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Ionic polymer-metal composites (IPMCs) are one type of wet electroactive polymers that show promis-
ing actuating properties in many bio-inspiring underwater robotic applications. In these applications,
3-dimensional kinematic motions are desirable to generate high efficient thrust and maneuverability.
However, traditional IPMCs are limited in being only able to generate bending motion. In this paper, a
novel synthesis technique is developed to fabricate a hybrid IPMC membrane actuator capable of generat-
ing 3-dimensional (3D) kinematic motions. The actuator consists of separated IPMC beams bonded with a
soft polydimethylsiloxane (PDMS) membrane. By controlling each individual IPMC beams, we can gener-
ate complex 3D motions such as oscillation and undulation. IPMC beams are cut from one sheet of IPMC,
which is fabricated through chemically plating platinum electrodes on a Nafion film. A multiple plating
process is used to enhance the conductivity of the electrodes, which leads to better actuation perfor-
mance of IPMC. An assembly based fabrication process is adopted to bond the IPMC actuators with PDMS
gel using two CNC-machined molds. Then the PDMS is cured at room temperature to form an actuating
membrane. Overall this novel synthesis technique is cost effective and less time-consuming compared to
existing strategies. The characterization of the actuating membrane has shown that the maximum twist
angle can reach up to 15°, the flapping deflection can reach up to 25% of spanwise length, the tip force
can reach up to 0.5 g force, and the power consumption is below 0.5 W. The first application of this novel
membrane actuator is in the design of a free-swimming robotic batoid ray. The robot consists of two
membranes functioning as artificial pectoral fins. Experimental results show that the robot is capable of
free swimming with low power consumption.
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1. Introduction Since IPMCs can work well in a water environment, they have

shown promise as actuators in bio-inspired underwater robots. For

Electroactive polymers (EAP), sometimes referred to as artificial
muscles, are able to generate large deflections under electrical stim-
uli [1]. Ionic polymer metal composites (IPMCs) are a well-known
type of EAP [2]. An IPMC consists of one ion exchange membrane,
such as Nafion, coated with two thin metal electrodes [3]. When
hydrated, the positive ions (such as sodium or calcium ions) in the
Nafion film can move freely, whereas the negative ions are fixed
in position due to the bond with the carbon chain in the polymer.
Application of an electric field causes the hydrated cations to move
to the cathode side while the negative ions are fixed in position.
This ion movement introduces swelling in the cathode side and
shrinking in the anode side, which leads to a bending motion. Fig. 1
illustrates the actuation mechanism of IPMC.
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example, researchers have used IPMC actuators in the design of
an artificial caudal fin [4-8]. This propulsive fin mimics the bend-
ing motion observed in many fish species. However, in some other
species such as the mantaray (shown in Fig. 2), 3-dimensional kine-
matic motions are necessary to generate high efficient propulsion
and maneuvering [9]. Other applications where complex defor-
mations are desirable include contour control of space inflatable
structures [10] and tunable mirror membranes [11]. In order to
achieve complex 3D kinematics, Riddle, et al. [12] developed mask-
ing and surface machining techniques to pattern the electrodes in
IPMC actuators. However, the twist motion was limited by the rel-
atively stiff and non-stretchable Nafion in the passive area. Chen
and Tan [13] applied lithographic patterning technology to design
an artificial pectoral fin. They modulated the stiffness of the pas-
sive area by etching down the Nafion with plasma. This fabrication
process has proven to be good for fabricating fins with micron
scale features. However, the process involves lithography pattern-
ing, plasma etching, and PVD deposition, all which are expensive
and time consuming. Additionally, controlling the compliance
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Fig. 1. Actuation mechanism of IPMC (Cross-section view) [2].

characteristics of the passive area is severely limited. Anton et al.
[14] developed pectoral fins for a robotic manta ray by assem-
bling separated IPMC beams with latex foil. However, the bonding
between IPMCs and latex foil was not seamless, which detrimen-
tally impacted the propulsive efficiency of the fin. Consequently,
the robot consumed a large amount of power and required a stack of
heavy car batteries for operation, which limited its free-swimming
capabilities.

