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Underwater microrobots are in urgent demand for applications such as pollution detection and video
mapping in limited space. Compact structure, multi-functionality, and flexibility are normally considered
incompatible characteristics for underwater microrobots. Nevertheless, to accomplish our objectives,
we designed a novel inchworm-inspired biomimetic locomotion prototype with ionic polymer metal
composite (IPMC) actuators, and conducted experiments to evaluate its crawling speed on a flat
underwater surface. Based on this type of biomimetic locomotion, we introduced a new type of
underwater microrobot, using ten IPMC actuators as legs or fingers to implement walking, rotating,
floating, and grasping motions. We analysed the walking mechanism of the microrobot and calculated
its theoretical walking speed. We then constructed a prototype of the microrobot, and carried out a
series of experiments to evaluate its walking and floating speeds. Diving/surfacing experiments were
also performed by electrolysing the water around the surfaces of the actuators. The microrobot used
six of its actuators to grasp small objects while walking or floating. To implement closed-loop control,
we employed three proximity sensors on the microrobot to detect an object or avoid an obstacle while

walking.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

The development of microrobots has proceeded rapidly. They
are widely used in underwater monitoring operations, including
pollution detection, video mapping, and exploration of unstruc-
tured underwater environments. However, the electromagnetic
structure of traditional motors is difficult to miniaturize. Thus, mo-
tors are rarely found in this type of application [1,2], and special
actuator materials are used instead. A variety of smart materials,
such as ionic polymer metal composite (IPMC), piezoelectric ele-
ments, pneumatic actuators, and shape memory alloy (SMA), have
been investigated for use as artificial muscles in new types of mi-
crorobot [3-5].

Kim et al. proposed an earthworm-like microrobot using
SMA actuators [6]. An SMA-based hexapod biomimetic robot
was reported [7]. Hadi et al. developed another SMA-actuated
robotic module [8]. Shahinpoor et al. employed IPMC as actuators
to fabricate a four-finger gripper [9]. With IPMC used as an
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actuator, Yeom et al. designed a biomimetic jellyfish, which can
be activated to mimic real locomotive behaviour with pulse and
recovery processes [ 10]. Zhang et al. developed a new type of fish-
like microrobot with swimming, walking, and floating motions,
which was actuated by ionic conducting polymer film (ICPF)
actuators [11]. Also, Hao et al. designed a miniature fish-like
robot, which can be controlled by an infrared remote controller
[12].

Although many biomimetic microrobots actuated by smart
actuators have been developed in recent years, it is still difficult
to develop a microrobot with compact structure, flexibility, and
multi-functions, because these characteristics conflict with each
other. For this reason, most microrobots lose a compact structure,
as they use biomimetic multi-joint legs to improve their flexibility
and obtain multi-functions, while some other microrobots give up
the flexibility and multi-functions in pursuit of miniaturization.

In this research, IPMC is used as actuator material to develop
a microrobot with a compact structure, multi-functionality, and
flexibility. The actuation characteristics of IPMC, including a
suitable response time, high bending deformation, and long
life, show significant potential for the propulsion of underwater
microrobots [13-17]. IPMC actuators can be used as artificial
muscles to propel robots backwards and forwards, they are mainly
used as oscillating or undulating fins for swimming microrobots
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when fast response is required [4,5,11,12,18-21]. However, the
swimming motion cannot ensure the position precision for
the robot. The fish-like robots cannot implement a backward
swimming motion, which is essential in limited space. Also,
the fish-like propulsion mechanisms just mimic the undulating
and oscillatory body/fin motions. It is hard to implement some
simple underwater tasks without hands or fingers. So, besides
the swimming, some other biomimetic locomotions are required
for the microrobot with compact structure, multi-functions, and
flexibility.

