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Development of ICPF Actuated Underwater Microrobots
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Abstract: It is our target to develop underwater micrerobots for medical and industrial applications. This kind of
underwater microrobots should have the characteristics of flexibility, good response and safety. Its structure should be
simple and it can be driven by low voltage and produces no pollution or noise. The low actuating voltage and quick bending
respdnses of Tonic Conducting Polymer Film (ICPF) are considered very nseful and atiractive for constructing various types
of actuators and sensors. In'this paper, we will first study the characteristice of the ICPF actuator used in underwater
microrcbot to realize swimming and walking. Then, we propose a new prototype model of underwater swimming micrarobot
utilizing only one piece of ICPF as the servo actuator. Through theoretic analysis, the motion mechanism of the microrohot
is illustrated. [t can swim forward and vertically. The relationships between moving speed and signal voltage amplitude and
signal frequency is obtained after experimental study. Lastly, we present a novel underwater crab-like walking micrarobot

named cgabliker-1. It has eight legs, and each leg is made u

p of two pieces of ICPF. Three sample processes of the octopod

gait are proposed with a new analyzing method. The experimental results indicate that the crab-like underwater microrobot
can perform transverse and rotation movement when the legs of the crab collaborate. :

. Keywords: Underwater microrobot, Ionic Clonducting Polymer Film (JCPE) actuator, motion mechaﬁism, gait.

1 Introduction

Ton-based Ionic Conducting Polymer Films (ICPF),
mostly belonging to the electro active polymers cate-
gories, have been investigated by researchers as possible
materials for artificial muscles and MEMS actuators re-
cently. The novel ICPF is becoming one of the most
exciting ‘ongoing research areas in Bio-MEMS, which
paves the way to a great variety of bicmimetic ap-
proaches for underwater microrobot design. The ICPE
" actuator consists of a perfluoro sulfonic acid membrane
with chemically plated gold or platinum as electrodes
on both sides. Tt bends by applying a low voltage be-
tween the electrodes. The actuator is soft and works in
water and has a long life. It can respond quickly and
bend silenily. In particular, if the interstitial space of
polyelectrolyte network is filled with liquid containing
ions, then the electrophoresis migration of such ions
inside the structure can also cause the macromolecular
network to deform due to an imposed electric fieldll,
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Actually the invention of underwater microrobot is
expected to become increasingly popular in the applica-
tions of industrial, medical and military purposes. For
example, maritime countries are gazing at underwater
resotrce exploitation and water area domination. They
pay attention to ocean environment research, ocean re-
source exploration, efc. Departments of both ocean
exploitation and navy need underwater microrobot to
carry out, the work of underwater detection and explo-
ration. Traditional underwater driving device adopts
mode of screw propeller (2 which has many defects, such
as low efficiency of power, large size of structure and
increase of more additional weight, high level of noise,
low reliability and bad performance during start-up
and acceleration. While the underwater microrobots
including swimming microrobots and walking micro-
robots, which have been developed using biomimetic
actuator, have many characteristics, such as maneuver-

~ability, efficiency, informatization, intellectualize and

so on. For an industrial application, this kind of un-
derwater microrobots can also be used in maintaining
factory pipelines which are better than normal tools.

Theoretically, a microrobot using ICPF actuators

‘has several advantages over other microrobots us-
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ing SMA, GMA, PZT and other kinds of biomimetic
actuator™*~7. One of them is the great possibility to
work in & very small.and dangerous spacel®®%, An-
other is that the microrobat can be actuated with low
power voltage. Moreover, it has many other advan-
tages such as light weight, small structure, good input
response, high security!®'%], high efficiency of power
transition’®~12 Tittle noise; fully energy utilization
of surrounding medium, ete. Recently, many kinds of
underwater microrobots have been developed for var-
ious purposes by using ICPF as the actuators!> 3l
Biomimetic fish-like propulsion using double ICPF
actuator as a propulsion tail fin for an underwater
microrobot swimming structure in water or agueous
medium was developed™. A type of micro biped robot
with both walking and swimming motions has been
researched*® | which proved the swimming and floating
possibility of the microrobot in water. A novel type of
underwater microrobot utilizing just two segments of
ICPF actuators shows that its crawling method has a
good performance on rough surfacel*sl. ICPF actuator
is also used for biped walking underwater robot and
multi-DOF manipulatorl*”18). Inspired by walruses, a
kind of walking microrobot using ICPF actuators has
been designed and the speed of the microrobot has been
measured with two methods!*®.