In this study, we have developed a novel synthesis technique to
fabricate a soft, lightweight, seamless, and active IPMC membrane
actuator capable of creating 3D kinematic motions. The membrane
actuator consists of several IPMC beams seamlessly bonded with a
soft and stretchable polydimethylsiloxane (PDMS) membrane. Each
IPMC beam is controlled individually to produce bending motions
of different amplitude and phase, leading to complex kinematic
motions. IPMC beams are cut from an IPMC sheet that is fabricated
through ion exchange and electroless platinum plating of a Nafion
film. The IPMC beams are positioned and clamped between two
plastic molds that have been fabricated using CNC milling machine.
PDMS gel is poured into the gap between the molds and the whole
membrane is cured at room temperature. When the molds are
removed, we are left with an IPMC membrane actuator capable

Fig. 2. Bio-inspiration: manta ray (courtesy of www.elasmodiver.com).

of complex 3D deformation. This fabrication technique offers two
major advantages compared to the existing techniques: (1) selec-
tion of PDMS elastomer allows for a very compliant passive area;
(2) creation of a seamless bond between the IPMC active area and
PDMS passive membrane. The actuating membrane is character-
ized in terms of tip deflection, tip blocking force, twist angle, and
power consumption which are the key factors in the design of the
bio-inspired robot. Multiple laser sensors are used to characterize
the complex deformation on the membrane.

To demonstrate the capabilities of this new type of actuator
design, a small size robotic manta ray has been successfully built
and tested. This robot has two artificial pectoral fins that are fab-
ricated using this novel technique. Each fin consists of four IPMC
strips with a 190 wm thick PDMS membrane. The overall shape of
the fin mimics that of biology. A lightweight and compact on-board
control unit, with a PCB board and a lithium ion polymer battery,
has been built, which enables the robot to swimming freely. This
is the first demonstration of a free swimming robotic manta ray
propelled by IPMC artificial muscles. Since the pectoral fin can eas-
ily be fabricated in different shapes and dimensions, this research
provides a platform to investigate the propulsion mechanism of
different types of rays.

The rest of this paper is organized in the following manner.
Artificial pectoral fin fabrication is described in Section 2. Charac-
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Fig. 3. Design of the IPMC membrane actuator.
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Fig. 4. SEM picture of the platinum electrode in IPMC (cross-sectional view). (a)
With one platinum deposition; (b) with two platinum depositions.

terization of the pectoral fin is discussed in Section 3. Application
to a robotic manta ray is shown in Section 4 where design and
free swimming testing results are presented. Conclusion and future
work are discussed in Section 5.

2. Fabrication process

The IPMC membrane actuator is fabricated by assembling IPMC
actuators with a PDMS elastomer template to create a predefined
planform shape. By controlling the IPMC actuators individually, the
membrane is able to generate complex 3D kinematic motions. The

Nafion [ Platinum | = ﬁ

(d) Cover the IPMCs with uncured PDMS gel

(e) Clamp the mold containing the IPMCs and uncured

(a) Fabricate IPMC
| oy gy g |
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design of the membrane actuator is shown in Fig. 3 where P1, P2,
P3, and P4 are 1 cm wide IPMC beams with 3 c¢m, 5cm, 7 cm, and
5 cm lengths, respectively.

2.1. Fabrication of IPMC

A new fabrication technique has been developed to create an
IPMC-based actuating membrane, capable of complex 3D defor-
mations. The first step in the process is to synthesize the IPMC
actuator. Many groups have developed different IPMC fabrication
processes to accommodate various functions [2,15-17]. In this cur-
rent study, we follow most of the fabrication procedure outlined in
[15] but add a multiple platinum plating process that reduces the
surface resistance of the electrodes to improve the actuation perfor-
mance [18]. The following supplies are used to fabricate the IPMC
beams: (1) Nafion ion exchange membrane Nafion 1110 (258 pwm
thick, DuPont); (2) tetraammineplatinum chloride 98% (Aldrich);
(3) sodium borohydride (NaBH4, Aldrich); (4) dilute ammonium
hydroxide solution (NH4OH 29% solution); 5) dilute hydrochlo-
ric acid (HCl aq, 1.0N solution); 6) de-ionized water. The major
fabrication steps are as follows:

Step 1 Treatment of Nafion with HCl (cleaning). This step is to
remove metal particles and other impurities from the film.
The Nafion film (10 cm by 5 cm) is boiled in 1.0 N hydrochlo-
ride acid (HCI) at 80° for 30 min. The film is then rinsed with
DI water to remove acid residue.