Nature is the best model for a robot [22]. Creatures give us
an abundance of structures for the biomimetic robot design. We
have developed several microrobots that employ biomimetic lo-
comotion to implement walking, rotating, floating, and swimming
motions. Inspired by the stick insect, an eight-legged microrobot
with eight IPMC actuators distributed symmetrically around the
microrobot’s symmetry centre was developed, which could im-
plement walking, rotating, and floating motions [23]. To improve
the floating motion of the stick insect-inspired eight-legged mi-
crorobots, a jellyfish-type underwater microrobot with four IPMC
legs was developed, which could implement walking and float-
ing/diving motions [24]. The floating motion could be controlled
freely by changing the input voltage and frequency. But its flex-
ibility and floating efficiency were not so good. To improve the
floating motion and implement fast swimming motion, a jellyfish-
and butterfly-inspired underwater microrobot was developed and
evaluated [25]. Its body was redesigned as a triangular prism to
achieve maximum volume change and a higher floating speed was
obtained. However, each of these units implemented only some of
these motions. They were unable to carry out simple tasks such as
grasping and carrying objects to a desired position, detecting an
object, or avoiding an obstacle. With the aim of creating a com-
pact structure with efficient and precise locomotion and multi-
functionality, we developed a new inchworm-inspired microrobot
with ten IPMC actuators used as legs or fingers. This unit em-
ployed four of its actuators to walk, rotate, and float. The other
six actuators were utilised to implement grasping. Also, the mi-
crorobot could detect the direction and distance of an object, and
avoid an obstacle while walking, using three short-range proximity
Sensors.

In the fundamental research of bio-inspired robots, the devel-
oped prototype microrobot shows the feasibility and availability of
the proposed biomimetic locomotions, which can guide us in mi-
crorobot design. The developed underwater microrobot is driven
by a low voltage, which is safe and economical, so it can be used
for the amusement application, such as toys or used in the aquar-
ium. With the compact structure, efficient and precise locomotion
and multi-functionality, it can also be used for underwater explo-
ration in limited underwater environments in the future. In addi-
tion, it shows significant potential for monitoring ocean currents
and chemical agents, and studying animal migration, depth mea-
surements and military functions.

The remainder of this paper is divided into five parts. First, we
describe the design of an inchworm-inspired biomimetic crawl-
ing structure with one DOF, including its walking mechanism,
prototype development, and crawling experiments on an under-
water plastic surface. Second, we present the design of an im-
proved crawling structure with two DOFs, including the results of
crawling and rotating experiments. Third, we introduce a new type
of microrobot with compact structure and multi-functional loco-
motion, analyse the walking mechanism, and calculate its theoret-
ical walking speed. Also, we describe object detection and obstacle
avoidance while walking, using three proximity sensors installed
in the front part of the microrobot. Fourth, we discuss the develop-
ment of a prototype of this underwater microrobot, together with
a series of experiments to evaluate its walking and floating speeds

on a flat underwater surface. Diving/surfacing, grasping and obsta-
cle avoidance experiments are also included. Finally, we present
our conclusions.

2. Proposed underwater microrobot with one DOF

2.1. Biomimetic locomotion

Inchworms have smooth, hairless bodies, usually about 25 mm
long. Also known as measuring worms, spanworms, or loopers,
they lack appendages in their midsections, causing them to have
a characteristic looping gait. They have three pairs of true legs at
the front end, like other caterpillars, but only two or three pairs
of prolegs (larval abdominal appendages) at the rear end [26].
As Fig. 1 indicates, an inchworm moves by drawing its hind end
forward while holding on with the front legs, then advancing its
front section while holding on with the prolegs.

2.2. Proposed 1-DOF underwater peristaltic structure

Normally, compact structure is a key point in microrobot
design. An inchworm-inspired biomimetic locomotion prototype
with an IPMC actuator was introduced to implement fast creeping.
The design was based on a 1-DOF leg. The structure of the proposed
robot is shown in Fig. 2. This robot could only implement crawling
motion. The locomotion was accomplished with two components:
an actuator and a PET film. The IPMC actuator was 11 mm long,
2 mm wide, and 0.2 mm thick. The ionic polymer metal composite
consisted of Au plated on a Nafion™ film.

2.3. Mechanism of peristaltic motion

Fig. 3 shows a one-step cycle of forward crawling. In one
step, the microrobot could move a distance d. The crawling speed
could be determined by the displacement of the actuator and the
frequency of the control signal. We denoted the displacement
of the actuator without a payload by dy, and assumed that the
microrobot could move forward with a displacement of d in one
step.

