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Introduction: Circulatory support devices are employed to treat heart failure. Such a device could be made
from shape memory alloy (SMA) fibers. These Ni-Ti fibers contract when electric current flows through
them, thus resembling artificial muscles. An artificial myocardium device made from SMA fibers can directly
compress the epicardial surface of a failing heart, thus contributing to the pumping action. Unlike modern
mechanical circulatory support devices, there is no blood-contacting surface to provoke thromboembolism,
hemorrhage, inflammatory response or hemolysis.

Methods: The experimental setup permitted a detailed study of a sample SMA fiber with great accuracy while
the ambient temperature was controlled to resemble that of the human body. The current profile through the
fiber was controlled (current shaping, CS) by a microcontroller and a portable computer.

Results: Parameters such as strain, contraction and relaxation velocities and the effect of ambient tempera-
ture were measured. The contraction and relaxation velocities were measured after applying various effective
currents. It was found that the contraction velocity could be manipulated to reach that of the healthy myocar-
dium through CS. On the other hand, the relaxation velocity was independent of the contraction velocity.
Conclusions: A cardiac assist device can be made from SMA fibers. More studies need to be conducted in

this direction.

eart failure is a major cause of

mortality worldwide. A widely

used method of treatment for
heart failure includes the implantation
of mechanical circulatory support (MCS)
devices. A common problem of MCS
devices is the artificial surface in contact
with blood that causes thromboembolism,
hemorrhage, inflammatory response and
hemolysis.!> Other frequent disadvan-
tages of these devices are their large size,
the mechanical malfunctions that can oc-
cur* and their energy demands. A method
of MCS that might possibly avoid these
drawbacks is the application of direct car-
diac compression (DCC) to the epicardial
surface of the failing heart. This pressure
assists the myocardial movement and the
device thus contributes to the pumping

action of the heart.”® The reasonable con-
cern about jeopardizing the myocardial
perfusion, given that the coronary arteries
lie right under the epicardium, has been
proven unjustified. On the contrary, during
DCC myocardial perfusion increases.®’
Two other methods of treating heart
failure that utilize wrapping around the
heart are cardiomyoplasty with the latissi-
mus dorsi muscle and the passive constraint
of heart dilation using a net (Acorn Cor-
Cap). The main disadvantages of cardio-
myoplasty are atrophy, lipoid degeneration,
and fatigue of the latissimus dorsi muscle
and its adhesion to the heart. Nevertheless
cardiomyoplasty could be used as a bridge
to transplantation.'’ On the other hand, the
Acorn CorCap does not contribute to the
pumping action of the heart, but instead re-
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duces the wall stress and promotes reverse remodeling.
The use of the Acorn CorCap can be combined with a
mitral annuloplasty procedure with good results.!

The development of DCC devices without these
drawbacks can be based on the use of shape memory
alloy (SMA) fibers. The property of these fibers to
contract could enable them to compress and thus
assist a failing heart. An artificial myocardium de-
veloped from SMA fibers would be characterized by
the absence of any blood-contacting artificial surface,
pulsatile flow, the restraint of heart dilatation, the
improvement of myocardial perfusion, the possible
scenario of heart recovery,z’12 a small size, and the
reliability of these fibers to contract and relax over
long periods of time.

SMA fibers contract because of a change in their
internal crystalline structure when their temperature
increases, as is the case when an electrical current flows
through them. When the current stops flowing the fibers
begin to cool and gradually return to their original size
after some hysteresis (Figure 1).!* A thorough study
of the properties of SMA fibers is essential in order
to methodically develop an artificial myocardium. For
this purpose, the following experiment was carried out
in our laboratory at the Foundation for Research and
Technology (FORTH).

Methods

We obtained SMA fibers with diameters of 50, 100
and 150 um. The study of these samples was con-
ducted in a laboratory setup that could determine
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Figure 1. Strain-temperature curve of the shape memory alloys.
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with great accuracy the strain and the produced force
of these fibers, as well as the impact of various ambi-
ent temperatures and electrical current flows.