Step 2 Ion exchange process: the purpose of the ion exchange pro-
cess it to enable the Nafion film to absorb enough platinum
complex ions Pt(NHy4),*2, which will be reduced to platinum
particles to form electrodes in step 3. The membrane is then
immersed in 50 ml tetraammineplatinum Chloride hydrate
solution (3 mg/ml) mixed with 1 ml ammonium hydroxide
(29%) to make a weak base environment. The ion exchange
process takes about 3h to allow the Nafion film to fully
absorb enough platinum complex ions.

Step 3 Electroless platinum plating. In this step, the platinum com-
plex ions are reduced to platinum particles to create the
metal electrodes on the outer surfaces of the Nafion film.
The ion-exchanged Nafion film is placed in a DI water bath.
Then the bath is gradually heated to 40 °C. A sodium boron
hydride solution (NaBH,4) (20 mg/ml) is prepared, which is
used as areducing agent. 5 ml NaBH,4 solution is added to the
bath and the temperature of the bath is increased to 65°C.
5 ml NaBHy4 solution is added to the bath every 30 min. After
3 h plating, about 3 wm platinum electrode is deposited on
the surface. Then the IPMC is rinsed with DI water. An SEM

IPMC

D |‘— PDMS

PDMS, and then cure the PDMS at room temperature

==
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IPMC

= IS
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Fig. 5. Fabrication process.
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Fig. 6. IPMC/PDMS membrane actuator.

picture (cross-sectional view) of the IPMC with one plat-
inum deposition is shown in Fig. 4(a).

Step 4 Secondary deposition. Since the surface resistance of an
IPMC degrades the actuation performance [19], it is nec-
essary to deposit more platinum metal on the surface to
reduce the surface resistance. A multiple plating method has
been used to deposit thicker platinum electrodes on IPMC
[18]. In this study, we repeat steps 2 and 3 to grow more
platinum particles on the electrodes. After the secondary
deposition, the thickness of the electrode grows to 6 um
(shown in Fig. 4(b)) and the surface resistance is reduced
by 20%. Finally, the IPMC is put into a sodium ion solution
to exchange the positive ions with sodium ions which are
count mobile ions in the IPMC. Note that one can repeat
the platinum plating process to further decrease the surface
resistance. However, a thicker platinum layer also increases
the stiffness of the beam, which degrades the actuation
performance. The optimal thickness of the electrode is a
question for future research.

2.2. PDMS molding process
The assembly process to produce an integrated IPMC/PDMS

actuating membrane is shown in Fig. 5. A mold (shown in Fig. 5b) is
fabricated from Delrin using a CNC rapid mill machine (MDX-650,
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Fig. 7. Testing points of the membrane actuator.
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Fig. 8. Tip deflection at point A under a square wave actuation voltage (0.3 Hz, 3.3 V).

Roland). The mold is designed to house the IPMC beams (280 pm
thick), which is then surrounded with uncured PDMS gel (Ecoflex
0030, Smooth-onInc.). The mold, containing the [IPMCs and uncured
PDMS, is clamped and the PDMS is allowed to cure at room tem-
perature for 3h. The mold is removed leaving the IPMC/PDMS
membrane actuator (Fig. 6). The PDMS has a final thickness of
190 wm that is measured using a caliper (CD-S6”CT, Mitutoyo).

3. Characterization of the actuating membrane

The membrane is characterized in terms of tip deflection, tip
force, twist angle, and power consumption. These characteris-
tics are useful in providing comparison data in the design of the
bio-inspired robot. To characterize the actuating response of the
membrane, five testing points (A, B, C, D, E) are defined on the
actuator (shown in Fig. 7).

