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1. Introduction

Recently, the robot actuator worked by the dri-
ving recovery-force of the thermo-mechanical ma-

rtensitic transformation of shape memory alloys

(SMA) has been studied by a few reporter in
these five years.'™

This new type of SMA robot is simple in the
structure, much more than other robots actuated
by motor or hydraulic cylinders.

Especially, SMA actuator of Ni-Ti alloy is cha-
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racterized by high strength, high power/weight
ratio, three dimensional free motions, high water-
pressure and corrosion resistance etc, therefore,
SMA robot has the possibility as one of the adva-
nced extreme operation robots in the environ-
ment such as deep sea bottom, space and nuclear
radiation etc. where the controls and maintenan-
ces of the robots operated in conventional sys-
tems with motors or hydraulics are very difficult
because not only its structure would have to be
excessively large but also its electrical and me-
chanical systems would be subject to very strong
corrosive effects.

However, many technical problems lie before
actual application of SMA robot such as responce
speed in heating and cooling, precise control, fati-
gue and degradation of SMA and elevation of
energy efficiency etc!™®

Based on the above mentioned characteristics
and advantages of SMA actuator, in this study,
we have proposed and tried to developed an ext-
reme operation SMA robot model which has a fi-
nal aim to investigate and collect the very deep
submarine resources by the remote control from

mother ship.

2. Experimental Procedures

2.1 Qutline of SMA Mechanical Animal Ro-
bot

The outline of SMA mechanical animal robot
first designed by the authors®
This

shape memory Ni-Ti alloy in every joint just like

is shown in Fig. 1.
“robot crab” employs springs or wires of
a skeleton muscle of real crab. The “muscles” of
this robot make use of the alloy’s expansion and
contraction with changes in temperature which
are brought about by heating the alloy directly
with electricity or allowing it to be cooled by the
water itself. Using the direct current driving me-

thod under the micro-computer remote control
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Fig. 1 Outline of SMA mechanical animal (mech-
animal) robot (first trial)

from the mothership, the robot crab can move
smoothly and investigate on the rugged bottom of

the sea.

2.2 SMA Joint Actuator Model of a Leg in
Robot Crab

A model of leg in crab which is made to inves-
tigate the basic characteristics of dynamic motion
of joint actuator with shape memory alloy is
shown in Fig. 2 SMA, Ni-Ti wire(diametor ¢=0.4

mm) is stretched from the root to another and of
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Fig. 2 SMA joint actuator
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leg via a central pulley(diameter ¢=20mm), the-
refore, by this system, the rectilinear displace-
ment of very small, a few percent(2~3%) in Ni-
Ti wire can be transformed into considerably la-
rge angular displacement(i. e. rotation) of leg. The
arm(i. e tip of the leg) opens towards the wider
angle by the recovery force in accordance with
the shrinkage of SMA wire(i. e. up to the length
equal to memory state), which is brought about
with the change of temperature in wire by direct
pulse current from electric power supply, and on
water-cooling process it closes by the tension fo-
rce of bias spring or rubber less than the reco-
very force of SMA wire. Changing the location of

hook-holes to set several angles of the arm, the
generating torques(T) are measured by using re-

covery forces (Fr) at the tip of arm and the for-
mula(T= ¢ XFr cosh) in Fig. 2.

Dynamic motion and response speed of the
SMA joint actuator are also investigated through
the continuous photographs by full autocamera.

3. Results and Discussions

3.1 Selection and heat treatment of shape
memory alloy(Changes of recovery force
in SMA Ni-Ti wire with pre-strain)

[n the SMA actuator in Fig. 2, Ni-Ti wire is al-
ways under pre-strained condition by the tensile
force(Fb) of bias spring. Temperature change (20
~807C) of wire is obtained by direct current hea-
ting method and Fr value for each case is measu-
red by tensile testing machine(Tensilon).

As a result, one can get the largest value of Fr

under the pre-tensile strain(e) of 3~5%.

3.2 Measurement of Torque of SMA joint
arm(Effects of pre-strain, bias material

on torque)

Relationship between the generating torque(T)

of SMA joint arm and motion angle(8) are shown
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in Fig. 3. Both of torque(T) and angle(9) increase
in proportion to the increase of pre-strain values.
Also, torque(T) decreases inverse proportion to
the value of the motion angle(8) of the arm, and
this means SMA actuator has inherently the ca-
pability of soft touches and actions just like the
muscles of animals®* ”, It is also confirmed from
the figure that nonlinear elastic material like a

rubber is more effective for a bias material.
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Fig. 3 Generating torque of SMA joint arm

3.3 Response speeds of SMA actuator in
water

The speed up of dynamic motion of the actua-
tor has been discussed as one of the most impor-
tant technical problems in engineering use of
SMA robot. So that we investigate the responses
of SMA joint actuator in three cooling conditions
(air, wind, water).