In this paper, we will firstly analyze the kinemat-
ics of IOPF actuator and then intreduce a new kind of

centimeter-sized underwater microrobot which can do’

forward, upward and downward movement freely like
a shrimp by using only one piece of ICPF as the ac-
tuator. Lastly, we will introduce a crab-like walking
underwater microrobot which has eight legs with alto~
gether sixteen pieces of ICPF as the actuators. The
experimental results indicate that the ICPF actuated
microrobot can move as expected.

2 Kinematics analysis of ICPF actuator

As mentioned in the above section, ICPF would be
useful as actuators to drive microrobot, one of our on-
going researches is to investigate the characteristics of
ICPF actuator from the experiment. '

2.1 Bending principle of ICPF actuator

The ICPF actuator is made of the film of perfluoro
sulfonic acid polymer chemically plated on both of its
sides with platinum {one side is 0.003 mm in thickness)
ag shown in Fig. 1. Tt is a kind of ion exchange film and
can only work under water or in wet condition[*'%]. Be-

cause the microcosmic structure of ICPF is ionization,

in case it is affected by electric field, the ion included in
the two sides of the polymer molecule chain will move

to the cathode. At the same time, each ion could allure

some water moleeules to move together to the cath-
ode. Consequently, it causes the cathode of ICPF to
expand and the anode to shrink so that the bend of
ICPF is formed™#2%. The bending principle of ICPF
is shown in Fig.2. When adding an alternating volt-
age signal, the film would bend alternately. The bend -
displacement is decided by the voltage amplitude and
frequency of the Input signal. The other feature of the
ICPTF actuator is that when the frequency of the ap-
plied voltage signal is lower than 0.3 Hz, water around
the ICPF surface is electrolyzed™®. It is possible for
us to control the ICPF actuator by applying proper
electrical voltage on the ICPF. '

Platinum  Tons . Water  Polymer

Fig.1 Structure of ICPF actuator

Electrode

Fig. 2 Bending Principle of ICPF actuator

2.2  Analysis of the ICPF actuator

In order to study the kinematics characteristics
of ICPF actuator, we set up experimental system as
shown in Fig.3. The size of the ICPF actuator is 15
mm ju length, 5 mm in width and 0.15 g in weight.
The input signal of the microrobot is produced by the
computer and transformed to analog signal by D/A
transformer (PIO-DA16). After that, the amplitude
of the signal is magnified by going through the ampli-
fier. A laser displacement sensor is used to measure the
bending displacement dl*1.

In the experiment, at first, we measure the bending
displacement d of a piece of [CPF actuator by using the
laser displacement sensor. Next, we will calculate the
radius of curvature p of ICPF as shown in Fig.4. One

_can compute p based on the displacement measurement

d by using geometric theory:

(- +hy=p" 1)
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2, 52
o —d)

where dq is the vertical distance from the laser sensor to
the fixed end of ICPF and hyg is the horizontal distance
from the laser sensor to the fixed end of TCPFI. L is
the length of the ICPF actuator excluding the length
of joints. From the above analysis, we know that the
coordinates of the terminal point are influenced by the
parameters p which can be calculated by (2).

T
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" Fig.3 Experimental system for displacement
* measurement of ICPF
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Fig. 4 Caleulation of the radius of bending curvature p
based on the parameter d when the ICPT is swinging . down

The referenced frame is determined at the moment
the ICPF - actuator swings down, as shown in Fig. 4.
Tn this figure, we define the point of Py as the termi-
nal of the ICPF actuator, and define the point of Py
as the point checked by the laser displacement sensor.
Neglecting the influence of the joints, the analysis can
precisely show the coordinates of Py, which is the ter-
minal of the ICPT actuator. The coordinates of Foy

can be calculated as follows:.
. . L
Xo1 = pxsin{fy +0z) = p x sin (;) (3)
- L
Yo =do—p+pxcos (;) @

As shown in Fig. 5, the referenced frame is deter-
mined at the moment the ICPF actuator swings up.
We also define the point of P as the terminal of
the ICPF actuator, and define the point of P2 as the
point checked by the laser displacement sensor when

