificial myocardium has been
constructed to be parallel link structure by using those
fibres. Firstly, the electric resistance of a fibre in the
length of 200mm, which was suitable unit length for the
circumferential girdle of the ventricle, was obtained
with different percent shortening.

And secondly, in order to achieve the accurate
settlement of the displacement of the shape memory
alloy fibre unit, the authors applied the PID control



against the electric resistance of the fibre. Each electric
resistance value of the fibre was obtained and converted
to electric voltage through a bridge circuit, and those
values were imported into the originally-designed
microcomputer by using SH2-7044 for the control of
PID. The control algorithm was configured to generate
sequential pulse with pulse width modulation in order to
change the wattage, which was input into each fibre.

The changes in displacement were obtained by the
laser meter (Keyence, LB-01) as well as the mechanical
load by the load cell (Kyowa, LVS-1KA) under the
conditions as shown in Table 1: a) different ambient
heat transmission in the room temperature air and water,
and b) different bias tensile force.

2.2 Hemodynamic changes in goat

Hemodyamic data were obtained from normal adult
healty goats, the mean weight of which was 50kg. Prior
to the measurement, the artificial myocardial assist
device with parallel-linked shape memory alloy fibres
was covered with silicone rubber, and it was attached
onto the ventricular wall as shown in Fig. 2 and 3. For
the first stage evaluation of the myocardial assist girdle
system, the actuation of the device was regulated by

Table 1 An example of the experimental
condition for the comparison of the characteristics
of the biometal fibre
Items Values

Voltage applied 36VDC

Length of fibre 200mm
Frequency 0.5Hz

Duration energised 200msec
Ambient heat transmission | 2.4x107%,6.0x107

J/(m sec K)
Bias tensile force 5.0x107, 1.7x107
N/mm
Aortic arch
Left
ventricle
Right
ventricle
Avrtificial
- myocardium
Fig. 3 Schematic illustration of an artificial

myocardium attached on the ventricular wall; the
synchronous contraction can be achieved according to
the natural physiological demand.
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Fig. 1 Schematic illustration of the temperature-strain
curve obtained from the Biometal Fiber.

Fig. 2 Whole view of the tensile force and
displacement test circuit for the examination with the
PID control.

Fig. 4 Whole view of the nly—de&gned artificial
myocardium which is able to girdle the ventricle.