2.4. Crawling experiment

The prototype of the 1-DOF crawling structure is shown in
Fig. 4. The crawling experiment was carried out on an underwater
plastic surface. We applied different voltages and frequencies, and
recorded the times required to cover a distance of 50 mm. The
experiment was repeated 10 times for every set of control signals
to determine the average speed on an underwater plastic surface.
The tip displacement of the IPMC decreased as the input frequency
increased. Therefore, the microrobot had a maximum walking
speed. The experimental results of Fig. 5 indicate that the walking
speed was nearly proportional to the input voltage; a maximum
speed of 1.41 mm/s was obtained with a control signal of 12 V and
17 Hz.

3. Proposed underwater microrobot with two DOFs

3.1. Proposed 2-DOF underwater crawling structure

The 1-DOF crawling structure was used to implement the
characteristic of compactness. Accordingly, we next focused
our attention on multi-functionality and flexible locomotion. To
implement rotational motion, we improved the 1-DOF crawling
structure by using two legs. The resulting structure is shown in
Fig. 6. It was 11 mm long, 15 mm wide, and 11 mm high. This
microrobot was designed to implement both crawling and rotating
motions.
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Fig. 1. Photograph of a living inchworm [27].
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Fig. 2. Proposed 1-DOF crawling structure.
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Fig. 3. One-step cycle of crawling motion.
3.2. Rotating experiment

Using its crawling locomotion, the microrobot could implement
a rotating motion in either the clockwise or counter-clockwise
direction by moving one side forward while holding the other side
still. The speed of the rotating motion could be determined by
the rotational angle covered in a single cycle and the frequency
of the step. The rotating experiment was carried out on the
same underwater plastic surface. Here, we simply measured the
crawling speed of the moving leg. The experimental results are
shown in Fig. 7.

Body

Driver:
IPMC Actuator

3

Fig. 4. Prototype of the 1-DOF crawling structure.
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Fig. 5. Experimental speeds measured during crawling motion (1-DOF).
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Fig. 7. Experimental speeds measured during rotating motion (2-DOF).

4. Proposed multi-functional underwater microrobot

4.1. Proposed underwater microrobot structure

Based on the validity of inchworm-inspired biomimetic loco-
motion, we introduced a new type of underwater microrobot,
using IPMC actuators as legs or fingers that could implement walk-
ing, rotating, floating, and grasping motions. The structure of the
proposed biomimetic microrobot is shown in Fig. 8. It was 33 mm
long, 14 mm wide, and 14 mm high. The ten IPMC actuators were
designated A through J; the sequence of ten legs is shown in Fig. 9.
Legs A, B, C, and D were used to realise both walking motion in the
longitudinal direction and floating motion. The other six actuators
were used either as legs to realise walking motion in the transverse
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Fig. 8. Proposed biomimetic microrobot.

direction, or as fingers to realise grasping motion. Each of the ac-
tuators was 12 mm long, 3 mm wide, and 0.2 mm thick.

4.2. Mechanism of the walking motion

Fig. 10 shows the walking mechanism with one DOF. The two
legs had the same oscillating frequency. One leg was called the
leading leg, and the other was called the following leg. When the
robot walked forward, the phase of the leading leg was 90° behind
that of the following leg. Every step cycle of the walking motion
could be divided into four periods. The microrobot could move a
distance of 2d during a single step cycle.

Based on this walking mechanism, our microrobot could
realise a walking motion in both the longitudinal and transverse
directions, as shown in Fig. 9. When A and C were used as following
legs and B and D were used as leading legs, the robot walked in the
longitudinal direction. During this motion, the phase of legs B and
D lagged that of legs A and C by 90°. When H, I, and ] were used as
leading legs and E, F, and G were used as following legs, the robot
walked in the transverse direction. In this case, the phase of legs H,
I, and J lagged that of legs E, F, and G by 90°.

The speed of the walking motion could be determined by the
displacement of the drivers and the input frequency. We denoted
the displacement of the actuator without payload by dg, while the
displacement of the actuator in an actual application was denoted
by d. Because of the payload, water resistance, and other factors,
the displacement of the drivers decreased by a non-negligible
amount Ad. Thus, the relationship between dy and d could be
expressed as Eq. (1), and the walking speed could be expressed as
Eq. (2), where v is the average speed and f is the frequency of the
input signal:

d=dy— Ad (1
v=2(dy — Ad)f. (2)

4.3. Equivalent cantilever beam modelling

The IPMC beam actuator could be modelled as a supported
cantilever beam, as shown in Fig. 11. When the microrobot was
crawling, the forces applied to one leg are shown in Fig. 12, where
q is the surface tension of the IPMC actuator and F is the resultant
force of friction and water resistance on one leg [28,29].