“the ICPF actuator is swinging up. Then, the coordi-

nates of the point of Py can be calculated as follows:

‘ ‘L
ng =p><sin (E) (5)
Yoy = p+do— p x cos (;) (6)

San

> 7 Poa[¥2,15]

Pz R, d]

Py [0, 0]

dy ‘ d

P e L L

[0, 0]

r

Taser sensor

Fig. 5 Calculation of the radius of bending curvature p
based on the parameter d when the ICPF is swinging up

The parameter p is related to the frequency and
amplitude of the applied voltage at time ¢. As shown
in Figs.3~5, the parameter d is measured accurately
by the laser displacement sensor. The diagram of min-
imum bending displacement dumin under different volt-
ages and frequencies is shown in Fig.6 , where dmin
is the distance between the point Py; and the X-axis

" when the ICPF swings down to the lower limit point

and is measured by the laser displacement sensor. The
diagram of maximum bending displacement Qrpax 1UI-
der different voltages and frequencies is shown in Fig. 7,
where dyay is the distance between the point Pip and
the X-axis when the ICPF swings up to the upper limit
point and is measured by the laser displacement sensor. '
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The curve of bending displacement d vs. time under
the control signal (5 V, 1 Hz) is shown in Fig. 8. Ac-
cording to the value of d, we can easily deduce p and
calculate the coordinates of the terminal of the ICPF
actuator Pp by using (1}~(6).
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Fig. 6 Minimum bending displacement dmsa of single
ICPF under different voltages and frequencies
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Fig. 8 Bending displacement d of single ICPF vs. time
under different voltages and frequencies

The above analysis is just based on one piece of
ICPF actuator. However, the kinematics mechanism
analysis of a leg which is made up of double pieces of
ICPF is also necessary. Now suppose that two pleces
of ICPF with the same size are connected fixedly at a
right angle. Fig.9 shows four instances of the swing
mechanism which are swung to different positions.

At the moment of case {2) in Fig. 10, we can deduce

the solution to the coordinates of point P3s from the
following equations:

(L T
X3g =p1 X sin (—) —pa X \/2 — 2 % cos (—) X
’ £1 2
| cos (ﬂ- L + L ) {7
2 1 ng .

L
Ygz‘—‘_’doﬁpl**‘ﬁ']_ X CO8 (p_l) — pPaX

. L . {7 L L '
2—2xcos) —{xsn|—-—-——+—1}
P2/ 2 ;o 2p (8)

where p1 is the radius of curvature of the upper ICPF
actuator, po is the radius of curvature of the lower ICPT
actl_lator'. Actually, we neglect the influence of gravity
of ICPF actuator which can have influence on the cur-
vature of ICPF actuator and position of the terminal.

>0
-/3»/\,

)

Fig.9 Four instances of the swing mechanism

¢ .

Py X3 1]

ICYF (lower exirem ity)
Y

- — %

Pyp[Xap Bl

\

Fig. 10' Calculation on the coordinates of the Psy point at
the moment of case (2)
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3 Underwater swimming microrobot
driven by single ICPF actuator

In this part, a kind of centimeter-sized underwater
swimming microrobot is proposed, which uses only one
piece of ICPF as the actuator. By input of proper con-
trol signals, it can do forward, upward and downward
movement freely like a shrimp. ‘

3.1 Structure of the swimming microrobot

As shown in Fig. 11, the microrobot comprises a
main body, tail fin, flute, and ICPF actuator. The
- outside control signal is provided through the down-
leads. The geometric structure of the microrobot is
shown in Fig. 12. The wooden head of underwater mi-
crorobot with a streamline shape (Part A} is designed
%0 reduce the resistance from water, just like a shrimp
head. There are two electrodes embedded respectively
in the shrimp body. The TCPT tail fin is fixed into the
shrimp body and is taken as the driving device just like
the tail of shrimp. The rearward of the microrobot is
made of plastic and is shaped in flute (Part C) and the
bottom part is ICPF actuator (Part E) witha rearward
tail fin (Part B) to make the impetus more effectively.
The flute is not only used to extrude water by cooper-
ating with the tail fin, but also used to keep the balance

of the microrobot in the water. The specifications of

‘the microrobot are shown in Table 1.

