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Abstract

Biomimetic microrobots, with multiple degrees of freedom, that can
walk and swim smocthly in water are important topics in the field of
underwater monitoring for applications such as pollution detection

and video mapping. We propose a new type of underwater micro-

robot using eight ionic polymer metal composite (IPMC) actuators

as legs to resolve the problems of asymmetry in previous crawling

microrobots. We developed a prototype of this underwater micro- ‘

robot and conducted experiments to evaluate its walking, rotating,
and floating spesds. This microrobot had better performance in
walking and rotating than the previous model. Although it achieved
its flotation by electrolysing water -arcund the IPMC surface, the
electrolysis process was not easy to control. To improve the floating
motion, we propose a new jellyfish-type microrobet that moves like
a jellyfish when floating and sinking and has four IPMC actuators as
legs in place of the jeliyfish’s antennae, We conducted experiments
to analyse the foating motion for three types of bodies and calcu-
lated the theoretical floating speeds, We developed a prototype of
this jeflyfish-type microrobot and evaluated the floating and walking

speeds experimentally.
Key Words
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1. Introduction

Biomimetic underwater microrobots, with multiple degrees
of freedom (DOF), that can walk and swim smoothiy in
water or aqueous media are of great inferest for underwater
monitoring operations including pollution detection, video
mapping, exploration of unstructured underwater environ-
ments, and other tasks [1, 2]. This kind of microrobot must
be simple and compact and must have an efficient system
of locomotion. Because the electromagnetic structure of
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traditional motors is difficult to shrink, motors are rarely
found in this sort of application [3, 4], and special actuator
materials are used instead. Significant progress in research
into biomimetic microrobots using piezoelectric actuators,
shape memory alloy (SMA) actuators, and polymer actu-
ators has been reported [5-7]. However, problems such
as electrical leakage, water safety, physical bulk, and high
stiffness persist in real applications.

Ionic polymer metal composite (IPMC) is an innova-
tive material made of an ionic polymer membrane chem-
ically plated with gold electrodes on both sides. Its
actuation characteristics have significant potential for the
propulsion of underwater microrobots. Tt is light in weight
and has a suitable response time, high bending deforma-
tton, and lomg life. Flexible IPMC propulsion blades
operating at low driving voltages provide many new possi-
bilities for underwater locomotion applications [26]. They
are widely used on soft robotic actuators such as artificial
muscles as well as on dynamic sensors [8-L5].

Several underwater microrobots have been developed
using IPMC and SMA actuators as artificial muscles to
propel the robots back and forth. They are widely used
In swimming microrobots as oscillating or undulating fins
where fagt response is required [1, 5, 16-18]. IPMC actu-
ators are also used for underwater bipedal walking micro-
robots [18-21], and a kind of ion-conducting polymer gel
film microleg with two DOF has been developed. [22]. In
addition,. a six-legged insect-inspired underwater walking-
microrobot has also been described [23]. However, some

disadvantages still exist with six-legged devices. The driv-

ing forces on the left and right sides are different because
of the device's asymmetry. It has difficulty maintaining a
straight path when walking forward. Because its centre of
gravity and centre of rotation are not the same, it cannot
be positioned precisely, and it consumes a lot of energy
while rotating. In addition, the six-legged device cannot
perform the movements required to dive or surface. With
the aim of creating a compact structure with efficient and
precise locomotion, we first developed a biomimetic un-
derwater microrobot with eight IPMC actuators as legs to
provide better performance in walking and rotating. The
eight-legged device floats by electrolysing water around the
IPMC surface. However, this electrolysis process cannot
be controlled easily. To improve the floating motion, we
developed a new jellyfish-type microrobot that mimicked



Figure 1. Proposed eight-legged biomimetic microrobot.

the actions of an actual jellyfish when floating and sink-
ing. Four IPMC actuators were used as legs to replace the
jellyfish antenna.