The central apparatus (Figure 2) of this experi-
ment consisted of a metallic platform (8 x 19 cm)
with a perpendicular stand that held a load cell. The
SMA fiber under investigation was suspended from a
hook on the weighing side of the load cell. The other
end of the SMA fiber was partially wrapped around
a cylinder that carried a mirror along its axis. This
cylinder could rotate freely between two stands and
had a hook for hanging weights in series with the
fiber. When the fiber, which was fixed to the immov-
able load cell and the revolving cylinder, contracted,
the cylinder rotated and the weight was lifted up.
The mirror rotated with the cylinder and reflected a
laser beam coming from a laser-pointer placed near
the load cell. The reflected laser beam pointed at a
metallic arc (Figure 3) placed 2 m away. This arc was
graduated in 1 cm intervals and had 13 photodiodes
(PD). The length of the arc of the laser beam’s deflec-
tion, DL, corresponded to a shortening, DL, of the
SMA fiber according to the following equation, in

Figure 2. Central apparatus. The fiber is very thin and cannot be
seen.
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metallic arc

tral apparatus

Figure 3. The metallic arc 2 m away from the central apparatus.

DL

DL = (¢/360) 2Tr
DL’ = (2¢/360) 21"

therefore
DL = (r/2r") DL’

dividing this equation by the
time t

V = (r/2r’) (DL'AY)

V is the velocity of the fiber

incident beam

incident beam

which r is the radius of the cylinder and r’ the distance
between the mirror and the metallic arc.

Eq. 1. DL = (r/2r") x DL’ (Figure 4).

This design allowed the measurement of the fiber’s
strain with great accuracy, since every change was mag-
nified 528 times (2r’/r). The PDs were connected to an
oscilloscope that measured the time interval between
the excitation of these PDs because of the laser beam
movement. In this way the velocity of the laser beam’s
rotation could be measured and hence the velocity (V)
of the fiber contracting or expanding:

Eq.2.V = (1/2r) (ADL'/Y),

where t is the time interval and ADL’ is the change
in DL

The fiber was surrounded by an aluminum case
with self adhesive heat pads to simulate ambient tem-
perature. The resistive heat pads were connected to a
thermostat that controlled the heating of the fiber space
to given temperatures and enabled us to simulate body
temperatures.

If the initial length of the fiber is L, the strain
equation is:

Eq.3.s = (DL/L,) x 100%.

normal to surface reflected beam

90-6 | 90-6
6 6

mirror

When the mirror rotates ¢ degrees, the reflected beam rotates 2¢
degrees. The new angle between the beam and the mirror is 6-¢.

normal to surface reflected beam

90-8+¢ | 90-6+¢

0-¢ 0-¢
mirror

So the angle between the incident beam and the reflected beam
is increased 2¢ degrees. Before the rotation of the mirror it was
2 (90-8) = 180-26 and after the rotation it is

2 (90-6+¢) = 180-26+2¢

Figure 4. Design of the experiment.
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The electrical current that caused the contraction
of the SMA fiber was provided by a current source
that was manually controlled and could provide a cur-
rent flow from 0 to 200 mA. This value was the I,,.
The current flowed through a pulse width modulation
controller and the effective current I varied between
0 and I,,,. The controller received commands from a
microcontroller, which in turn received commands from
a portable computer. The controller’s program had the
following variables, which were set by the computer:
® BPM (beats per minute).
® (Crd,, (maximum duration of current flow < Crd,,,

max which is automatically calculated from the

BPM) in ms.

P4 (Peak On Duration <Crd,,;,) in ms.

P4 (Peak Duty Cycle) from 0 to 99%.

HId (Hold Duty Cycle from 0 to 99%, its duration

is automatically calculated as Crd,,-Pyq)

The duty cycle (DC) is the fraction of time that a
system or device is in the active state.

Eq. 4. DC = ty, / (ton + tof) (Figure 5).
The effective current I; after the controller is thus:
Eq. 5. I = I« x DC.