3.1. Tip deflection measurement

The membrane is actuated in a transparent tank containing
water. A laser sensor (OADM 2016441/S14F, Baumer Electric) is
fixed outside of the tank to measure the bending displacement at
point A. The tip deflection is normalized by dividing the bending
displacement by the length at point A. Fig. 8 shows the tip deflec-
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Fig. 9. Bode plot of the actuation dynamics of the membrane actuator.
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Fig. 10. Tip force measurement setup.

tion when a square wave actuation voltage (0.3 Hz, 3.3 V) is applied
to all the IPMCs. It shows a peak-to-peak deflection of 25% of the
spanwise dimension. One can achieve a larger deflection by apply-
ing a higher actuation voltage. There is a limit to the size of voltage
applied across the IPMC - anything greater than 6 V risks dielectric
breakdown through the IPMC.

To capture the Bode plot of the actuation dynamics of the actu-
ating membrane, a series of sinusoidal actuation signals with an
amplitude of 3V and frequencies ranging from 0.1 Hz to 2 Hz are
applied to the IPMCs. The bending displacement at Point A and
actuation voltage are measured. The magnitude and phase shift
of the displacement over the actuation voltage are calculated. The
Bode plot (Fig. 9) demonstrates that the actuation dynamics of the
membrane behaves as a low-pass filter with about 0.4 Hz cut-off
frequency. This is to be expected as the ions in the IPMC cannot
move very rapidly [20] and the hydrodynamic forces acting on the
fin damp the high frequency vibration [7].

3.2. Tip force measurement

To characterize the tip force, a load cell (GS0-10, Transducer
Techniques) is used to measure the tip blocking force at point A,
B, D, and E (see Fig. 7). The measurement range of the load cell
is from 0 to 10g. The calibration error of the load cell, includ-
ing hysteresis, nonlinearity, and non-repeatability, is 3 mg. Fig. 10

Table 1
Tip force measurement.
At point A At point C At point D At point E
F; (gf) 0.16 0.34 0.49 0.67
% +19% +5.5% +4.7% +7.4%
T, (S) 4,05 7.95 8.65 9.10
Al +1.2% +3.1% +1.0% 2.0%

T

shows the experimental setup for the tip force measurement.
The measurements are taken in air and are recorded in four
separate experiments. In each experiment, a 4V step voltage is
applied to all the IPMCs. Fig. 11 shows the tip force response
at Point A, where steady-state force F; and rising time T, are
defined. The tip blocking force on each IPMC has been measured
twice. Table 1 shows the mean values of F; and T; and their
variations.

3.3. Power consumption measurement

For applications like an untethered bio-inspired robot, key ques-
tions regarding power consumption and how to optimally manage
power consumption must be addressed. In this section, we study
the power consumption under a square wave input. The power
consumed by IPMCs is calculated by:

1 T
P= 7/ i(t)(t)dt, (1)
T 0

where i(t) and v(t) are measured actuation current and voltage,
respectively, and T is the period of the actuation signal. A 3.3V and
0.22 Hz square wave voltage is applied to all the IPMCs of one actu-
ating membrane which is fixed in a water tank. Fig. 12 shows the
actuation voltage and current. To study the relation between the
power consumption and frequency, a series of square wave actu-
ation signals with an amplitude of 3.3V and frequencies ranging
from 0.22 Hz to 0.58 Hz are applied to the fin. Fig. 13 shows the
power consumed versus frequency graph. It demonstrates that they
are positively related and the power consumption at the cut-off
frequency 0.4 Hz is 0.483 W.
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Fig. 11. Tip force measurement at point A under a 4V step actuation voltage.
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Fig. 12. Actuation current measurement.
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Fig. 13. Power consumption versus frequency.

3.4. Characterization of membrane 3D kinematics

In order to characterization of the membrane’s 3D kinematics,
definition of twist angle is given in Fig. 14, where points B, C, and
D are defined in Fig. 7. Three laser sensors (OADM 2016441/S14F,
Baumer Electric) are used to measure the bending displacements
dq, dy, and d3 at the point B, C, D, respectively. The twist angles are

T
d, d, ds
X
ay, O '—’i
__--‘_-_:::::::j:)_*:)g )D
B /_ o,
C

Frontal cross-sectional view of the pectoral fin

Fig. 14. Definition of twist angles.
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Fig. 15. Bending displacements d;, d>, ds, and twist angles @y and w3, under the
input signals (0.4 Hz, 6V, and 60° phase).

calculated by

dy —dq _ d3 —dp
~Bc oy = arctan ——=, (2)

o1 = arctan
1 CD

where BC=CD =20 mm.
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Fig. 16. Peak to peak twist angle versus different frequency and phase. (a) &¢1max;
(b) ct2max-
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Fig. 17. On-board circuit and battery.
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Fig. 18. A top-view picture of the robotic manta ray (without control unit).

