
Bioinspiration &
Biomimetics      

PAPER

A biomimetic underwater vehicle actuated by
waves with ionic polymer–metal composite soft
sensors
To cite this article: Qi Shen et al 2015 Bioinspir. Biomim. 10 055007

 

View the article online for updates and enhancements.

You may also like
Kirigami-inspired self-powered pressure
sensor based on shape fixation treatment
in IPMC material
Jen-Hahn Low, Pei-Song Chee, Eng-Hock
Lim et al.

-

Distributed flow estimation and closed-loop
control of an underwater vehicle with a
multi-modal artificial lateral line
Levi DeVries, Francis D Lagor, Hong Lei et
al.

-

Influence of environmental conditions and
voltage application on the
electromechanical performance of Nafion-
Pt IPMC actuators
Allison M Arnold, Ji Su and Edward M
Sabolsky

-

This content was downloaded from IP address 131.216.14.8 on 07/04/2026 at 18:17

https://doi.org/10.1088/1748-3190/10/5/055007
/article/10.1088/1361-665X/ad1def
/article/10.1088/1361-665X/ad1def
/article/10.1088/1361-665X/ad1def
/article/10.1088/1748-3190/10/2/025002
/article/10.1088/1748-3190/10/2/025002
/article/10.1088/1748-3190/10/2/025002
/article/10.1088/1361-665X/ac986f
/article/10.1088/1361-665X/ac986f
/article/10.1088/1361-665X/ac986f
/article/10.1088/1361-665X/ac986f
https://pagead2.googlesyndication.com/pcs/click?xai=AKAOjsuINnnegOcPFx2BiGeXGS-zTgXv3nNq2YJPX0Wf7cLjbrRs3_VuiLlmcragu0GGwGPewmlfH3H0haPMDQ6B4TNqq7rRhHaMedW-nx2CeuPoFMV-0reCu1iZ5XXyf57RSspAYGIEAoUNxqPuBzbGW3rqXdohgniLPYST5N9XHt9JvDQRVjhPykG5JezEDJnAzjVSE2OFRxPrxMbzBcjA4267WsBb1Tmm3ym7I0c2SHQ40ynKmFPgjWRT2iFjQh9r4ljrB7k5VQZiK8ApgPjMPsNPpKnHiY2B_2Ta6nzJjhA61jIzSaqkbCxaIG5rHPrR4e87jQN6-RcMkew9q5cDHgfbTfBWLzyN6dv-ktiLSiutkLT0E5W5TE_c&sig=Cg0ArKJSzOqi-OD_l5xR&fbs_aeid=%5Bgw_fbsaeid%5D&adurl=https://www.gas-dortmund.de/Products/Instruments/BreathSpec/1_370.html


Bioinspir. Biomim. 10 (2015) 055007 doi:10.1088/1748-3190/10/5/055007

PAPER

A biomimetic underwater vehicle actuated by waves with ionic
polymer–metal composite soft sensors

Qi Shen1,2, TianmiaoWang1 andKwang JKim2

1 Robotic Institute, School ofMechanical Engineering andAutomation, BeihangUniversity, Beijing 100191, People’s Republic of China
2 Mechanical EngineeringDepartment, University ofNevada—Las Vegas, Las Vegas, NV89154-4027, USA

E-mail: kwang.kim@unlv.edu

Keywords: ionic polymer–metal composite, soft sensor, biomimetic underwater vehicle

Abstract
The ionic polymer–metal composite (IPMC) is a softmaterial based actuator and sensor and has a
promising potential in underwater application. This paper describes a hybrid biomimetic underwater
vehicle that uses IPMCs as sensors. Propelled by the energy of waves, this underwater vehicle does not
need an additional energy source. A physicalmodel based on the hydrodynamics of the vehicle was
developed, and simulations were conducted. Using the Poisson–Nernst–Planck systemof equations, a
physicsmodel for the IPMC sensorwas proposed. For this study, experimental apparatus was
developed to conduct hydrodynamic experiments for both the underwater vehicle and the IPMC
sensors. By comparing the experimental and theoretical results, the speed of the underwater vehicle
and the output of the IPMC sensors werewell predicted by the theoreticalmodels. Amaximum speed
of 1.08 × 10−1 m s−1 was recorded experimentally at a wave frequency of 1.6 Hz. The peak output
voltage of the IPMC sensorwas 2.27 × 10−4 V, recorded at 0.8 Hz. It was found that the speed of the
underwater vehicle increased as thewave frequency increased and the IPMCoutput decreased as the
wave frequency increased. Further, the energy harvesting capabilities of the underwater vehicle
hosting the IPMCswere tested. Amaximumpower of 9.50 × 10−10Wwas recorded at 1.6 Hz.

1. Introduction

Autonomous underwater vehicles have been widely
studied and used all over the world during the past
decades [1–11]. A challenge in underwater operations
is for underwater vehicles to become more energy
efficient, and thus have greater endurance during
missions.Moreover, the need for clean power has been
increasing.