This enabled the dynamic control of the current
flow through the fiber during its contraction and con-
sequently its velocity. Thus, the current curve could
look like Figure 6, in which two steps can be seen.
The height of each step is a linear correlation of the
respective DC. The steps could be more than two
and each height (current intensity) and width (time
duration) could be modified. This process of current
modification we call “current shaping”; it permits the
exact control of the fiber’s contracting speed. Using a
voltage source and a current meter the resistance of

ton | toff |

where DC = (ton/ ton + toff) X 100%

Figure 5. Pulse width modulation. DC — on duty cycle; t — time.
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Figure 6. Current shaping. Crd,, — duration of current flow; Hld —
hold duty cycle; Py.— peak on duty cycle; P,y — peak on duration.

the SMA fiber could be derived, in order to study its
relationship to strain.

Results

The fiber under study had a diameter of 50 pum. The
contraction and relaxation cycles of the fiber at dif-
ferent ambient temperatures are shown in Figures
7 and 8. Figures 9 and 10 show the relation between
ambient temperature and the fiber’s contraction and
relaxation curves, respectively. The effect of increas-
ing I,.« to 95 mA can be seen in Figures 11 and 12.
The velocities of the fiber’s response are shown in
Figures 13 to 15, for different values of I,,,. Figure
16 shows the relation between the fiber’s zero-current
strain and variations in temperature.

It appears, at least for the 50 um fiber, that at an
ambient temperature of 37°C the fiber enters almost
immediately into the linear region of its curve and the
low plateau is considerably reduced. In the low pla-
teau the effect of the current flow on the fiber’s strain
is small. The more the temperature was increased, the
more the low plateau was shortened. It appears that
at body temperature the SMA fibers need less energy
to operate than at room temperature. Figure 9 shows
that for a given DC, for instance DC=50, at 23°C
the DL is 76 cm, at 32.5°C the DL is 153 c¢cm and at
42°C the DL is 166.5 cm, meaning that the same DC,
i.e. the same amount of energy, produces a bigger
strain as the ambient temperature of the fiber rises.
Contrarily, the final strain of the fiber was slightly
reduced as the ambient temperature was increased,
hopefully without any serious consequences. In ad-
dition, the low plateau shortens when the intensity of
the current flow increases (Figures 8 & 12).
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Figure 7. Contraction and relaxation cycle of the fiber: diam- Figure 8. Contraction and relaxation cycle of the fiber: diam-
eter=50 um, Imax=80 mA, load=21 grf, t=23°C, s=3.8%. eter=>50 pm Imax=80 mA load=21 grf, t=42°C, s=3.76%.
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Figure 9. Contraction curves of the fiber at different ambient tem- Figure 10. Relaxation curves of the fiber at different ambient tem-
peratures. The curves from left to right correspond to tempera- peratures. The curves from left to right correspond to tempera-

tures of 42, 37, 32.5, 28 and 23°C. An increase in the temperature tures of 42. 37. 32.5. 28 and 23°C.
causes a leftward shift in the curves and a decrease in final strain. T ’
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Figure 11. Contraction and relaxation cycle of the fiber: dia- Figure 12. Contraction and relaxation cycle of the fiber: dia-
meter=>50 um, Imax=95 mA, load=21 grf, t=37°C, s=4.02%. meter=>50 um, Imax=95 mA, load=21 grf, t=42°C, s=4%.
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Figure 13. Velocities of the fiber’s response, in cm/s: diameter=>50
um, Imax=85 mA, load=21 grf, t=21.8°C. The positive values
refer to the contraction and the negative to relaxation.
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Figure 15. Velocities of the fiber’s response, in cm/s: diameter=>50
um, Imax=172 mA, current shaping (100 ms-99%, 200 ms-30%),
load=21 grf, t=21.8°C.