Four sinusoidal voltage signals (S1, S, S3, and S4) are generated
via Labview (National Instruments), amplified by power amplifiers,
and applied to the IPMC actuators Py, P», P3,and P4 (shown in Fig. 3),
respectively. All signals have the same input voltage of 6 V but vary-
ing phases. The phase ¢ in this paper is defined as the following.
If &=A9, then following Fig. 3, P; leads P;,; by A°, where i=1, 2, 3.
As mentioned earlier, IPMC actuators are used to generate thrust in
underwater vehicles. Hence the kinematics are quantified in water.
The actuating membrane is placed in a water tank and the laser sen-
sors are fixed outside of the tank. Fig. 15 shows the experimental
results at ¢ =60°. The upper figure shows the bending displace-
ment dq, d, and d3, which clearly shows the phase delay between

Plastic box

Control circuit
and battery

Plastic tail

IPMC Wing

Fig. 19. A free swimming robotic manta ray with control circuits and battery.

the bending motion of the IPMC P;, P,, and Ps. The lower figure
shows the calculated twist angles «; and «;. These results demon-
strate that one can control the twist motion by manipulating ¢.
The maximum twist angle is 15.5°, which is similar to the angle
generated by the pectoral fin in [13].

To demonstrate the dependence of twist angle on frequency and
phase, we conducted 16 trials by changing the frequency (0.1 Hz,
0.2Hz, 0.3 Hz, and 0.4 Hz) and phase (30° 45°, 60°, and 90°). In each
trial, the peak to peak twist angles, ®1max and aomax, Were mea-
sured. Fig. 16 shows the peak to peak twist angle versus different
frequency and phase. It shows that o1 > «,. It may be due to the fact
that the actuation of P4 constrains the twist angle ;. The maximum
twist angle is observed when the actuation frequency is 0.4 Hz and
the phase is 60°. Because the motions of IPMCs are constrained
by the soft PDMS membrane, the dynamics of the twist angle is
complex.

4. Application to a robotic manta ray

To demonstrate the capabilities of this new type of actuator
design, the IPMC membrane actuator is applied in the design of a
bio-inspired robot. An IPMC enabled ray-like underwater robot was
first developed by Anton et al, [14]. They used 16 IPMC beams con-
nected to a latex foil to generate undulatory wave motions in the
chordwise direction, which enabled rectilinear swimming in the
robot. However, this design was constrained by many tethers. The
actuators were controlled by a PC computer and powered by several
heavy car batteries. Consequently, the robot did not demonstrate
any free-swimming capability. In this paper, a small size robotic
manta ray has been designed that is capable of free swimming. It
includes two IPMC membrane actuator as artificial pectoral fins

e e —

Fig. 20. A snap shot of the free-swimming robot (side view).
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Fig. 21. Snap shots of the free-swimming robot (top view).

and a waterproof body housing an on-board control circuit and
lightweight, rechargeable battery. Design of the control unit and
overall robot is presented in this section.

4.1. On-board circuit and battery

The on-board circuit provides actuation voltage signals to the
IPMC actuators in the wing. Fig. 17(a) shows the schematic of the
circuit. In the first iteration, the circuit is able to generate one sig-
nal to all the IPMCs, generating a flapping motion. A 555 timer is
used to generate a frequency tunable square wave. The amplitude
of the voltage signal, Vp, is controlled by an adjustable voltage reg-
ulator. Since the 555 timer can only draw 25 mA current while the
peak driving current of IPMCs in two pectoral fins is 1.5A (shown
in Fig. 12), an H-bridge driver is used to draw up to 2 A output peak
current. In PCB design, most of the chips are in surface-mount pack-
age, which makes the circuit board compact (2.5 cm by 3 cm) and
light (25 g).