According to cantilever beam theory, the relationship between
the deformation curvature 1/p(x) and the mechanical moment M
is given by Eq. (3):

1 Mw
p(x)  EH

(3)
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Fig. 9. Sequence of ten legs.
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Fig. 10. Microrobot crawling mechanism.

where E is the elastic modulus for IPMC under hydrated conditions
and I is the moment of inertia of the equivalent cantilever beam.
The mechanical moment M due to IPMC bending is a function of
the applied forces [24].

Using the curvature equation of the deflection curve, we obtain

Eq. (4):

dz—'zu M(x)
dx
= - (4)
w 3/2 El
[1+ (%]

For a small deflection of the IPMC actuator, Eq. (4) can be simplified
and approximated as Eq. (5):

Pw  ME
S EH ®)

The tip displacement generated by the surface tension g on one side
of the IPMC is denoted by wg. Hence, the tip displacement without
payload dy = wjy can be calculated from Eq. (6):

qu ) 5 ql4
do_wq_24( 4lx + 6l +x)_8EI. (6)
The tip displacement generated by the resultant force F on one side
is denoted by wg. Thus, the decrease in the displacement Ad = wg
can be calculated using Eq. (7). As a result, the actual deflection d

can be obtained from Eq. (8):

6El  2EI 3EI
d=d0—Ad=wq—wF=do—E. (8)
3EI

In order to calculate W, the IPMC bending stiffness EI can be
obtained from experimental results and the following relationship:
b-h3

I .
12

(9)
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Fig. 11. Equivalent cantilever beam for an IPMC actuator [24].

Fig. 12. Forces and deflection of an IPMC actuator in the w direction [24].

The measured value of the elastic modulus E for IPMC under
hydrated conditions is about 83 MPa [28]. For cross-sectional
dimensions of 0.2 mm x 3 mm, the moment of inertia of IPMC
is about 2.0 mm* x 10~ mm®*. The bending stiffness is then
166.0 mN - mm?. For one leg, the force F is frictional, and is given
by Eq. (10).

F = usN (10)

where N is the positive pressure between the leg and the bottom
of the water tank, and ju is the coefficient of static friction. Based
on the material properties of IPMC and the hard steel bottom, we
set us = 0.30 in our experiments. Since the microrobot had a
weight of 1.419 g in air and a volume of 0.76 cm?, its weight in
water was 0.659 g, and for one leg, N = 0.659 g/4 = 0.165 g.
Hence, the force F on one leg was 0.484 mN. Since the leg length
| = 12 mm, the force F = 0.484 mN, and the bending stiffness of
the leg EI = 166.0 mN - mm?, the decrease in the displacement Ad
of the IPMC drivers was 1.68 mm.

We measured the displacement of a single IPMC actuator by
applying different signals to simulate the theoretical crawling
speed of the microrobot in a water tank. The actuator was
12 mm long, 3 mm wide, and 0.2 mm thick. Fig. 13 shows the
experimental tip displacements dy of the actuator, recorded at
different frequencies and a voltage of 6 V. These results show
that the tip displacement decreased as the frequency increased.
Therefore, the microrobot had a maximum walking speed. The
theoretical walking speed could be calculated using Eq. (2). The
simulated results are shown in Fig. 14.

4.4. Mechanism of the rotating motion

Based on the walking mechanism, when A and D were used as
following legs and B and C were used as leading legs, one side of the
microrobot moved forward and the other side moved backward.
As a result, the robot could rotate clockwise. When B and C were
used as following legs and A and D were used as leading legs, the
microrobot could realise counter-clockwise rotating motion. The
speed of the rotating motion could be determined by the rotational
angle covered in a single cycle and the frequency of the step.

4 m
-~

35

,

25 \

Tip displacements of IPMC actuator (mm)

0 1 2 3 4 5
Frequency (Hz)

Fig. 13. Tip displacement (dy) of the IPMC actuator (6 V).

s 8 \
oo N\
] BN

Theoretical Walking Speed (mm/s)

Frequency (Hz)

Fig. 14. Theoretical walking speed of the microrobot (6 V).