Figures 13 and 14 reveal that an increase of I,
causes an increase in the contraction velocity, whereas
the relaxation velocity remains unaffected. The use of
current shaping, as shown in Figure 15, proves that
controlling the fiber’s contraction velocity is feasible
and that the SMA fibers can contract with a velocity
similar to that of healthy myocardium. In a healthy
heart the maximum myocardial velocity on the heart’s
long axis is around 12.5 cm/s, while the mean value is
smaller, around 5 cm/s.'* The maximum velocity of
circumferential fiber shortening in normal left ven-
tricular function is 1.58 *+ 0.23 circ/s (circ — circumfer-
ence), whereas in pathological left ventricular func-
tion it is 0.91 = 0.09 circ/s'® or even less.! The mean
velocity of circumferential fiber shortening is 1.45 +
0.08 circ/s.”” The maximum velocity of the cardiac
wall has been shown to shift towards the late systole
under some pathological conditions.'> By using cur-
rent shaping, an artificial myocardium’s contraction
velocity can be precisely controlled and the artificial
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Figure 14. Velocities of the fiber’s response, in cm/s: diameter=50
um, Imax=150 mA, load=21 grf, t=21.8°C. The positive values
refer to the contraction and the negative to relaxation.
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Figure 16. Strain versus temperature (13.5-89°C).

myocardium could assist the failing heart in early
systole when the cardiac wall normally obtains its
greatest velocity. In this manner, the pathological
movement of the cardiac wall could be ameliorated.
It is apparent that the SMA fibers mainly shorten
when operated in the linear region of their curve, so
it may be unnecessary to be push them into the high
plateau region for four reasons. First, the energy con-
sumption in this saturation region is proportionally
much greater than in the linear region and produces
less strain per unit current. Second, it appears pref-
erable to decrease the intensity of the current flow
before entrance to the high plateau, in order to allow
the fibers to relax faster. Third, the fibers’ strain at
the end of the linear region of their curve is very close
to their final strain and it seems that a failing heart
could really be assisted even with this very small re-
duction of the fibers’ strain. And finally, if the fibers
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do not operate at the limit of their strain capacity,
their lifespan is increased.

Discussion

The strain of these SMA fibers is about 4%, whereas
the circumference at the base of the heart reduces by
about 9.5% during systole.!” This discrepancy is not
discouraging because even this 4% would be ben-
eficial to a failing heart. The force that these fibers
produce is great. According to the manufacturer,
the fibers with diameter 50, 100 and 150 um produce
forces of 18, 70 and 150 g, respectively. The force of
the artificial myocardium device will be proportional
to the number of fibers and their thickness. The work
produced by the artificial myocardium will be added
to the weak heart’s work, contributing to the pumping
action and reducing myocardial oxygen consumption
(Figure 17).'®

An increase in the environmental temperature
augments the fibers’ temperature and this is mani-
fested as an increase in the fibers’ intermediate strain.

\ J

Diagram 1 V

The environmental temperature of the SMA fibers
will increase when the fibers are placed inside the
body and it will change every time the body tem-
perature changes, as in fever. However, as Figure
16 demonstrates, these temperature changes have
a negligible effect on the fibers’ strain. Moreover,
a temperature rise decreases the energy demands
of the fibers. These minimal increases in the fibers’
strain could never pose a threat of cardiac tampon-
ade. In surgical implantation of the Acorn CorCap
the cardiac diameter can be reduced by 5 to 10%, so
changes in the fibers’ strain due to the above men-
tioned temperature variations are insignificant.

The exact length of the fibers and every aspect
of their operation must be accurately controlled by
an algorithm. The electrical activity of the heart, the
cardiac output and the hemoglobin oxygen satura-
tion could provide the input information for this
algorithm. It is obvious that the contraction of the
artificial myocardium must be synchronized with the
patient’s heart. This could be achieved by monitoring
the cardiac electrical activity in the same manner as