Fig.11 Basic structure of the underwater microrobot
A: Main body, B: Tail fin, C: Flute, D: Down-lead,
E: ICPF

31 mm o 15 mm

g s [
E-I— PR - £
Uz} H 1=
: L 16 mm L 34 mm 4,‘-"

.
Lo 1

i
-

Fig. 12 Geometric structure of the microrobot

Table 1 Specifications of the prototype microrobot
Size 50 mmx13 mmx10 mm

‘Weight 1.9g

Material of body Wood

Material of flute Plastic

Actuator 31 mmx5 mmx0.3 mm ICPF bar

2 V~10 'V AC {(frequency from
0.2 Hz to 2 Hz)

Power supply range

3.2 Principle of swimming and control sig-
nal

The above proposed microrobot can accomplish the
movement of swimming forward, sinking down and
floating upward. The mechanism of motion in water
is introduced as follows:

1) Motion of moving forward:

When applying periodic alternating voltage s1gnal
on the ICPF, it will swing periodically. The fin can
exirude water by cooperating with the plastic flute
and produce driving force on the microrobot. How-
ever, when the tail in bends downwards, there will be a
backward resistance to counteracs the forward motion
of the microrobot. In order to reduce the resistance
brought by the tail fin when swinging downwards and
to obtain a better swimming speed, we must control
the waveform of the input conirol signal according teo
hiomimetic rule, so that the trapezium shaped volt-
age waveform is used as the input signal, a§ shown in
Fig. 13.

&
E—
z
&
E
S
= 1 ]
& ]
L 1 p
o3 H ¥y Time

Fig. 13 Waveform of input voltage to drive forward -

When applying voltage signal range from 2 V to
10 V on the ICPF actuator as shown in Fig. 13, the tail
fin of the microrobot will swing and drive the micro-
robot to move. When the tail fin swings up, it clamps
the flute, thus backward cascade is produced and the
consequent Tetroaction force pushes the microrobot for-
ward. The dynamical mechanism of pushing forward
can be expressed as!'¥

1
Fyg= —§C,ipAVh\Vh[ (9)

where Oy is the drag coeflicient based on wet surface
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area A, pis the density of water, V3, is the relative speed
between the surface of the microrobot and the water.

There are three procedures in a motion period T
of the ICPT shown in Fig. 13: From ¢ to g, the tail
fin swings downwards. The changing process of volt-
age from positive to negative is slow, so that when the
tail fin swings downwards, the counterforce by water
to the tail fin can be greatly reduced. From £y fo ts,
the tail fin keeps swinging downwards, this movement
makes & proper displacement between the tail fin and
the flute. The displacerment is large enough for ICPF
actuator to scrape up energy for swinging upwards. At
this stage, the ICPF actuator is actually pushing wa-
ter to make the microrobot move back, and at the same
time engendering a counterforce of buoyancy. From 3
to' t4, the value of voltage changes from negative to
positive swiftly, consequently the tail fin swings up-
wards rapidly and makes a water extrusion movement
with the flute and engenders backward cascade. This
pushes the robot to swim forward in a faster speed.

The advantage of this kind of trapezoid shape voltage

waveform is that the ICPF swings downwards slowly
and swings upwards swiftly, therefore the impetus can
more efficiently push the microrobot to move forward
with little fore-and-aft dither. Moreover, we can change
the speed of microrobot by changing the slope and am-
plitude of the trapezoid shape waveform.

Fig. 14 shows the inderwater swimming microrobot
moving forward on the surface of water. Fig. 15 shows
the diagram of moving speed under different voltages
and frequencies (the voltage is ranged from 5 Vo 9V
" and the frequency range is from 0.5 Hz to 2.0 Hz). The
curve in Fig. 15 shows that the speed of microrobot
swirfuning on the surface of water increases along with
the voltage of input signal, and gets a max speed when
the frequency of input signal is 1 He.