The applications of smart materials have sig-
nificantly contributed to the development of under-
water vehicles [12–14]. The ionic polymer–mental
composite (IPMC), one type of electroactive polymer,
has the potential as a soft underwater sensor [15]. An
IPMC is composed of a polymer membrane that has
separated electrodes chemically affixed to both sides
[16–18]. The most interesting characteristic of the
IPMC is its inherent softness. If the IPMC is under an
electric field, the ions will begin to redistribute, and the
IPMC will bend accordingly. As a result, biomimetic
underwater robots that are IPMC-actuated have been

widely studied [19–25]. If a mechanical stimulus is
applied, themobile ions will distribute in the polymer,
and a detectable voltage will be generated. As a result,
the IPMC can be used as a soft sensor and as an energy-
harvesting device, with applications inmanyfields.

This current study theoretically modeled and
experimentally investigated a biomimetic underwater
vehicle that uses IPMCas soft sensors.

1.1.Dynamicmodeling of the underwater vehicle
Recently, an increasing number of systems powered by
clean energy have been developed and used around the
oceans of the world. For example, a snakelike wave-
power generator has been developed [26] in which the
relativemotion between its parts converts wave energy
into electric power. Similar conceptions have been
applied to ships and autonomous vehicles.

Specifically, the Wave Glider®, developed by
Liquid Robotics, Inc., is a wave-propelled autono-
mous marine vehicle [27] based on biogeochemical
energy. It can operate as long as one year. Recently,
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Manley and Willcox [28] developed an unmanned
maritime vehicle whose platform could be propelled
utilizing the energy from ocean waves. They used a
submerged multiple-wing system that produces the
propulsion force, and a cable to connect the sub-
merged systemwith a surface float device. Solar panels
on the float device were used as the power source for
the onboard electronics.

To date, few studies have focused on biomimetic
underwater vehicles using clean energy or the hydro-
dynamics of these vehicles. In this current study, a
main goal was to develop a soft material embedded
biomimetic underwater vehicle. A theoretical model
of the vehicle was developed. The model was validated
in experiments on the prototype, which was a free-
swimming underwater vehicle.

1.2. Underwater sensors using IPMCs
IPMCs have been widely studied for their application
in underwater sensors [29–34]. In particular, the
sensing and energy-harvesting performance of IPMCs
have been extensively studied. Chen et al [35] pro-
posed amodel for IPMC sensors that could predict the
short-circuit sensing currents under applied deforma-
tions. Recently, Abdulsadda and Tan proposed a
biomimetic artificial lateral-line system, based on the
IPMC sensors, for underwater robots and vehicles
[36]. Later, they used an estimation approach based on
an analytical model was tested with good accuracy by
using IPMC flow sensors to localize a moving under-
water vibrating sphere [37]. Aureli et al [38] demon-
strated the energy-harvesting capability of submerged
IPMCs under base excitations; they developed amodel
for energy that was harvested based on the vibration of
IPMCs. In addition, two studies analyzed energy
scavenging, one evaluating the weaving of an under-
water flag [39] and the other the beating of a
biomimetic fish tail [40]; both studies hosted IPMC
sensors. Tiwari and Kim studied the effects of various
IPMC parameters on battery charging in the mechan-
ical and electrical domains [41].

However, little research has been done on under-
water vehicles having IPMC sensors. Therefore,
another goal of this studywas to investigate the sensing
capabilities of IPMCs applied to the underwater vehi-
cle to measure the amplitudes and frequencies of the
waves. In this current study, IPMC sensors were
applied to the underwater vehicle; specifically, they
were attached to the soft fins of the vehicle. A model
was developed to describe the charge redistribution
dynamics in the polymer. Experiments were con-
ducted to validate the model. In addition, the energy-
harvesting capabilities of IPMC in current systemwere
tested.

Themain difference between the underwater vehi-
cle presented in this paper and the ones proposed pre-
viously is the fins that produce thrust. The fins in the
current prototype of this study were flexible while the

previous vehicles’ fins were rigid. In previous studies,
it was found that a two-dimensional flexible flapping
foil had higher thrust efficiency (up to 36%) than a
rigid flapping foil [42].

The reason IPMCs were used in the vehicle for this
study to test sensing and energy harvesting is because,
compared with other sensors, such as strain gages and
magnetic encoders, IPMC has the following advan-
tages. From the point of view ofmachinery, IPMCs are
soft, thus can avoid additional interference to the soft
fins. From the point of view of electronics, an IPMC
sensor can generate output voltage; thus, no extra
power is needed to be applied on the IPMC. Finally, an
IPMC sensor can operate in water, and does not need
extra waterproofing. Thus, this current study can pro-
vide an optimal design for the underwater vehicle as
well as a better understanding of IPMC sensors in
underwater systems.