Table 1

Control strategies for crawling locomotion.
Motions Following legs Leading legs
Crawling in the longitudinal direction A C B,D
Crawling in the transverse direction E,F,G H L]
Clockwise rotation AD B, C
Counter-clockwise rotation B,C A,D

A,B,C D,E,F, G, H,I and ] indicate the legs (see Fig. 9).

Note that we did not use legs E, F, G, H, I, and ] to realise rotating
motion, since these six actuators were mainly used as fingers for
grasping small objects. E, F, and G were designated as one group,
and H, I, and ] as another group. The actuators in a group were
driven by a single control signal. The control strategies for the
crawling and rotating motions are listed in Table 1.

4.5. Mechanism of the floating motion

We electrolysed the water around the surfaces of the IPMC
actuators by decreasing the frequency of the applied voltage to
0.3 Hz. The buoyancy of the microrobot could be controlled by
the resulting change in volume, making it float upward, remain
statically buoyant, or sink downward. We used legs A, B, C,and D to
electrolyse the water and realise the floating motion. Table 2 lists
the control strategies for the floating motion.

4.6. Mechanism of the grasping motion

Legs E through ] could be used as fingers to grasp small
objects and carry them to a desired location. First, the microrobot
positioned itself over the object using legs A through D. Next, leg
pairs E-H, F-1, and G-] bent toward each other. The object was then
grasped by these six fingers. Finally, while carrying the object, the
robot could walk to a desired location or float upward from the
bottom of the water tank using legs A, B, C, and D.
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Table 2

Control strategies for floating locomotion. Battery
Conditions Floating motions
pg(V + AV) < mg Sinking downward Proximity
0g(V + AV) =mg Suspended sensors
pg(V + AV) > mg Floating upward

AVR
atmagalé
Amplifier

circuit

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

[avR | control Circuit {PMC Actuators [{Robot Motions

AD conversion
circuit

AD Conversion Circuit I‘—'Prommity Sensors

Fig. 15. Control system for the microrobot.
Fig. 16. Prototype control system.

4.7. Control system

4.7.1. Control circuit

In previous research, underwater microrobots simply realised
walking, rotating, swimming, or floating motions. However, most
of them were driven with an open-loop control [29-32]. For
improved motion stability and precision, our robot used three
proximity sensors to detect and avoid an obstacle while walking,
as shown in Fig. 15. Fig. 16 shows the prototype control system for
the microrobot. We used the AVR atmega16 as the control centre,
and an electric relay as a circuit changer to vary the input voltages
of the ten IPMC actuators. The control signals of the IPMC actuators
were all square waves, which could drive the IPMC actuators more
efficiently. To accommodate the small size of the microrobot, the
proximity sensors must be small and light; as Fig. 17 shows, the Fig. 17. Proximity sensor.
proximity sensors used in the present research were 8 mm long
and 5 mm wide, with a weight of 0.5 g. The distance measurement

range for one sensor was from 0 to 60 mm, and the output voltage 25
ranged from 150 mV to the power voltage.

To determine the available distance between the sensor and 2
an obstacle, we calibrated the proximity sensors in air and in {\
water. The calibration results for one proximity sensor are shown

sensor and the obstacle changed from 60 to 25 mm, the output
voltage increased slowly from 0 to 0.2 V. When the distance was !
less than 25 mm, the output voltage began to increase rapidly. [ \\
Hence, we set 25 mm as the effective range of a proximity sensor. 05
When the output voltage of a sensor was higher than 0.2 V, we 02V ’ —\\’N&
assumed that the sensor had detected an obstacle. 0 . . . . . X : ! H
The angle measurement range for one proximity sensor was 0 5 10 15 20 B 30 3B 40 45 N 5 6
from —30° to 30°. Thus, we used three proximity sensors to scan Displacement ()
the entire front side of the microrobot. The arrangement of the
three proximity sensors is shown in Fig. 19. According to the values
received from the three sensors, the microrobot was able to judge
the direction and distance of an obstacle, and altered its motion
accordingly [3,33].

£1s
in Fig. 18. As the figure indicates, when the distance between the T / \
£
S
=

Fig. 18. Calibration results for one proximity sensor.