Relationships between the changes of motion
angle(A\0) and time laps in cooling process(t) are
shown in Fig. 4.

The arm returns in a few seconds in water and
its response speed is fast by about ten times that
in air, however, electric power necessary for hea-
ting up the Ni-Ti SMA wire inevitably increases

very much by about twenty times that in air.



194

8

AB: Bman

Gt Angle

(range

A
2
3

e

Lapse wn Cooling

Iig. 4 Response speed of SMA joint actuator in
three cooling conditions

This result indicates that a considerably large
electric power will become necessary for driving
the actual SMA submarine robot in open environ-
ment such as sea water, so that the more efficient
construction and control system of SMA actuator
will have to be discussed in making this SMA su-
bmarine robot fit for practical use for minimizing

the electrical energy loss in sea water.

3.4 Changes of cyclic motions of SMA ac-
tuator(Fatigue and degradation of shape me-
mory effect)

In general, SMA actuator necessitates a num-
ber of repeated motions, therefore, the investiga-
tion of the gradual decrease in recovery force(i.
e. torque) with cyclic motion as well as the pre-
vention measure of the degradation in shape me-
mory effect(SME) are very important for the ac-
tual use of SMA robot actuator.

Fig. 5 shows the cyclic motion and degradation
of SMA actuator.

From this figure, it is found that rapid decrease
of cyclic motion range(AU) occurs in the early
stage of about 10—20% in total life(Nf) and after
this period AU does not change so much and al-
most becomes saturated.

Fatlure of SMA wire occurs mostly at the part
of pulley by plastically fatigue deformation. From
these results, we can get the suggestions for

more longer life of SMA actuator as follows.
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Fig. 5 Cyclic motion and degradation of SMA ac-
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(1) Short period “training” before the actual
use of SMA material or actuator will be efficient
as one of the useful prevention measure for the

degradation of shape memory effect.

(2) Mechanical construction of SMA actuator
should be improved to decrease the prestrain va-
lue and avoid the plasic deformation of SMA ma-
terial as much as possible.

3.5 Actual movement of SMA submarine

mechanical animal “robot crab”

Since in 1985, we have been developing three
trial models of robot-crab. First trial robot is con-
structed by SMA springs as shown in Fig. 1, se-
cond type by SMA wire and the latest model(i. e.
third type) can be actuated by remote control by
microcomputer. The outside appearance designed
as a practical type of SMA robot crabs is shown
in Fig. 6, however, at present, the third trial robot
in our study does not yet have the machinery for
collecting and sucking up the manganese nodules.

Joint part at the root of leg which is especially
designed to minimize the reduction in the driving

force(i. e. torque) of arm rotates semicircularly,
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1. Shape Memory Alloy

4. Suction Pipe
5. Ultrasonic Sensor
6. T.V. Camera

(Spring or Wire)
2. Collector of Nodules
3. Collecting claws

Fig. 6 Outside appearence of SMA submarine
“Robot Crab” (in plan)

and each leg repeated up and down in turn by
electric pulse current under micro-computer cont-
rol.

This robot crab is arranged to move in the si-
mple walking mode! of usual three standing pints.
Every SMA Ni-Ti spring is enveloped by the fi-
bre-glass pipes not only to avoid the excessive
thermal exhalation from SMA materials but to
decrease the amount of consumption of electric
power. By the several technical improvements as
indicated above, the third trial robot equipped
with micro-video camera(see, Fig.7) can move
under remote micro-computer control and inves-
tigate on the bottom in water. The speed of its
movement is about 15 cm(i. e. about 1/4 of total
length) in 8 seconds(i. e. 1/2 peroid in one cycle)
and the electrical power of consumption in this
robot (i. e. about 1/20 in practical type) is impro-
ved toward the value of 10 kW in water. This
electrical power value is about ten times as much

as in air.

195

Fig. 7 Photograph of the developed SMA robot
crab(about 1/20 in actual size)

3.6 Features, technical problems and some
opinions for developing SMA submarine robot

In the present projects for developing manga-
nese nodules in advanced countries, the enginee-
ring systems by using the collecting machine(i. e.
collector) towed by mother ship on the sea have
been proposed”. However, this system inevitably
necessiates very large-scaled, a whole controlling
method through a ship to collector.