2.Materials andmethods

2.1. Underwater vehicle
2.1.1. Experimental setup
The manta ray is a fish typical of the type that uses
median and/or paired fins for aquatic locomotion.
The flapping motions of a manta ray’s fins in water
mimic the motion of birds’ wings; thus, the manta ray
can move with high efficiency, maneuverability, and
stability [43]. During this study, a biomimetic under-
water vehicle was developed that was actuated by
waves, inspired by themeans of propulsion used by the
manta ray. Regarding the design of the underwater
vehicle, figure 1 shows the prototype for the wave
glider. The vehicle consists of three parts:

(1)the float on the water surface, which provides the
buoyancy;

(2)the underwater glider, which produces the thrust;

(3)the cables that connect the float and the glider.

An airtight container (Lock & Lock Co., Ltd, S.
Korea) was used as the float. The glider was designed
in SolidWorks, and was fabricated with acrylonitrile–
butadiene–styrene plastic. To obtain a smooth surface,
the glider was covered with black-matte resin varnish.
To produce the thrust, four films were used as the soft
fins. The fins were attached to the cylindrical beams.
Small rectangular copper sheets, which were set inside
the cylindrical beams, were used to clamp the IPMC
sensors to thefins.

Independent of wave direction, wave energy is
converted into forward thrust for the propulsion of
the underwater vehicle. The propulsion system of the
vehicle used in this study was purely a mechanical
structure, so this vehicle did not need to use electrical
power. The flappingmotion of amanta ray’s wing-like
fins, producing a forward force, inspired the design.
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The submerged glider had a vertical movement,
with the water around the glider being relatively static.
A forward propulsion force generated by the wings
was converted based on a portion of this up-and-down
motion. As ocean waves passed by the wings on the
surface, the entire systemwas pulled by the submerged
glider towards a predetermined direction, as shown in
figure 2. It was critical for the vehicle design that the
glider was split from the float. Without the tail of the
glider, the total length of the vehicle was 104 mm. The
glider was 49 mm in height and 80 mm in width. The
glider weighed approximately 84 g. The length, thick-
ness, and width of the float were 89 mm, 47 mm,

70 mm, respectively. Each film for the wings was
40 mm long, 30 mmwide, and 0.015 mm thick.

2.1.2.Modeling
Regarding the film dynamics in fluid, it was assumed
in this study that the film used as the fin of the vehicle
satisfied the following constraints:

(1)the nominal thickness of the film is greatly
exceeded by its length;

(2)the oscillation of the film, denoted by w(z, t), is far
smaller compared to the length.

Figure 1.Prototype of the underwater vehicle.

Figure 2.Themechanics of the vehicle’s propulsion system.

Figure 3.Geometric definitions of thefilmused as a fin in the vehicle.
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The film was assumed to deform periodically at z,
as shown infigure 3.

To obtain the dynamic model of the film in water,
the governing equation of the film dynamic deflection
w(z, t) can be denoted [44] as:

YI
w x t

x

w x t

t
F x t

( , ) ( , )
( , ), (1)

4

4

2

2
μ

∂
∂

+ ∂
∂

=

where Y, I, μ, F, x, and t are Young’s modulus, the
moment of inertia of the film, the mass per unit length
of the film, the external applied force per unit length
acting on the film, the spatial coordinate along the
length of the film, and time, respectively. Sader [45]
described in detail of the boundary layer for the
conditions of (1). Converting (1) into the Laplace
domain, the following equation is obtained:

YI

L

w x s

x
s w x s F x s

( , )
( , ) ( , ), (2)

4

4

4
2μ

∂
∂

+ =

where x has been non-dimensionalized by the length
of the film, L, and refers to its scaled quantity. This
conventionwill be applied henceforth.

Assuming that the coordinate on the solid body of
the underwater vehicle is static, the soft wings and
nearby water are in motion relative to the underwater
vehicle. According to D’Alembert’s inertial force the-
ory, an inertial force acts on the film. Based on the
dynamics of the film in a liquid, the applied forces on
the film have two components, the hydrodynamic
force, F x s( , ),hydro and the inertial force, F x s( , )drive :

F x s F x s F x s( , ) ( , ) ( , ). (3)hydro drive= +

The hydrodynamic force, F x s( , ),hydro acting on

thefilm can be expressed as:

F x s s W w x s( , )
4

( ) ( , ), (4)whydro
2 2

1
π ρ Γ ω= −

where W is the width of the film. ( )1Γ ω is the
dimensionless hydrodynamic function of the film
[45], and ρw is the density of the liquid. By substituting
(3) and (4) into (2), and rearranging, the beam
dynamics equation becomes:
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For simplicity, (5) can be rewritten as:
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x
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To obtain the analytic solution of (6), the theory of
Green’s functions is used. Sader [45] used the expres-
sionG(x, x′, s), where x′ is the variable inGreen’s func-
tion related with x. At this point, the general solution
for (6) becomes:

w x s G x x s C x s x( , ) ( , , ) ( , )d , (7)
0

1∫= ′ ′ ′

where (7) is the deflection function of film oscillating
in a viscousfluid.