4.7.2. Flow chart of the obstacle avoidance program

A flow chart of the obstacle avoidance program is shown in
Fig. 20. In the main function, we initialised the states of Port A,
Port B, and the UART. In the circle program, the AVR sent the ‘:‘?
order codes to the AD conversion circuit. The output voltages of the Longitudinal
three proximity sensors were converted to digital values between direction
0 and 255. According to the order codes, the AD conversion circuit
returned these digital values to the AVR [19,34,35]. At a distance
of 25 mm, the output voltage for one sensor was 0.2 V, and the
digital value at this judgment point was calculated as 20. When
one of the values from the AD conversion circuit was larger than
20, we assumed that this sensor had detected an obstacle. The Fig. 19. Arrangement of the three proximity sensors.
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Fig. 21. Prototype of the ten-legged microrobot.

direction and distance of an obstacle could be determined based on
the output of the three sensors. The microrobot could then change
its motion, either by walking backward, or rotating clockwise or
counter-clockwise.

5. Microrobot prototype and experiments

5.1. Prototype of the ten-legged microrobot

The prototype microrobot is shown in Fig. 21. It had ten
actuators attached to a film body with wooden clips. The control
signals were transmitted by enamel-covered wires. The guide
wires were 600 mm long, and the copper conductor was 0.03 mm

1
—— 3V
0.9 —=— 6V
0.8 oy

0.7 e
/I
o &
" \
N/ \ 5

\

] 05 1 15 2 25 3 35 4
Frequency (Hz)

Walking Speed (mm/s)

Fig. 22. Experimental walking speed results in air.

in diameter. The wires were soft enough for the resistance to be
ignored. The IPMC legs had spikes to prevent them from sliding.

5.2. Walking experiment in air

Legs E, F, G, H, ], and ] were used to implement walking motion
in the transverse direction, while legs A, B, C, and D were used
to implement walking motion in the longitudinal direction. Since
both walking motions had the same driving principle, we chose the
longitudinal direction as a sample to estimate the walking speed
of the robot. To evaluate walking locomotion in the longitudinal
direction, we first conducted an experiment in air. We recorded the
times required to walk a distance of 50 mm, using different applied
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Fig. 23. Experimental walking speed results on the flat underwater surface.
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signal voltages and frequencies. The experiment was repeated 10
times for every set of control signals to determine the average
speed in air. The experimental results for the longitudinal direction
are shown in Fig. 22. We can see that: (1) in air, the walking speed
increased with the input voltage; (2) at 9 V, a maximum speed of
0.98 mm/s was attained at 1.25 Hz; (3) at 6 V, a maximum speed of
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Fig. 26. Experimental floating speed results without payloads (6 V).

0.76 mm/s was attained at 1 Hz; and (4) at 3 V, a maximum speed
of 0.46 mm/s was attained at 0.75 Hz. When the frequency was
higher than 3.25 Hz, the walking speed approached 0.

5.3. Walking experiment on a flat underwater surface

A walking experiment was also carried out on a flat underwater
surface. For comparison with the results of the previous experi-
ment, here we also chose the longitudinal direction as the sample
to estimate the walking speed of the robot. Using different applied
signal voltages and frequencies, we recorded the times required
to walk a distance of 50 mm. This experiment was also repeated
10 times for every set of control signals to determine the average
speed. We then calculated the average walking speeds on the flat
underwater surface. The experimental results for the longitudinal
direction are shown in Fig. 23. We can see that: (1) in water, the
walking speed increased with the voltage; (2) at 9 V, a maximum
speed of 1.54 mm/s was attained at 1 Hz; (3) at 6 V, a maximum
speed of 1.25 mm/s was attained at 1 Hz; and (4) at 3 V, a maxi-
mum speed of 0.71 mm/s was attained at 0.75 Hz. When the fre-
quency was higher than 4.5 Hz, the walking speed approached 0.
Owing to the buoyancy of water, the decrease in the displacement
Ad of the drivers was less than the decrease recorded in air. As are-
sult, the walking speeds were higher in water than in air. The speed

(b) Floating motion.

Fig. 25. Floating experiment.
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(a) Initial position. (b) Walking motion.

(c) Grasping motion.

(d) Floating motion.

Fig. 27. Grasping and floating experiment.

curves obtained in air and on the flat underwater surface were co-
incident in trend.