« The remainder of this paper consists of five parts.
First, we describe the design of the biomimetic underwater
microrobot with eight IPMC actuator legs shown in Fig. 1,
including its walking, rotating, and floating mechanisms.
Second, we describe the results of experiments with a pro-
totype of the eight-legged microrobot to measure its waik-
ing speed and angular velocity with and without payloads.
We also present the results of diving and surfacing experi-
ments conducted using the electrolysis of water around the
IPMC surface. Third, we describe a jellyfish-type micro-
robot designed to improve the floating motion. We analyse
three types of microrobot bodies driven by SMA actua-
tors and calculate the theoretical floating speeds. Fourth,
we present the results of experiments with a prototype of
the jellyfish-type microrobot to evaluate its floating and
walking speeds. Last, we present our conclusions.

2. Proposed Eight-Legged Microrobot
2.1 Proposed Eight-Legged Microrobot Structure

IMigure 2 shows the structure of the proposed biomimetic
microrobot with a centrosymmetric structure around which

the eight legs are symmetrically distributed. It is 33 mm
long, 56mm wide, and 9mm high. It has eight TPMC
actuators designated A through H. Actuators A, B, C, and
D are the drivers, and their bending directions are shown
in Fig. 3. The other four actuators are supporters. The ac-
tuators are all 11 mm long, 3 mm wide, and 0.20 mm thick.
The distance between two adjacent drivers or between a
driver and a supporter is 10 mm.

The biomimetic microrobot is capable of walking, ro-
tating, and floating. Table 1 lists the control strategies for
crawling.

2.2 Crawling Motion Mechanism

The drivers and supporters are driven at the same oscillat-
ing frequency. When crawling, the phase of the supporters
lags that of the four drivers by 90°. Fach step cycle of
the walking motion can be separated into four periods as
shown in Fig. 4:

1. From d to @, the supporters lifi the body up, and the
drivers are off the ground.

2. From o to b, the drivers bend forward.

3. From b to ¢, the supporters bend upward far enough
so that they are off the ground, while the drivers in
contact with the ground support the body.

4. From c to d, the drivers bend backward in the propul-
sion stroke, and the body is pushed forward.

During periods 1, 2, and 3, the drivers are off the

ground and move to another foothold point with the help

of the supporters. In period 4, the drivers push the body
forward [7].

The walking speed ig determined by the displacement
of the drivers and the frequency of the control signal.
Because the four drivers are distributed symmetrically on
both sides of the structure and they have the same size
and mass, the four drivers support equivalent loads and
drag forces. Therefore, the four drivers experience the
same digplacement for the same applied input voltage. The
deflections of all the drivers are equal, and they experience
the same displacement in each step. The walking speeds
on each side of the structure are the same. Suppose that
the 'displacement of the actuator without a payload is dg,
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Figure 2. Proposed microrobot structure.



Figure 3. Bending directions for the four drivers.

Table 1
Control Strategies for Crawling Locomotion
Motions A/B|C D
Walking forward |4+

Walking backward —

Rotating in clockwise +|+|=]-

| Rotating in counterclockwise | — | — |+ |+

A, B, C, and D stand for the drivers, as shown in
Fig. 3. “+" and “—” mean the drivers bending

forward and backward, respectively.
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Figure 4. One step cycle of walking forward. The o marks
indicate which legs contact the ground.

and the microrobot can move forward with & displacement
of d in one step cycle. Because of the payload or water
resistance, a decrease Ad in the displacement of the drivers
cannot be ignored. Equation (1) describes the relationship
between dy and d, and {2) describes the walking speed,
where v is the average speed and f is the frequency of the
input signal:

d=dy— Ad (1)

v =(dy— Ad) x f (2)
2.3 Rotating Motion Mechanism and Model

Figure 5 shows the exampie of counterclockwise rotation.

From ¢ to d, the drivers push the body to rotate. In the -
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Figure 5. One step cycle of the rotating motion. The e
marks indicate which legs contact the ground.

other periods, the drivers are pushed up by the supporters
to prepare for the next stroke [14].