A lithium ion battery is chosen as the power source since it
is lightweight, rechargeable with high power density, and has
previously been successfully implemented in IPMC actuated under-
water robots [21]. Arechargeable 7.3 V lithium ion polymer battery
(400 mAh, AA Portable Power Corp.) is selected for the robot. When
the robot is running at 0.4 Hz, the power consumption for operating
two pectoral fins is 0.96 W (shown in Fig. 13). Ideally, the robot can
swim for 2.7 h without recharging when the operating frequency is
0.4 Hz. The total mass of the circuit and battery is 28.3 g. Fig. 17 (b)
shows the picture of PCB board and battery.

4.2. Overall design

Fig. 18(a) shows the overall shape of the robot. Two acrylic
frames with gold electrodes are made to clamp the artificial wings
to the body support. Gold electrodes are used to minimize corro-
sion. An acrylic polymer tail is connected at the end of the robot to

aid in stabilizing the body while swimming. Polymer foam is added
to make the robot neutrally buoyant. A simple hinged plastic box is
used to house the circuit board and battery. Once closed, only two
wires leave the box. PDMS is used to seal the housing to ensure
water does not invade this compartment. The plastic box is glued
on the top of the robot. When the robot is put in water, the cover of
the box is above the water level and water cannot leak into the box.
Design of the pectoral fins is shown in Fig. 3. The planform shape
has been designed to mimic the planform shape of the pectoral fin
of abatoid ray. The fully assembled robot is 8 cm long (not including
the length of the tail), 18 cm wide, 2.5 cm high, and weights 55.3 g.
The free-swimming robot is shown in Fig. 18 and Fig. 19.

4.3. Free swimming test

The robot is tested in a water tank (1.5 m wide, 4.7 m long, and
0.9m deep). As the first attempt, the operating frequency of the
square wave actuation voltage is tuned at 0.4Hz and the ampli-
tude is set at 3.3 V. A digital video camera (VIXIA HG21, Canon) is
used to capture the movies of the swimming robot. Fig. 20 shows
a snap shot of the free swimming robot from a side view. Fig. 21
shows six snap shots of the swimming robot from top view. Each
snap shot is taken every 5s. One can extract the speed of the robot
from the movie through the Edge Detection program in the Lab-
view. The swimming speed shown in Fig. 21 is 0.42 cm/s. Since
the body length is 8 cm, one can calculate the speed is 0.053 BL/s.
This is believed to be the first demonstration of an IPMC propelled
free-swimming robotic batoid ray. It also validates the proposed
fabrication process for making IPMC actuator capable of 3D kine-
matic motions.

5. Conclusions and future work

In this study, a novel synthesis technique to fabricate an IPMC
membrane actuator capable of 3D kinematic motions is developed.
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The actuator is fabricated by assembling IPMC actuators with a
PDMS elastomer membrane. Overall the process is cost effective
and less time-consuming. The actuator is characterized in terms
of bending displacement, twist angle, tip force, and power con-
sumption. The characterization results have demonstrated that the
membrane actuator is capable of generating 3D kinematic motions
with low power consumption. With respect to applications, a free-
swimming robotic batoid ray that contains two IPMC membrane
actuators as pectoral fins has been successfully built and tested.
The swimming testing results show that the robot is able to swim
at 0.053 BL/s with less than 1 W power consumption.

To enhance the membrane’s capability of 3D kinematic motions,
our future work will be focused in the following two aspects. First,
we will re-design the fabrication process of IPMC to improve its
actuation performance, in terms of large tip force and fast response
time. Second, we will improve the stretchability of the passive area
by selecting more compliant material and morphing its surface pro-
file using microfabrication technology. To improve the speed and
maneuverability of the robot, first we will develop a new on-board
controller that can generate four separate channels, each with tun-
able amplitude and phase. The resulting system will be capable
of creating undulatory motion that can generate a higher thrust
force. Second, the robot body will be re-designed to mimic the
body of a batoid ray, which can improve the hydrodynamics of the
robot. Third, a mathematical model for the robotic manta ray will
be developed to provide useful insights on how to optimize the
design and control of the robot.
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