The inertial force acting on the film is replaced by
two components, a distributed force density, q, acting
along the length, and a moment,M, acting at the film
tip. The distributed force density, q, can be given as:

qL m
D t

t

( )
, (8)w

2

2
=

∂
∂

where m represents the mass of the film and D t( )w is
the wave motion on the surface. The Laplace trans-
formof (8) is converted to obtain:

q
mD s s

L
(s)

( )
. (9)w

2

=

Themoment acting on the film is:

M s q x x
mD s Ls

( ) (s) d
( )

2
. (10)

L
w

0

2

∫= =

The distributed force density and the moment can
be seen infigure 4.

Figure 4. Schematic of the replaced hydrostatic force andmoment acting on the film.
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The deflection of the film, as be described by Sader
[45], is:

w x s
L

YI
G x x s q s x x

M s
G x x s

x

( , ) ( , , ) ( ) d

( )
( , , )

. (11)
x

4

0

1

1

⎛
⎝⎜

⎞
⎠
⎟⎟

∫= ′ ′ ′

+ ∂ ′
∂ ′ ′=

By substituting (9) and (10) into (11), the transfer
functions can be obtained, R x s w x s D s( , ) ( , ) ( )w=
and R x s w x s z D s( , ) ( , ) / ( ).d w= ∂ ∂ Given the sur-
face-wavemotion, D t A t( ) sin( ),w D ω= to the under-
water vehicle, the oscillation displacement and the
slope of thefilm at the tip, z L,= can be denoted as:

w L t A R L j t R L j( , ) ( , ) sin( ( , )),

(12)

D ω ω ω= + ∠

( )

w L s

z

A R L j t R L j

( , )

( , ) sin ( , ) , (13)

z L

D d dω ω ω

∂
∂

= + ∠
=

where ( )∠ ⋅ denotes the phase angle.
Assuming the resulting force caused by the water

acting on the float is zero in the horizontal direction,
the system is propelled by the force produced by the
film. At steady state, the vehicle achieves a periodic,
forward motion with the speed. The hydrodynamic
force acting on each point x of the film can be denoted
as:

F x t W a x t( , )
4

( ) ( , ), (14)x w x x
2ρ π Γ ω= − ⊥

where ( )xΓ ω is the hydrodynamic function for the film
subject to an oscillation with radial frequency ω and
ax⊥ is the acceleration virtual to point x, expressed as:

a x t a x t x t

U x t

t
x t

w x t

t
x t

( , ) ( , ) cos ( , ),

d ( , )

d
cos ( , ),

d ( , )

d
cos ( , ), (15)

x x

2

2

θ

θ

θ

=

=

=

⊥

where U(x, t) is the speed on point x. Since the
displacement of the film at z is small compared to its
length, the slope tanθ(x, t) on point x approximates
the angle θ(x, t). This is expressed as:

x t x t
w x t

z
( , ) tan ( , )

( , )
. (16)θ θ≈ = ∂

∂

Then, the thrust force produced by a single film
can be denoted as:

(
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The cruising vehicle experiences a drag force, FD:

F t
C U t S

( )
( )

2
, (18)D

D w
2ρ

=
⋅ ⋅ ⋅

where CD is the drag coefficient,U(t) is the swimming
speed of the underwater vehicle in the forward
direction, and S is the wetted surface area. The force
balance is explained by:

T t F mU t4 ( ) ( ). (19)D− = ̇

Based on (17), (18), and (19), U(t) can be
obtained.

2.1.3. Experimental investigation
The drag coefficient relates to the glider body,
especially the Reynolds number; the properties of the
glider’s surface; and the fitness ratio of the body. The
slender body theory was utilized in this study to
identify the drag coefficient, using a method that was
presented in [20–24]. A horizontal servo towing
system was used to identify the drag coefficient, CD.
The underwater vehicle was towed under the system,
which had a force detection apparatus attached to it, as
shown in figure 5. The force transducers measured the
forcesT1 andT2.

The lever principle was used to amplify the resul-
tant force on the vehicle. The force sensors measured
the external force Text acting on the vehicle by
Text = (T1–T2)/100. The experimental results were
recorded by a data recorder (Nicolet Vision XP, LDS
Inc., Germany). The towing speeds of the underwater
vehicle varied from0.005 to 0.1 m s−1.

In order to validate the speedmodel, the wave gen-
erator—the prototype of which is shown in figure 6—
was used to test the underwater vehicle in a tank. The
wave generator was designed using a crank-slider
mechanism. A DC motor (36SYK71, Saegmotor Co.,
China) provided the motion for the mechanism. A
beamwasfixed vertically at the end of the slider to gen-
erate the waves. Two other sliders, which were fixed
vertically at the two ends of the beam, slid on two fixed
rails. The amplitude and frequency of the translational
motion could be adjusted by changing the length of
the crank and the rotation speed of the motor. The
motor was monitored by a motor controller
(BDMC4810, Beijing UPTECH Robotics Co. Ltd,
China). A computer was utilized to control the motor
controller. The waves were generated by the apparatus
to mimic the sinusoid up-and-down motion of ocean
waves.