The speed of the rotating motion is determined by the
angle of the driver in ohe cycle and the frequency of the
step, as shown in Fig. 6(a). The device can rotate by an
angle of £ in one step cycle, as shown in (3):

L 2L
6= il (3)

Where L is the length of the rotating arc, R is the
radius of the rotating rotundity, and D is the diamecter,
as shown in Fig. 6(a) and (c). The diameter D could be
calculated using (4):

D= /{10 + d)? + (56 - 2AI)2 (4)

Where d is the displacement of the driver in the stance
phase and Al stands for the displacement decrease of the

IPMC actuator, as shown in {5):

Al=1-1, (5)

Where ! is the length of IPMC actuator, [ and [, are
shown in Fig. 6(b). Based on the geometry theorem, we
can get {6):

|AN] x [BN| = [ON| x |DN| (6)

From Fig. 6(b), r is the bending radius of the IPMC
actuator, [AN|=|BN|=1{,, |CN|=4d/2, |DN|=12r —4/2|,
s0 ls can be caleulated as shown in (7): '

g>< 2?‘——g

According to (3), (4), (5), and (7), the device can
rotate by an angle of # in one step cycle, as shown in (8):

2L

2

\/(10+d)2+ [56—2 (z— Ve |2r— g|)]
' (8)
Equation (9) gives the rotating speed. Here, because
the rotating arc L= d, we can approximate L by d in (9).
The w and f are the rotating speed and the frequency, re-

spectively. Figure 6(a) shows that the structure’s centre of
rotation is at point O, which is also the structure’s centre
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Figure 6. Efficiency of the driver during rotating motion.

of syminetry. Because the eight legs are symmetrically dis-
tributed around the centre of symmetry of the centrosym-
metric structure and because the eight legs have the same
size and mass, the centre of symmetry is also the centre of
gravity. Thus, the centre of rotation of the microrobot is
its centre of gravity. In addition, because the oscillating
directions of the four drivers are close to perpendicular to
the radius of rotation, the eight-legged device kas a larger
torsion angle than the previous six-legged version:

_ 2(dy — Ad) ;

\/(10+d)2+ [56—2(6— g-|zr~g)r

(9)
2.4 Floating Motion Mechanism

w=~0xf

The water around the surface of the IPMC actuators is
electrolysed by decreasing the frequency of the applied
voltage to 0.3 Hz. The buoyancy of the microrobot can be
controlled by the resulting change in volurne to make it float
upwards, remain neutrally buoyant, or sink downwards.
Table 2 lists the control strategies for the floating motion.
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Table 2
Control Strategies of Floating Locomotion

Conditions Floating Motions

pg(V 4+ AV) <mg| Sinking downward
pglV + AV)=mg

pg(V +AV) >mg

Suspended

Floating upward

p is the density of water, g is the acceleration of gravity, V is the
volume of the microrcbot, AV is the volume of the bubbles, and
mg is the weight of the microrobot.

3. Prototype Microrobot and Experiments

3.1 Prototype Eight-Legged Microrobot

Figure 7 shows the prototype of the eight-legged micro-
robot. It has eight actuators fixed on a film body with
wood clips. The control signals are transmitted by enamel-
covered wires 300mm long with a copper diameter of
0.03mm. The wires are soft enough that the resistance can
be ignored.
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Figure 8. Experimental speéd results during walking.

3.2 Walking Experiment without Payload on

Underwater Flat Surface

To evaluate walking locomotion, we carried out an exper-
iment on an underwater plastic surface. We recorded -the
times required to walk a distance of 50 mm using different
applied signal voltages and frequencies. The experiment
was repeated 10 times for evéry set of control signals to
determine the average speed on the flat surface. The exper-
imental results described in Fig. 8 show that the walking
speed was nearly proportional to the input voltage, and a
top speed of 8.3mm/s was obtained with a control signal
of 10V and 5 Hz.

3.3 Rotating Experiment without Payload on
Underwater Fiat Surface ‘

We also investigated the rotating motion on the same un--

derwater plastic surface. We recorded the times for rotat-
ing through 90° under the influence of different voltages
and frequencies of the control signal, and calculated the
sverage sngular velocity for 10 repetitions of the same
experiment. The experimental results described in Fig. 9
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Figure 9. Experimental angular velocity results during
rotation.

show that the angular velocity was nearly pfoportional to-
the input voltage, and a top angular rotation speed of
11.86° /s was obtained for a voltage of 10 V and a frequency
of 5 Hz.

