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ABSTRACT

In the last few decades, biomimetic systems have been receiving growing interest relative
to bio-inspired design, physics-based modeling, high maneuvering capability, and high energy
efficiency. In this research, first a compact-sized biomimetic robotic fish propelled by an ionic
polymer-metal composite (IPMC) actuator was developed. This robotic fish contains two pectoral
fins to steer and one caudal fin to generate its essential propulsion. Then a new robotic fish
propelled by a hybrid tail was developed. In the hybrid tail, an IPMC was used as a soft actuator
to change the shape of the caudal fin and provide a responsive turning moment. A traditional servo
motor was used as an active joint in the hybrid tail to generate oscillation on the tail, which leads
to the main thrust for forward swimming. The robotic fish with the hybrid tail can achieve twodimensional (2D) maneuvering capability. A 2D dynamic model that incorporates IPMC active
beam dynamics, rigid body motion dynamics, and hydrodynamic force acting on the hybrid tail
was developed to capture the motion dynamics of the robotic fish. Experiments and simulation
data are illustrated to verify the 2D maneuvering capability of the robotic fish.
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CHAPTER 1
INTRODUCTION

In the last few decades, biomimetic systems, such as robotic fish, have been receiving a
growing interest relative to bio-inspired design, physics-based modeling, maneuvering capability,
and high energy efficiency. Since underwater robotic fish can do multiple tasks, such as monitoring
a deep water drilling platform or locating underwater pollution, many research groups have been
developing robotic fish [1, 2] and soft-body robotic fish [3]. Most of these robotic fish use
traditional electric motors and servo motors to generate rotation and flap movement. However,
most electric motors and servo motors generate considerable noise during operation, which makes
it difficult for robotic fish to merge into marine life environment. Moreover, the traditional
mechanic power transmission of electrical motors and servo motors is too bulky and heavy for
small-scale biomimetic robotic fish, which are of interest in many applications. Also, the
traditional electric motor-driven fish needs a power transmission to translate rotation into flapping
motion, which reduces the energy efficiency during the energy conversion.
Compliant underwater propulsion requires a soft actuator. Electroactive polymers (EAPs),
also called artificial muscles, are attractive soft actuators in order for aquatic robots to achieve
compliant underwater propulsion. Two typical types of EAP materials are dielectric [4] and ionic.
Dielectric EAPs can generate a large force with large bending displacement. But the actuation
voltage is around 1 to 2 KV, which is dangerous for use as an actuator in bio-inspired robotic fish
because of the wet environment. Ionic EAPs are driven by an ion transportation-induced swelling
effect, which requires low actuation voltage. Ionic polymer-metal composite (IPMC) is one type
of ionic EAP, which typically consists of a thin ion-exchange membrane (e.g., Nafion™),
chemically plated on both sides of the surfaces with rare metal as an electrode [5]. When a voltage
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is applied to the IPMC, the transport of hydrated cations and water molecules within the membrane
and associated electrostatic interactions lead to bending motions, hence an actuation effect, as
shown in Figure 1.1 [6]. Since IPMCs can work under wet conditions, IPMC-based robotic fish
have been reported by several research groups. For example, Tan et al. developed a robotic fish
propelled by an IPMC caudal fin [7], and then Chen et al. developed a speed model for the robotic
fish [8]. An IPMC-powered robotic cownose ray and manta ray and have also been developed [7,
9]. These robotic fish or rays only demonstrated one-dimensional (1D) swimming. However, 2D
or 3-dimensional (3D) maneuvering capabilities were limited because they utilized only one IPMC
artificial fin, either pectoral or caudal, which prevents these robotic fish from achieving
maneuvering capabilities exhibited by real fish, such as turning, hovering, and breaking. To
achieve 2D or 3D maneuvering capabilities, multiple-fin propulsion is critically necessary for
robotic fish to achieve some real-world applications, such as environmental monitoring and
intelligence collection.