The underwater vehicle was propelled by the
waves in the tank; at steady state, the vehicle moved
through the given range of 10 cm. A timer was used to
record the time. The amplitude of the sinusoidal wave
was adjusted to 10 mm. The frequencies of the waves
varied from 0.4 to 1.6 Hz, which were within the nor-
mal frequency range of the ocean waves [46]. Figure 7
shows a snapshot of the vehicle swimming in the tank.
The vehicle swimming time was tested three times

5
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under each wave frequency. The cruising speed, Uexp,
was obtained by the average.

2.2. IPMCunderwater sensor
2.2.1.Modeling
Themodel for the IPMC sensors will be derived in this
section. The variables L, Ŵ , and 2h represent the
length, width, and thickness, respectively, of the IPMC

sensor. The Nernst–Planck equation describes the
ionicmigration and diffusion throughout the polymer
as:

( )C

t
D C z FCˆ ˆ ˆ ˆ 0, (20)  μ ϕ∂

∂
+ ⋅ − − =

where C, D, ˆ,μ F̂, ẑ, and ϕ are the cation concentra-
tion, the diffusion constant, the mobility of cations,

Figure 5.The systemused tomeasure the drag of the glider.

Figure 6.The prototype of thewave generator.

Figure 7.The underwater vehicle tested in a tank to validate the speedmodel.
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the Faraday constant with a value of
F̂ 96487 C mol ,1= − the charge number, and the
electric potential in the polymer, respectively.

The anions are fixed in the polymer matrix. With
mobile cations within the polymer, the concentration
and migration of ions vary in the deformed IPMC.
Thus, the electric field increases at the polymer bound-
ary. This is describedwith Poisson’s equation:

E
ˆ

, (21)c2  ϕ
ρ
ε

⋅ = − =

( )F C Cˆ ˆ , (22)c 0ρ = −

where E, ˆ,ε ,cρ C0 are the strength of the electric field,
the absolute dielectric constant, the charge density,
and the constant anion concentration, respectively.
Since E FCˆ ˆ

0ε ≪ [35], by combining (20), (21), and
(22), one can obtain:

t
D

z

z F Cˆ ˆ ˆ

ˆ
0. (23)c c

c

2

2

2
0ρ ρ μ

ε
ρ

∂
∂

−
∂
∂

+ =

Transferring (23) from the time domain to the
Laplace domain, (23) can be rewritten as:

z x s s D
z x s

z

z F C
z x s

( , , )
( , , )

ˆ ˆ ˆ

ˆ
( , , ) 0. (24)

c
c

c

2

2

2
0

ρ
ρ

μ
ε

ρ

−
∂

∂

+ =

Based on Nemat–Nasser and Li’s theory [47], the
induced stress is assumed to be proportional to the
charge density at the boundary of z h= ± :

h x s h x s( , , ) ( , , ). (25)cσ αρ± = ±

where α is the coupling constant. Considering the
boundary condition, ρc(h, x, s) + ρc(−h, x, s) = 0, and
by solving (24), one obtains:

( )z x s C s L x A s z( , , ) 2 ˆ ( )( ) sinh ˆ ( ) , (26)cρ = −

where:

A s
B s

D
B

z F Cˆ ( )
ˆ

ˆ ˆ ˆ

ˆ
.

2
0μ

ε
= + =

By relating h x s( , , )σ ± to external stimuli, the
expression of C sˆ ( ) is denoted as [35]:

( )( )

C s

Y hA s

L W A s h A s h A s h

w s

ˆ ( )

3 ˆ ( )

4 ˆ ˆ ( ) cosh( ( ) ) sinh ˆ ( )

( ),

(27)

IPMC

3α

=

−

×

where YIPMC is the Young’s modulus and
Y 90.92 MPa.IPMC = The ionic flux in the z direction is
denoted as:

f z x s

D
F

z x s

z

FC

RT
E z x s

( , , )

1
ˆ

( , , ) ˆ

ˆ
( , , ) , (28)c

a

0
⎡
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⎤
⎦⎥

ρ
= −

∂
∂

−

where R̂ represents the gas constant and equals
8.3143 J mol K1 1− − and Ta represents the absolute
temperature and equals 297 K.Based on the boundary
condition, f(h, x, s) = f(−h, x, s) = 0 and E(±h, x, s) ≠ 0,
by using (21), (26), and (27), the electric potential of
the IPMCcan be expressed as:

( )

( )

z x s C s L x
A s z

A s

C s L x A s h

RT A s

F C A s
z b x s

( , , ) 2 ˆ ( )( )
sinh ˆ ( )

ˆ ˆ ( )

2 ˆ ( )( ) cosh ˆ ( )

ˆ ( )

ˆ

1

ˆ ˆ ( )
( , ).