3.4 Walking Experiment with Payload on
Underwater Flat Surface ’

We applied payloads to the structure and conducted walk-
ing experiments as shown in Fig. 10 to evaluate the load-
carrying ahility of the microrobot. The experimental con-
ditions were the same as the experiments without payloads.
Figure 11 shows the walking speeds with payloads. The
maximum payload was about 4g.

3.5 Floating Experiment

To test floating locomotion, we set the frequency of the
applied voltage to 0.15 Hz to electrolyse the water around



Figure 10. Walking experiment with a 2-g payload.
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Figure 11. Experimental speed results with payloads dur-
ing walking. :

the IPMC surface. When the input voltage was cut off
while the microrobot was floating upward, the microrobot
gradually stopped moving upward and then started to sink.
The maximum upward floating speed was 4 mm/s with a
voltage of 10V as shown in Fig. 12.

4. Jellyfish-Type Underwater Microrobot
4.1 Jellyfish-Type Microrohot Structure

The eight-legred underwater microrobot used the electrol-
ysis of water on the surface of the IPMC actuators to
float; however, controlling the buoyancy is difficult using
this method. If the voltage is cut off while the microrobot
is floating upward, the gas still attached to the surface
of the actuator keeps it moving upward for some time,

go it does not immediately stop moving or sink, and the .

vertical motion cannot be easily controlled. We propesc
the jellyfish-type microrobot shown in Fig. 13 to achieve
both a compact structure and efficient locomotion. This
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Lead Wire

Figore 13. Structure of the jellyfish-type microrobot,

microrchot consists of a body, four legs, an SMA. actua-
tor, and control wires. The hemispherical body is made
of a rubber material that encloses the sealed SMA actu-

“ator. The four legs are driven by IPMC actuaters. The

microrobot is capable of walking and floating motions.
4.2 Three Body Types

We designed the body to imitate a jellyfish to overcome
the problems with foafing and sinking experienced by the
previous prototype. In this version, the body shrinks when
the voltage is applied to its ends. The velume of the body
is reduced and the water in the body is squeezed out.
This changes the buoyancy and produces an upward force.
The body floats upward when the force reaches a certain
value. The upward force can be changed by controlling
the frequency of the actuator shrinkage and the woltage
between its two ends. This means that the microrobot can
be made to float upwards, be neutrally buoyant or sink
as required. We used three kinds of bodies developed in
previous research: a ring type, spiral type, and two-ring
type as shown In Fig. 14.

4.3 Characteristic Measurement of the Three
Bodies

Using the principle of hydrodynamics, we can calculate the
relative speed of the body and the water expelled from the



SMA actuator
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Figure 14. Three types of bodies of the jellyfish-type mi-
crorobot.
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Figure 16. Average volume change for three types of
bodies.

body as shown in (10), where @ is the average volume of
the water expelled per second, and A is the area of the
cross section.

The average weight of water expelled per second can
be measured by the system shown in Fig. 15. First, the
body filled with water is placed on an electronic balance.
Under the influence of different applied voltages, the SMA
actuator in the bedy begins to shrink, and the water is
squeered out of the body. We can calculate the average
welght of water expelled per second by recording the time
and the value from the clectronic balance, Figure 16 shows
the experimental results for the three types of bodies. ‘The
two-ring type of body had the largest volume change per
second for the sames input voltage. The spiral type of body
required a higher input voltage to shrink, even though its
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Figure 17. Theoretical floating speed of the two-ring body.

volume changed & lot. For low-voltage requirements, we
chose the two-ring type for the body of the jellyfish-type
microrobos. '

The weight of the body can be measured at a certain
time by changing the value of the input voltage. Because
the floating process consists of two motions, shrinkage and
comeback, we must consider the time of the comeback
process, and then the average volume change per second
can be calculated for the whole process. We can then
obtain the theoretical floating speeds from (11), where
is the mass of water squeezed out of the body and m is
the total mass of the body and expelled water, as shown in
Fig. 17;

Q
_
u=-— U {11)

4.4 Walking Motion Mechanism

Figuré 18 shows the walking mechanism. This microrobot
can walk with two DOF. All the four legs have the same.
oscillating frequency. When walking in one direction, the

" phase of one leg lags that of the opposite leg by 90°. Every

step cycle of the walking motion can be separated into
four periods. Figure 19 shows one step cycle for forward
motion. The microrobot can move a distance of d during
one step cycle.