The displacement of the IPMC actuators would be smaller in
actual applications due to loading, slippage, and the short response
time at high frequencies. Therefore, although the experimental
results fit the theoretical results very well, some differences still
exist, as indicated in Fig. 24.

5.4. Floating experiment without payloads

Legs A, B, C, and D were used to realise floating locomotion. In
the experiment, we varied the frequency from 0 to 0.45 Hz for an
applied voltage of 6 V. The water around the IPMC surfaces was
then electrolysed. If the voltage was cut off while the microrobot
was floating upward, the upward motion gradually ceased and
the robot started to sink. Fig. 25 shows the floating motion.
The experimental floating speeds without payloads are shown in
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Fig. 28. Experimental floating speed results with payloads (6 V).
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(a) Initial state. (b) Walking motion.

o

(c) Detected the obstacle. (d) Rotating motion.

(g) Walking motion. (h) Final position.

Fig. 29. Obstacle avoidance experiment.
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Fig. 26 for an input voltage of 6 V. From 0 to 0.1 Hz, the floating
speed varied slightly in the vicinity of 6.6 mm/s. The maximum
floating speed approached 6.8 mm/s at 0 Hz. When the frequency
was higher than 0.1 Hz, the floating speed began to decrease.
When the frequency was higher than 0.4 Hz, the microrobot was
no longer able to float upward. At a frequency of 0 Hz, the IPMC
actuator could be permanently deformed. Hence, we did not use a
DC signal to electrolyse the water and realise floating motion.

5.5. Grasping and floating experiments with payloads

Legs E, F, G, H, I, and ] could be used as fingers to grasp small
objects. Fig. 27 shows the walking, grasping, and floating motions
of the microrobot. First, the microrobot walked toward the object
using legs A, B, C, and D. Second, leg pairs E-H, F-I, and G-] were
bent toward each other, and the object was grasped by the six
fingers. Third, the control signals of legs A, B, C, and D were changed
to 0.05 Hz to electrolyse the water around the IPMC surfaces, and
the microrobot began to float while grasping the object. In order
to evaluate its floating ability, we placed payloads on the robot
while it was floating. The experimental conditions were the same
as those of the experiments without payloads. The experimental
floating speeds with payloads are shown in Fig. 28. The maximum
speed while grasping a 0.1 g object approached 5.5 mm/s. The
maximum payload with which the robot was able to float upward
was 0.3 g. All curves decreased when the frequency was higher
than 0.1 Hz.

5.6. Obstacle avoidance experiment

We carried out the obstacle avoidance experiment on a flat
underwater surface. Fig. 29 shows the walking, detecting, and
rotating motions of the microrobot. First, the microrobot walked
toward the obstacle using legs A, B, C, and D with a frequency of
1 Hz, and an input voltage of 6 V. When the distance between
the microrobot and the obstacle decreased to about 20 mm, three
proximity sensors detected the obstacle, as shown in Fig. 29(c).
Then the microrobot stopped and rotated clockwise with a
frequency of 0.5 Hz, as shown in Fig. 29(d). When the microrobot
was rotating clockwise, the right sensor could not detect the
obstacle first, then the middle sensor could not detect it, and the
last one was the left sensor, as shown in Fig. 29(e) and (f). At
this time the microrobot stopped rotating and walked forward, as
shown in Fig. 29(g) and (h). Some air bubbles were generated while
rotating and walking with a frequency of 0.5 Hz.

6. Conclusions

A new underwater microrobot was introduced with a compact,
multi-functional, and flexible structure obtained using ten IPMC
actuators as biomimetic legs or fingers. Four actuators were used
as legs to implement walking, rotating, and floating motions. The
other six actuators were used as fingers to grasp small objects. We
analysed the walking mechanism of the robot and modelled the
IPMC actuator as a supported cantilever beam. We also analysed
the forces applied to one leg and calculated the theoretical walking
speed. We then developed a prototype of the microrobot, carried
out experiments, and measured the walking speed on a flat under-
water surface. The experimental results fit the theoretical results
very well. Diving/surfacing experiments were also conducted by
electrolysing the water around the actuator surfaces. The micro-
robot was able to grasp small objects while walking or floating, its
most important function. Finally, the microrobot used three prox-
imity sensors to detect the direction and distance of an obstacle,
and avoided the obstacle to realise closed-loop control.
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