(29)

a

2
0

⎛
⎝
⎜⎜

⎞
⎠
⎟⎟

ϕ
ε

ε

= − −

+ −

× − +

The surface electric potential of the IPMC at an
open circuit is h s V s( , 0, ) ( ) 2.ϕ ± = ± The output
voltage of IPMCat an open circuit is:

( )
V s h s h s

C s L
A s h

A s

( ) ( , 0, ) ( , 0, )

4 ˆ ( )
sinh ˆ ( )

ˆ ˆ ( )
. (30)

ϕ ϕ

ε

= − −

= −

The transfer function relating the output voltage
to the tip displacement, H s V s w s( ) ( ) ( ),= can be
obtained. Given the tip displacement of the soft films
in (12), and converting (30) into the time domain, the
output voltage of the IPMC can be denoted as:

V t A R L j H j

t R L j H j

( ) ( , ) ( )

sin( ( , ) ( )). (31)
D ω ω

ω ω ω
=
× + ∠ + ∠

2.2.2. Parameter identification
The parameters of the IPMC sensor model needed to
be identified by means of fundamental experiments.
The experiment setup used to identify the IPMC
model is shown in figure 8. The IPMC strip was
clamped at one end. The tip of the IPMC oscillated
along with a crank-slider mechanism. The apparatus
could provide a periodic excitation that varied from
0.01 to 2 Hz and 2.5 to 15 mm. The clamp at the end of
the slider constrained the tip of the cantilevered IPMC
strip. The tip-bending deformation of the IPMC beam
was correlated with the slider motion. Since the
oscillation amplitude was small, the tip of the IPMC
could be considered to be fixed to the slider. During
the experiments, the oscillation amplitude Da was
between 5 and 15 mm. The IPMC sensor was tested
under amechanical stimulus.

The oscillation amplitude varied from 5 to 10 mm,
and the frequency varied from 0.4 to 1.6 Hz. The oscil-
lation of the IPMC strip was measured by a laser sen-
sor (OADM 20U2441/S14C, Baumer Inc.,
Switzerland), and a data recorder recorded the experi-
mental data regarding the sensing response of the sen-
sor. Some parameters—except physical parameters
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(e.g., R and F) and measured directly parameters (e.g.,
Ta, h, and Y)—needed to be identified by means of
curvefitting, using the least squaresmethod [48].

3. Results and discussion

3.1. Underwater vehicle
3.1.1. Drag coefficient
The drag force versus the towing velocity of the vehicle
is shown in figure 9. Based on the experimental results,
the drag coefficient, CD, was derived. Table 1 shows
the parameters of the drag experiment.

3.1.2. Speed results
The theoretical model, see (19), was verified under
various operating frequencies. Figure 10 presents
results of the simulation run, which had a wave
frequency of 1 Hz and an amplitude of 10 mm. This

figure shows the velocity of the vehicle in water in the
forward direction over 20 s. Initially, the vehicle had a
few fluctuating movements, and then reached steady
state.

Figure 11 compares the simulation to the experi-
mental results of the underwater vehicle speed. The
predicted speeds matched the experimental data well.
As the wave frequency increased, the speed of the
underwater vehicle increased rapidly. The peak speed
was 1.08 × 10−1 m s−1 at 1.6 Hz.

Figure 8. Schematic of the experimental set up.

Figure 9.Drag force versus velocity of the vehicle.

Table 1.Parameters of the
drag experiment.

Item Value

S (m2) 0.0179

CD 0.0515

ρw (kg m
−3) 1000
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This study provided a prototype of the biomimetic
underwater vehicle actuated by waves. The prototype
can be developed further into a platform that can be
applied in fields of science, commerce, and military.
Apart fromproducing the thrust, more equipment can
be applied on the submerged glider, for example, the
water monitor. In addition, devices such as solar
panels can be established on the float on the surface of
the water. Other onboard devices—such as batteries,
the control electronics, communications systems, and
a variety of sensor payloads—can be replenished by
the solar panels [28]. Further, a rudder can be attached
to the vehicle to control the forward direction.

TheWaveGlider [28] obtained an average forward
speed of 1.5 kts (approximately 0.77 m s−1). The ocean
wave height ranged from 0.5 to 1 m. The length of the
wave glider’s float and glider were 2.08 and 1.91 m,

respectively, and its 12 wings were 1.07 mwide. In this
study, a peak speed of 1.08 × 10−1 m s−1 of the pro-
posed vehicle was recorded at a wave height of 0.01 m.
The float and the glider were 0.089 and 0.104 m long,
respectively, and the four fins each were 0.03 m wide.
Compared to systems developed in earlier studies, if
the systems and the wave environment were equalized,
the prototype used in this study may have had a better
swimming performance. Possibly, this is because a
part of the energy was consumed in the rotation of the
rigid fin due to the friction inside the axles of theWave
Glider. The vehicle developed in this study utilized soft
fins, and did not consume friction energy during the
flapping motion, which is more efficient than other
methods. However, further experiments are needed to
test the vehicle in real-world applications.

Figure 10. Simulation results for the underwater vehicle at thewave frequency of 1 Hz.