Figure 1.1. Actuation mechanism of IPMC.
2

In this thesis, two types of robotic fish were developed. The first is a compact, noiseless,
and untethered biomimetic robotic fish propelled by multiple IPMC fins. The robot fish employs
two pectoral fins to generate steering and one caudal fin to generate the main propulsion. A passive
plastic fin is attached to the IPMC beam to enhance propulsion. With multiple IPMC fins, the fish
is capable of 2D maneuvering. One small-size programmable printed circuit board (PCB) is
designed for the 2D controllable fish. Experimental results have shown that the forward-swimming
speed can reach up to 1 cm/sec, and both the left-turning and right-turning speeds can reach up to
2 rad/sec. The second robotic fish is a 2D maneuverable robotic fish propelled, for the first time,
by a two-link hybrid tail driven by a servo motor and an IPMC soft actuator. The servo motor is
used to generate the main thrust, and the IPMC soft actuator is used to change the slope of the tail
to generate a steering moment. Experimental results have shown that the robotic fish is capable of
fast-forward swimming (up to 10 cm/second) and quick turning (up to 20 degrees/sec) with a small
turning radius (less than 12 cm).
1.1

Organization of Thesis
Chapter 2 provides a discussion of some of the biological swimming mechanisms used by

fish in nature and their particular interest and use in designing biomimetic swimming devices.
Many groups have developed body/caudal fin (BCF) types of robotic fish because this kind of fish
has obvious energy efficiency relative to hydrodynamic force. Also, this type of fish has high
maneuvering ability. Chapter 2 will also present a review of robotic fish developed by other
research groups.
In Chapter 3, the development of a 2D maneuverable, compact, and lightweight robotic
fish entirely actuated by IPMC artificial muscle is discussed. The lightweight multiple-fin
propulsion developed for this bio-inspired robotic fish consists of two pectoral fins for steering
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and one caudal fin for the main propulsion. All fins are actuated by IPMC artificial muscles, which
the actuation part light and compact. With multiple IPMC fins, the fish is capable of 2D
maneuvering. An onboard programmable controller allows the fish to be free swimming and
controllable. Because no gears or electrical motors are involved with the noiseless and compliant
actuation of IPMC, the fish can swim quietly during its operation, thereby achieving stealth
maneuvering capability. Experimental data show that the robotic fish is able to turn right and left,
and move forward by activating different fins. This work advances previous work [10] by
optimizing the fin design, body shape design, and onboard circuit design, in turn doubling the
forward swimming speed and turning speed.
Chapter 4 explains how a traditional servo motor connected to a rigid body is used to
generate the main thrust from the first link of the tail structure, and a soft IPMC actuator is used
to change the shape of the caudal fin. Robotic fish use this hybrid tail structure to generate
relatively high forward thrust and steering moment. To design and control a robotic fish actuated
with multi-jointed links and a hybrid tail, it is essential to have a reliable and practical dynamic
model of the robotic fish. This chapter also explains the development of a 2D dynamic model of
the robotic fish propelled by a hybrid for control and design purposes. The model combines both
the actuation dynamics of the IPMC, 2D body dynamics, and hydrodynamics of a two-link tail
with a soft and active joint.
1.2

List of Pertinent Publications

Journal Articles
Z. Ye, P. Hou, and Z. Chen, “2D Maneuverable Robotic Fish Propelled by Multiple Ionic
Polymer-Metal Composite Artificial Fins,” International Journal of Intelligent Robotics and
Application, under review, 2016.
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P. Hou and Z. Chen, “Robotic Fish with Servo Motor and Ionic Polymer-Metal Composite
Actuated Hybrid Tail,” in preparation, 2016.
Conference Papers
P. Hou, Z. Ye, and Z. Chen, “Bio-Inspired Robotic Fish Propelled by Multiple Artificial
Fins,” Proceedings of the ASME Dynamic Systems and Control Conference, Minneapolis, MN,
DSCC2016-9848, pp. 1-6, 2016.
P. Hou and Z. Chen, “Dynamic Modeling of Robotic Fish with Servo Motor and Ionic
Polymer-Metal Composite Actuated Hybrid Tail,” IEEE Conference on Robotics and Automation,
under review, 2016.
1.3

Contributions
This study is considered to make the following contributions to the knowledge base:


Development of a lightweight, compact, bio-inspired robotic fish propelled by artificial
muscle-actuated multiple fins.