2} Motion of floating upward:

Fig. 16 shows the signal for the microrobot to move
upwards, which is different from the signal for driv-
ing forwards. The tail fin swings upward during the
time from #; to #3. Then the tail fin swings downwards
rapidly during the time from #s to tz with the swift
change of voltage from positive to negative. Conse-
quently the water will produce a force F' on the tail fin,
as shown in Fig. 17. In fact, the transverse componens
of F' (force Fy) is a force that can prevent the micro-
robot from moving forward. However, in the process of
the tail fin moving downward, the microrobot can still
move forward by inertia force. The longitudinal com-
ponent force Fy, is a kind of Buoyancy Foree. Fig. 18
shows'a picture of the microrobot floating upward. The
background is a frame of reference which is separated
into 1 cm width and | em height squares. When we

remove the signal applied on the ICPF actuator, the
robot can sink down only by its weight.

Fig. 14 Moving forward of the microrobot on the surface
of water
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Fig. 16 Waveform of input voltage

Fig. 17 Forces on tail fin when moving downwards
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(a) Initial position of the floating motion

. (b) One picture of the microrobot at the moment of floating
upward

Fig. 18 A picture of the microrobot floating upward

4 TUnderwater crab-like walking micro-
robot ' ' :

Another underwater walking microrcbot named
crabliker-1 is also proposed, which has eight legs, and
each leg is made up of two pieces of ICPF.

4.1 Structure of the crab-like microrobot

Walking robots provide flexible adaptive mobility
in unstructured environment or in unpredictable dy-
namie surrounding with the help of servo controlled
legs!??l. Crab has five pairs of thoracic feet as shown

in Fig.19(a). The terminal of the first pair look like

tongs, which is named as griddle feet, mostly designed
to defend and attack, the last four pairs have the gen-
eral name of walking legs. Walking legs droop and are
arranged compactly. Their distribution extend to both
sides of the crab. Thus, the crab could do lateral move-
ment with low cg and good stability. Every segment
plays different role in crab’s moving action. Imspired
by.crab, a microrobot, named Crabliker-1, is designed
and realized. The basic structure of the underwater
walking microrobot using ICPF actuator is shown in
Fig. 19(b). Crabliker-1 is 35 mm in<length, 40 mm in
width, 22 mm in height and 4.5 g (dried) in weight. It
has eight legs and each one has two segments of ICPT

actuators jointing at a right angle nearly. Fig.19{c)
shows the structure of a single leg compared with the
walking leg of the crab. The crawling leg of the crab
comprises basipodium, coxae, seating nipple, merus,
carpopodite, protomerite and knuckle. The single leg
we designed comprises heel, upper extremity, joint and
lower extremity. The heel plays the role of permanent
connection on the main body of microrobot, just like
the segment of basipodium. The upper extremity is
a piece of ICPT actuator, which realizes the phase of
swing that pushes the main body up when swinging
down and raises the leg up when swinging up. The part
of joint is used to join the lower extremity to upper ex-
tremity and forms a right angle between them. The
lower extremity is also made by ICPF actuator and re-
alizes the phase of support of the microrobot and swing
to perform transverse and rotation movement,

(b)

lgg CPPET extremity Joint

Lower extremity

(c)

Fig. 19 Structure of crab compared with the microrobot

4.2 Analysis of gait of the crab-like micro-
robot ' ‘

Through analysis of the ICPF actuator in the above
section, we define the eight states of the upper extrem-



X. F. Ye et al. /Development of ICPF Actuated Underwater Microrobots 389

ity from ‘a’ to ‘b’ and define the eight states of the lower
extremity from ‘1’ to ‘8, as shown in Fig. 20(a). There
are 64 states which the single leg can have in this paper.

They are named separately from ‘al’ to ‘h&’. In order -

to analyze the gait of the microrobot exactly, we give
serial number to each single leg in Fig. 19(b). Then we
use different type of lines to ekpress the different phases
of the single leg’s movement in octopod gait analyzing.

I \ N
\./ 7
/ Lower
\3/ extremlty
3 \// \./
4 5
(a)
s Voltage (V) (upper extremity} T=1s
9 035 03 075 T Tame (5)
5 Voltage (V) (lower extremity) o T=ls
0 R 3 R T Tame ()
-/\
al o3 &5 g7 al,
(b)
s Voltage (V) (upper extremity) T=ls
0 025 T3 O] i Time (s}
Voltage (V) (lower extremity) I=1s
5 _Ams
0 0125 025 0373 G5 065 0750 1 119 Time(s)

I eis' > 7 P’\“\”\"*\V

al bl «¢2 d3 ed g W7 a8
(c)
5 Voltage (V) (upper extremity) \ T=1s
7 OVE] 05 013 i Tﬂme ©
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O E I 035 07| 05 065 005 U875 _1' T125 Time(s)