Figure 11. Simulation and experimental results of the underwater vehicle’s velocities.
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3.2. IPMCunderwater sensors
3.2.1. Parameters of themodel
Two IPMC samples (Environmental Robots Inc., US)
of different thicknesses and sizes were tested. Table 2
shows the dimensions of IPMC samples. The experi-
mental results were analyzed in MATLAB® (http://

mathworks.com/). The parameters were derived, as
shown in table 3. Figure 12 compares IPMC sensing
responses with model predictions for the two IPMC
strips, IPMC 1 (figure 12(a)) and IPMC 2
(figure 12(b)). Generally, the magnitude and phase of
the IPMC model showed a nonlinear decrease as the
frequency increased. The simulation results of the
model with the identified parameters match well with
the experiment results.

3.2.2. IPMCSensors
In order to measure the output voltage of the IPMCs,
the IPMC beams were attached to the soft fins and
oscillated along with the fins. The frequencies of the
waves varied from 0.4 to 1.6 Hz. The wave amplitude
was 10 mm. The voltage of the IPMC sensors was
measured by LabVIEW software (National Instru-
ments, US).

Based on (31), the IPMC output voltage was simu-
lated. The results for the model and experimental tests
of IPMC sensors for the output voltage under various
conditions matched well, as shown in figure 13. A

Table 2.Dimensions of the IPMC strips.

Item Length (mm) Width (mm) Thickness (mm)

IPMC1 51.89 8.40 0.28

IPMC2 38.54 8.96 0.28

Table 3.Parameters for IPMC
sensormodel.

Item Value

D (m2 s−1) 2.4 × 10−16

C0 (mol m−3) 154

ε̂ (F m−1) 3.4 × 10−6

μ (mol s kg−1) 1.8 × 10−15

α (J C−1) 204

Figure 12.Comparison of the IPMC sensing response with sensingmodel predictions; (a) IPMC1having a vibration amplitude of
5 mmand (b) IPMC2having a vibration amplitude of 5 mm.
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sinusoidal voltage was tested due to the sinusoidal
oscillation of the IPMC in thewater.

Figure 14 shows the simulation results and experi-
mental results of the output voltage. In generally, the
output voltage of the IPMC sensors can be forecasted
by the model. The amplitude of the IPMC sensor
decreased with increasing wave frequency. During the
steady swimming status of the underwater vehicle, the
IPMCs had a stable deflection due to the stabilized
wave amplitude. Based on figure 12, the magnitude of
the IPMC sensor decreased as the frequency increased.
Thus, the IPMC amplitude decreased as the frequency
increased, which had good agreement, as shown in
figure 14. A disparity was found in figure 14(b), where
the magnitude of the experimental data at 1.6 Hz was
larger than that of 0.4 Hz. The elucidations are as
follows:

(1)The size of the tank is limited and the boundaries
affected the waves. The propulsion of the under-
water vehicle was influenced.

(2)The track of the underwater vehicle was not strictly
straight line in the free swimming steady state,
which also affected the voltage output of the IPMC
sensor.

A maximum voltage amplitude of 2.27 × 10−4 V
was recorded at 0.8 Hz. By comparing the voltage
between IPMC 1 and IPMC 2, it was found that the
voltage amplitude of IPMC 1 generally was higher
than IPMC 2. Based on table 2, the length of IPMC 1 is
34.64% higher than that of IPMC 2 and the width of
IPMC 1 is 6.25% lower than that of IPMC 2. Previous
works on IPMC sensors also shown that under the

Figure 13. Simulation and experimental results of the IPMCoutput voltage: (a) IPMC1 at a frequency of 1 Hz and (b) IPMC2 at a
frequency of 1 Hz.
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same conditions, with the width of IPMC sensor
increasing, the output of IPMC increases [35]. One
may conclude that the effect of the length is dominant
on the voltage output of IPMC in current system.
Thus, it can be demonstrated that by increasing the
length of the IPMC sensor, the voltage output will
increases. Considering the results of previous work
[35], it can also be indicated that the voltage output of
IPMC sensor can be increased by increasing thewidth.

IPMCs potentially could be applied in swimming
structures, biomimetic robotics, and underwater sys-
tems [49–51]. Over the past few years, significant
interest has developed in using IPMC materials for
underwater actuation, sensing, and energy harvesting.
In this study, IPMCmaterials were chosen for the sen-
sors applied on the underwater vehicle for several rea-
sons. First, the IPMCs are appropriate for working in
liquid, and they have direct mechano-sensory proper-
ties. These characteristics made it relatively easy to
construct the sensor and its readout circuitry. Second,

IPMC sensors have the advantage of inherent softness.
This property allows the sensors to sway alongwith the
fins of the underwater vehicle. Finally, the IPMCs are
relatively simple to fabricate. Over the past decade,
extensive work has been done to improve the fabrica-
tion processes. In particular, well-known processes
could be used to fabricate IPMC strips on the scale of
millimeters and above [52], and then cut them into
any desired size.

In addition, the fins could be replaced by an IPMC
sheet having the necessary material mechanical prop-
erties. The experimental results of the IPMC sensors
show that the soft fins of the underwater vehicle have a
sinusoid oscillation, which was in accordance with the
model’s predictions. By rearranging (31), a physical
model of the wave could be obtained by IPMC sensors.
Moreover, the wave amplitude and frequency can be
measured in real time over a broad frequency range.
However, the ability of the IPMC sensors in seawater
remains to be validated.