‘We measured the displacement of one IPMC actuator
by applying different signals to simulate the theoretical
crawling speed of the microrobot as shown in Fig. 20. The
IPMC actuator was 20mm long, b mm wide, and 0.2mm
thick. The actuator was driven by a PC equipped with
a digital-to-analogue converter card, and the deflection of
the IPMC was measured by a laser displacement sensor.
The laser sensor was used to translate the displacement
to a voltage, and then the voltages were recorded and
translated to the PC using an oscilloscope.

Because the actuator was designed for use in a water
tank, the relationship between the tip distance and the
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Figure 18. Microrobot structure with 2 DOF.
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Figﬁre 19. Microrobot walking mechanism.

laser senor voltage was different from that relationship
in air. This means that the laser sensor must first be
calibrated for use in water [24]. Figure 21 shows the tip
displacements of the actuator recorded experimentally for
different frequencies and voltages. 'These results show that
the tip displacement decreased as the frequency increased.
Therefore, the microrobot had a top walking speed, and
the theoretical walking speed could be calculated using (2).

4.5 Equivalent Cantilever Beam Modelling

The IPMC beam actuator can be modelled as a supported
cantilever beam as shown mm Fig. 22 [20]. When the
microrobot crawling, the forces applied to one leg are shown
in Fig. 23, where ¢ is the surface tension of the TPMC
actuator and F' is the resultant force of friction and water

resistance to one leg. According to the cantilever beam
theory, the relationship between the deformation curvature
1/p(z} and mechanical moment M is shown in {(12):

L M)
plz)  EI 2

Where F is the elastic modulus for IPMC in hydrated
conditions and T is the moment of inertia for the equivalent
cantilever beam, Mechanical moment 3, produced due
to IPMC bending, is a function of applied forces [28, 30,
32, 33].

Also, according to curvature equation (13) of deflection
curve, we can get (14}:

d?w
L dz?
oz N PRCIEE (13)
dz
d2w
2 Mz
b =~ E(I) (14)

For the small deflection, (14) is simplified as shown in
(15), which is approximately expressed:
d>w M(z) ' '
dw? ~ EI 18)

The tip displacement generated by the surface tension
g in one direction can be defined as w,;. So, the tip
displacement in two directions dy = 2w, can be calculated
in (15):

o2 gl e

do = 2wy = 2x T (la 624 0?) —2x L =

8Bl 4B

(16)

The tip displacement generated by the resultant force

F i one direction can be defined as ws. So, the tip

displacement in two directions Ad= 2wg can be calculated

in (17). As a result, the resultant deflection d can be
obtained from (18):

Fa®  Flz®\ 2FP
= =2 —_—— =4
Ad=2xwr x( 6ET T 2EI) ser D
d—dp— Ad—2 x (uy —wp) =dp ~ 20 (18)
- - @ VR E R RET

To calculate the wg, the IPMC bending stiffness ET
can be caleulated from experiments and (19) respectively:

bR

I =
12

(19)

The elastic modulus F for IPMC in hydrated condi-
tions is measured with the value of about 83 MPa [25].
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Figure 21. Tip displacements (do/2) of the IPMC actuator.

Figure 22. Fquivalent cantilever beam for an IPMC
actuator.

With cross dimension of 0.2 mm x 5 mm, the moment of in-
ertia for the IPMC can be obtained about 3.3 x 103 mm?.
Then the bending stiffness is calculated &3 273.9mN mm?2.
For one leg, the force F' is the friction, as shown in (20):
F=pN (20)
Where NV is the positive pressure between the ieg and

the bottom of water tank, and pi is the static friction coef-
ficient. According to the materials of IPMC and the hard

Amplifier

Vater tank
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Figure 24. Theoretical walking speed of the jellyfish-type
microrabot (10V).

steel hottom, we choose it = 0.30 in our experiments. With

- the weight of 4.81 g in air and cubage of 4.6 cm?, the weight

of the microrobot in water can be calculated as 0.21 g,
N=0.21g. 8o, the force F' of one leg can be obtained
about 0.3093mN. With the length of leg [ =201mm, the
force F'=0.3093 mN, and the bending stiffness of the leg
ET=273.9mNmm?, the displacement decreases of IPMC
drivers Ad can be evaluated ag 6.023 rmm and the walking
speeds can be calculated by (2). The simulated results are
shown in Fig. 24.