Diagram 2 \Y

Figure 17. Diagram 1 is the pressure-volume curve of the heart (black box) and of the heart during direct cardiac compression (DCC, red
box). Lines a and b represent the end systolic pressure volume relationship (ESPVR) of the heart and of the heart during DCC, respec-
tively. The increased slope of the ESPVR during DCC demonstrates the increased contractility. Diagram 2 shows that the pressure volume
area (PVA) of the heart during DCC, i.e. the total mechanical energy, consists of two parts: the PVA of the heart (light blue) and the PVA
of the device (dark blue). The myocardial oxygen consumption is proportional to the PVA of the heart. So, comparing the two diagrams, it

is clear that DCC reduces myocardial oxygen consumption.
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with the ECG. The cardiac output could be monitored
using the Doppler effect and the oxygen saturation
using a simple pulse oximeter. With this informa-
tion, the device’s microcontroller will constantly know
when the heart is going to contract, how much blood
is actually flowing into the aorta, and whether there
is hypoxemia. Based on all this incoming information
the microcontroller can adjust the contraction of the
artificial myocardium.

Current shaping (CS) and the DC are the means
by which the microcontroller can adjust the contrac-
tion of the artificial myocardium, i.e. the velocity of the
contraction, the duration of the contraction and the
strain. Without CS and DC the operation of the artifi-
cial myocardium would be unsystematic. Up to now, of
course, there is no clinical experience of controlling an
artificial myocardium with CS and DC, but the effect of
the artificial myocardium’s velocity on the cardiac wall
velocity will most probably be beneficial, since there
is a strong positive correlation between pathological
situations and pathological velocities. Lastly, using CS
it might be proven in the future that assisting the heart
through only a portion of its contraction could satisfac-
torily increase the cardiac output.

It was easily confirmed in the lab, using CS, that
electrical currents of intensities higher than the manu-
facturer recommends (nominal value) can flow through
the SMA fibers for short durations without destroying
these fibers. It seems safe to exceed the nominal values
with CS but for a very short duration.

The power of a healthy heart is around 1.3 to 2
watts,'” whereas that of a failing heart is much less,
but not zero since there is blood flow. The artificial
myocardium’s power will be added to the power of
the failing heart, thus assisting the circulation, not
taking it over. The combined function of the native
and artificial myocardia will restore the blood flow
to normal levels. The ratio of this contribution could
be adjusted. During moderate physical activities the
contribution of the artificial myocardium could be
automatically increased and if the heart recovers, this
contribution could be decreased.

The partial or total recovery of a failing heart
assisted by an MCS device is a possible scenario that
is usually related to the phenomenon of reverse re-
modeling. This possibility is probably promoted by
the increased myocardial perfusion that accompanies
the use of these devices. In the case of total recovery,
the explantation of the artificial myocardium could
be optional. The artificial myocardium could be left
inside the body in a standby mode in case it becomes
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necessary again. The small volume of the device
would cause no problems.

The relaxation of the fibers is a passive proce-
dure. Similarly, the relaxation of the myocardium is
also passive, even though there are some objections.?’
In the case where the cardiac walls relax earlier than
the artificial myocardium there is the concern that
this velocity discrepancy could have a detrimental
effect on the treatment, perhaps causing cardiac
tamponade. During diastole, the microcontroller
will interrupt the current flow through the fibers,
since the artificial myocardium’s contraction will be
synchronized with the ECG (possibly the P wave or
the R wave). So the fibers will not exert any force
during diastole, namely they will not actively impede
the heart’s relaxation. The relaxation of these fibers
is rapid and their resistance to the cardiac wall’s re-
laxation would be insignificant. Furthermore, the
inelastic components of the artificial myocardium
device will neither permit the progression of cardiac
dilation nor the overstretching of the fibers. Thus,
the artificial myocardium would promote the reverse
remodeling of the heart.

In conclusion, the perspective of an MCS device
characterized by small size and weight, great reliability,
lack of any mechanical motor, lack of blood-contacting
artificial surface, pulsatile flow, promotion of reverse
remodeling and possible recovery, is the motive for
the development of artificial myocardium. More stud-
ies need to be conducted in this direction. The final
goal is to develop devices that would offer an equal or
superior solution to heart transplantation.
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