Therefore, in this system, it seems to be consi-
derably difficult in total control and also is in da-
nger of overturn of the collector on the rugged
bottom of the sea.

Futhermore, in the extreme environment of
deep sea bottom, the controls and maintenances
of the robots operated in conventional systems
with motors or hydraulics are very difficult be-
cause not only its structure would have to be
execessively large but its electrical and mechani-
cal systems would be subject to very strong cor-
rosive effects.

In contrast, SMA actuator of Ni-Ti material is
especially characterized by high strength, high po-
wer/weight ratiothree dimensional free motions,
high water-pressure and corrosion resistance etc.,
therefore, SMA robot has simple contruction as
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well as the possiblity to move smoothly without
environmental pollutions in the ocean bottom.
Based on the above-mentioned characteristics
and advantages of SMA actuator, we will probably
be able to reduce the number of machinery com-
ponents and weight in SMA robot much more
than those in case of conventional actuation sys-
tem by motors and hydraulics®. Therfore, in co-
nsequence, financial costs for the manufacture as
well as maintenances could be reduced conside-
rably in our proposing system of SMA submarine
Next,

SMA submarine robot are discussed.

robot. technical problems in developing

As mentioned in the paragraph of 3.4 and 3.5,
the main technical problems are thought to be
summarized in next two factors. One of those is
low energy efficiency in transforming the electric
power into the motions of SMA acturator(i. e. tor-
que of the arm). In general, the efficiency of ene-
rgy transformation in case of a robot system by
motors and cylinders is recognized in the order
of 30~40%, on the other hand, that of SMA ac-
tuator is about 5~6% (i. e. about one tenth in the
former case) at most due to the irreversible ther-
mal exhalation from SMA material. It is one of
the countermeasures for improving the energy ef-
ficiency that one adopts the thermally closed sys-
tem by using a circulation of the hot and cold
water alternatefy by small pump through the tu-
bes which are connected with each SMA actuator.
We might utilize the natural thermal energy sou-
rce of the gap of temperature between sea surface
(25C) and deep sea bottom(4C) by using of large
scale circulation system in the sea water.

The second problms is thought to be the fati-
gue and degradation of shape memory effect with
the long use of SMA actuator. As for this prob-
lem, short training as well as the improvement of
mechanical design should be necessary, but it
seems not to become so serious technical problem

for the reason that SMA Ni-Ti material basically
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has very longer life about 10 cycles much more
than the usually used engineering steels”.

Another technical problem such as the precise
control method for SMA robot and collecting sys-
tem for manganese nodules from the ocean bot-
tom in the depth of 5000m are still remain, ho-
wever, in such an extreme environment, it is ex-
pected that the advantage of SMA robot system
would surely increase more and more than in air
due to the reasons mentioned in this paragraph
of 3.6.

However, much more detalied technical impro-
vements will become necessary by the time of ac-
tual application of this type SMA submarine ro-
bot. These problems with the development of
SMA submarine robot are surely new, peculiar
and not so easy to solve because the unkonwn fa-
ctors and unique responses of SMA material still
remain. From these reasons and the internationa-
lly common resources of manganese nodules in
ocean bottom, the authors feel the necessity of
international cooperation when our proposed idea
of SMA submarine robot project would become

worthy to be realized in the future.

4. Conclusions

An advanced submarine robot model actuated
by the driving force in thermo mechanical trans-
formation of shape memory alloy(SMA) is develo-
ped. The manufactured model “robot crab” is co-
nstructed with the artificial muscles of Ni-Ti SMA
spring or wires in the every joint part of moving
legs, and it can move by electrical pulse current
in micro-computor control.

An summarized in the last Fig. 8, SMA robot is
simple in the structure and also characterized by
high strength, high water pressure and corrosion
resistance as well as more rapid motion than in
air due to the high cooling capacity of water. In

the maunfacture of SMA submarine robot, main
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(TV Camera search in water)

Fig.8 Our developed SMA “mechanical animal
robot crab”
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technical problems are thought to be summarized
in the next two factors. One 18 very low energy
efficiency(about 1/10~1/20) in transforming the
electric power into the motion of SMA actuator,
The second problem is the prevention measure of
fatigue and degradation of shape memory effect
with the long use of SMA actuator. Especially, the
former, elevation of energy efficiency seems most
essential problem.

Anvhow, much more detailed and systematic
researches will become necessary for the actual
application of this type SMA submarine robot.
From these reasons and the internationally com-
mon resources of manganese nodules etc. in
ocean bottom, the authors feel the necessity of
international cooperation when our proposed idea
of
t¢

SMA submarine robot project become worthy

be realized in the future.
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