7*7';71*'\“\*’}7“7‘)

bl @ d7 6 5 gb h3 a2 bl o8
(d)

Fig. 20 Process of the single leg’s movement

In the experiment, we have tried different ways to

control the gait~of the microrobot based on the ohser-
vation of crab’s gait, and at last we find the way for
the microrobot to carry out the lateral movement and
plane turn movement successfully. Fig. 20 gives three -
different control signal waveforms (5 V, 1 Hz) applying
to the different legs of the microrobat, which plays dif-
ferent roles on the main body of the microrobot. Three
different phases can be explained as follows:

1} Phase A: In this phase, the single leg has a strong

. propulsive force on the ground which pushes the mi-

crorobot rightward, such as, the states of ‘al’ to ‘c¥
in Fig. 20(b) and the states of ‘a8’ to ‘¢2’ in Fig. 20(c).
They both play the same role of pushing the micro-
robot rightward. It takes onie quarter of a cycle totally
for this phase and can be expressed by the black thick
line in Figs. 21 and 22.

2) Phase B: As shown in Fig. 20(b), the states from
the states of ‘c3’ to ‘eb’ play the role of sustaining the
microrchot stably. It takes one quarter of a cycle to-
tally for this phase and can be expressed by the hlack
thin line in Figs. 21 and 22. ' '

3) Phase C: In this phase, the single leg swings up
and has no contact with the ground and swings the
whele leg up. We also define it the phase of adjust-
ment. Such as, the states from the states of ‘b’ to
‘h8” in Fig. 20(b), the states of ‘d3’ to ‘h7’ in Fig. 20(c)

‘and the states of ‘e6’ to ‘a2 in Fig. 20(d}. It fakes hall
"of a cycle totally for the adjustment phase and can be

expressed by the gray thick line in Figs. 21 and 22.

4) Phase D: In this phase, the single leg has a strong
force on the ground, but the force is different from the
one in Phase A in that the direction of the force is op-
posite to the force in phase A, 3o the single leg has
reverse effect on the body of the microrobot. Such as,
the states from the states of ‘a8’ to ‘c2’ in Fig. 20(c), it

" takes one quarter of a cycle totaily for this phase and

can be expressed by the black broken line 11:1 Figs. 21
and 22,

Fig. 21 shows the gait of the microrobot when mov-
ing rightwards and Fig.22 shows the gait of the micro-
robot when moving circumvolve anticlockwise. Both -
of the above motion modes of the gait are carried out
under the control signal {5 V, 1 Hz). Fig.23(a) shows
that the microrobot is located in the initial point, and
Fig. 23(b) presents that the microrobot is moving right-
ward when the control instruction to move rightward
is applied, and the Fig. 23(c) shows the state of the cir-
cumvolve anticlockwise of microrobot when the control
instruction to turn the microrobot to the left is applied.
The results prove the gaits proposed are feasible.
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Fig. 23 Process of the microrobot’s movement

5 Conclusions

In this paper, a new type of swimming underwa-
ter microrobot using single piece of ICPY as the ac-
tuator and a novel crablike underwater walking micro-
robot named crabliker-1 are proposed. And we have
discussed the characteristics of ICPF actuator by set-
ting up the experimental platform Based on this anal-
ysis, we apply a frapezia shape voltage control signal
on the swimming microrobot. We also propose three
processes of the single leg’s movement under different
control signals applied on the crab-like underwater mi-
crorobot. At last, we introduce the microrobot’s gait of
carrying out the rightwards movement and gait of car-
rying out circumvolve anticlockwise. The experimenial
results indicate that the amplitude of swing and angu-
lar velocity as well as proper underwater microrobot

movement can be controlled by changing the frequency
and the amplitude of input voltage.

More improvements and more progresses are ex-

pected in the related fields of centimeter-sized underwa- -

ter swimming and walking microrobot in the future. In
our future work, we will study the coordinate control
algorithm among legs and the swimming mechanism
of the crabliker-1 microrobot. We will also continue
the work in developing new usages of ICPF actuator
in medical field and in medical and industrial appli-

cations and continue the work in further studying the
kinematics and dynamics characteristics of the ICPF
actuator.
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