Figure 14. Simulation and experimental results of the IPMCoutput amplitude: (a) IPMC1 and (b) IPMC2.
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3.2.3. Energy harvesting capabilities of IPMC
The development of modern wireless technology
requires alternative energy sources to replace tradi-
tional batteries. Such equipment as large wireless
sensor networks require reliable and enduring power
sources [53]. Low-power electronic devices can be
powered by energy harvested from the environment
[54, 55]. With their mechanoelectrical characteristics,
softness, the ability to work underwater, and biocom-
patibility, IPMCs have promising applications in
energy harvesting.

Current study investigated the energy harvesting
capabilities of the underwater vehicle hosting the
IPMCs. The IPMCs were connected to an external
electrical load Rl of 15Ω seperately. By measuring the
voltage on the electrical load Ul, the power of the
IPMCcan be obtained by:

P

U t

R f

d

1
. (32)l

t

t f

l

l

1
2

s

s∫
=

⋅

+

Figure 15 shows data regarding harvested power
from two types of IPMCs in the underwater vehicle.
Generally, the power of IPMC 1 was greater than that
of IPMC 2. The result of figure 15 is in agreement with
that of figure 14. Combing with above discussion of
the effect of length and width on the voltage output of
IPMC, onemay conclude that by increasing the length
of the IPMC and the width, the power of the IPMC can
be increased. The harvested power lies in the range
10−11 to 10−9 W,which has good agreement with other
studies of IPMC energy harvesting [39]. A maximum
power of 9.5 × 10−10 Wwas recorded at 1.6 Hz.

4. Conclusion

Plenty of underwater vehicles have been designed and
applied in various fields. As far as we know, quite a few
studies have been done regarding biomimetic clean-
energy underwater systems and their hydrodynamics.
This paper proposes a biomimetic underwater vehicle
actuated by waves, and the swimming performance of
the underwater vehicle was studied both theoretically
and experimentally. The underwater vehicle was able
to convert wave energy into propulsion energy. The
vehicle can obtain limitless propulsion from the
substantial power of the oceanwaves.

A speed model of the underwater vehicle was devel-
oped. The model took into consideration the underlying
hydrodynamic interactions between the soft fins and the
fluid. The hydrodynamic force acting on a soft fin was
modeled by integrating the hydrodynamic force on each
segment of the soft fin. The generalized physical force on
the fin, introduced by the motion of the wave glider, was
decomposed into a distributed force along the length and
a concentrated bendingmoment at the beamend. For the
dynamics of a soft fin in fluid, the solution was derived to
a fourth-order partial differential equation that incorpo-
rated the hydrodynamic force acting on the soft fin and
the driving force introducedbymotionof thewave glider.
Thus, a speedmodel of the biomimetic underwater vehi-
clewas achieved.

Experimental apparatuses were developed for testing
purposes. The vehicle’s speed was measured while it was
freely swimming in a water tank. Under a servo towing
system, drag experiments were performed to identify the
parameters. When the experimental results were com-
pared with the theoretical predictions under various
operating frequencies, it was found that the model could

Figure 15.Experimental results of the harvested power of the IPMCs.
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predict the cruising speed of the underwater vehicle with
good accuracy. In addition, this study showed that the
speed increased with increased wave frequency. Poten-
tially, this vehicle has wide application, and could be ben-
eficial in designing and optimizing biomimetic clean-
energyunderwater systems.

IPMCs were applied to the underwater vehicles as
sensors. A physical model was developed to provide
insights regarding the mechanism of the mechan-
oelectrical response of IPMC. The Poisson–Nernst–
Planck system of equations was used to describe the
charge redistribution dynamics in the polymer. The
partial differential equation was solved by converting
the basic equation from the time domain to the
Laplace domain. The derived open-circuit sensing vol-
tage was related to the mechanical deformation. By
coordinating the beam dynamics of the soft fins and
the physical model of the IPMC, the sensing voltage of
the IPMCs on the underwater vehicle was obtained.
Experiments were conducted to validate the model by
measuring the sensing voltages of the IPMCs. The
experimental results matched the theoretical results
with good accuracy. Simulations were conducted to
envision the proposed model, and hydrodynamic
experiments were performed on the IPMC sensors.
Based on the theoretical results and experimental
results, it was found that themodel canwell predict the
output of the IPMC sensors. With further experi-
mental investigations, both the IPMC sensors and the
model may also be useful in measuring the real-time
wave amplitude and frequency. Additionally, the
energy-harvesting capabilities of the IPMC in the
underwater vehicle were investigated.

Further improvements will be made on this vehi-
cle to support real-world applications. A theoretical
model for the mechanism of IPMC energy harvesting
will be developed, and more experiments will be con-
ducted for a comprehensive understanding of IPMC
energy harvesters. Furthermore, a vision based velo-
city measurement apparatus will be developed and the
underwater vehicle will be tested in experiments.
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