Figure 25. Prototype jellyfish-type microrobot.

. Table 3
Dimensions of the Jellyfish-Type Microrobot

Width 42mm
Height
Weight
SMA. actuator

IPMC actuator

68 mm
48lg
20mm (2)

5mm x 20mm {4)

5. Prototype  Jellyfish-Type Microrobot and

Experiments
5.1 Prototype Microrobot

A prototype jellyfish-type microrobot was constructed
based on the results of the experiments described earlier
[27]. Figure 25 shows the prototype, and Table 3 lists its di-
mensicns. It had four IPMC actuators fixed on a two-ring
type body [31]. The control signals were transmitted by
enamel-covered wires 300mm long with a copper diameter
of 0.03 mm. The wires were soft enough that the resistance
could be ignored.

5.2 Floating Experiment

The robot was placed in a water tank as shown in Fig. 26.
To obtain a high floating speed, we chose the duty cycle of
the input voltage to be 65% at a frequency of 1 Hz. We then
measured the average speeds of the robot with different
voltages {1-12V) for a floating distance of 20mm; the
results are shown in Fig. 27. The floating speed increased
as the voltage increased. When the input voltage was
higher than 10 V, the floating speed was 6 mm/s. When the
mput voltage was cut off, the microrobot stopped floating
npward and immediately started to sink. Therefore, the
jellyfish-type microrobot had a hetter floating performance
than the eight-legged one. The experimental results are
almost the same as the theoretical results as shown in
Fig. 28, '
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Figure 26. Floating motion of the jellyfish-type micro-
robot. ‘
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Figure 27. Experimental ffoating speed results.
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Figure 28, Relationship between theoretical and experi-
mental values.

5.3 Walking Experiment

We conducted an underwater experiment on a plastic sur-
face, as shown in Fig. 29, to evaluate the walking motion
of the jellyfish-type microrobot. We recorded the times to
walk a distance of 50mm for control signals of different
voltage and frequency. We repeated the experiment with



Figure 29. Walking motion of the jellyfish-type micro-
robot,
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each set of control signals 10 times so we could determine
the average speed on the flat surface; Fig. 30 shows the
results. The displacement of the IPMC actuator would be
less in real applications due to loading, slippage, and short

response time at high frequencies. Therefore, some
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differences between the theoretical and experimental re-
sults exist ag shown in Fig. 31.

6. Conclusions

To resolve the problem of the asymmetry in previous six-
legged microrobots, we proposed a new type of underwater
microrobot with eight IPMC actuators distributed sym- -
metrically around the microrobot’s centre of symmetry. We
evaluated the walking, rotating, and floating mechanisins
of this proposed robot. We also constructed a prototype of
the eight-legged microrobot and conducted experiments to
measure its walking speed and angular velocity with and
without payloads. Its walking and rotating speeds were

. faster than those of the previous six-legged version. We

also made the microrohot dive and surface by electrolysing
the water around the IPMC surface. Controlling the clec-
trolysis process and thus the buoyancy of the microrobot
was difficult, so the vertical motion of the device could not
be controlled very well.

To create a compact structure with efficient locomotion
characteristics, we proposed a jellyfish-type microrobot to
imitate the way a jellyfish moves up or down in water. We
evaluated the characteristics of three types of microrobot
bodies experimentally. We chose the two-ring type and
calculated its theoretical floating speed. We then analysed
the walking mechanism of the jellyfish-type microrobot
and calculated its theoretical walking speed. Finally, we
developed a prototype of the jellyfish-type microrobot and
measured its actual floating and walking speeds. The
floating motion of the last prototype was superior to the
previous model.
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