Development of a lightweight, compact robotic fish with a hybrid tail including a servo
motor and IPMC actuator.



Development of 2D dynamic modeling for a robotic fish with a hybrid tail.
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CHAPTER 2
LITERATURE REVIEW

2.1

Swimming in Nature
Compared to the natural movement of fish, human propulsion is far inferior. It is known

that the propulsion efficiency of fish exceeds 90% [11]. For example, the speed of a sailfish can
reach 110 km/h, while its maximum acceleration can reach 249 m/s with a body weight of 25 kg.
Also, fish swim silently and can turn sharply. The outstanding swimming performance of fish can
be attributed to many factors, such as a streamlined body, a mucous body surface, etc. Among
these factors, the most important is the method of propulsion.
In light of this, this question arises:

How does a fish propel itself? What are the

mechanisms of and the theory behind swimming fishes? In the past decades, both scientists and
engineers have devoted considerable effort to overcoming the drawbacks of conventional
underwater vehicles. These attempts have included the study of propellers, biology-inspired
propulsion, and so on. Several physics-mechanical designs in fish evolution have recently inspired
robotic devices for propulsion and maneuvering purposes in underwater vehicles [6, 12, 13]. It is
obvious that the potential benefits from biological innovation can be applied to underwater vehicle
systems to achieve high speed, silence, energy efficiency, and enhanced maneuverability.
Currently, various species of fish possess different functions with distinct explanations. Therefore,
it is helpful to be conscious of fish classifications and functions, as shown in Figure 2.1 [11].
According to Chapter 1 in the book, Robot Fish [11], fish swimming includes anguilliform,
subcarangiform, carangiform, and thunniform, whereby anguilliform is considered as an S mode
while the others are considered as a C mode. To mathematically differentiate these swimming
forms, the following characteristic function, defined in equation (2.1), can be used:
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(2.1)
where λ = 2π/k. This characteristic function describes the traveling wave pattern with respect the
body length (BL) x and wavelength λ.[11]

Figure 2.1. Classification of fish swimming modes.
According to the characteristic function, swimming forms are differentiated as follows:


Thunniform swimming, 2πλ ≤ π/2 or λ ≥ 4



Carangiform swimming, π/2 ≤ 2π/λ ≤3 π/2, or 4 ≥ λ≥ 4/3



Subcarangiform swimming, 3π/2 ≤ 2π/λ ≤ 5π/2, or 4/3 ≥ λ ≥4/5



Anguilliform swimming, 2πλ ≥ 5π/2, or λ ≤ 4/5

The most common type of fish swimming is carangiform, which is exemplified by the tuna, an
extremely efficient swimmer.
The first distinction between biological swimming modes relates to body/caudal fin and
paired/median fin (PMF) types of swimming. BCF swimming refers to swimming modes that
generate thrust through the use of a translation wave propagated along the body and translated onto
the caudal fin, which acts as a propulsive surface. According to the proportion of their bodies, BCF
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swimmers are often involved in a propulsive change in flapping frequency in order to obtain a
good control. Typically, with a BCF swimmer, the larger the proportion of the body involved in
the propulsive waves, the greater the maneuverability; however, the smaller the proportion of the
body involved in the propulsive waves, the greater the efficiency and speed. In particular, BCF
swimmers can achieve rapid swimming at speeds on the order of 10 BL per second and also sharp
turning ability. Usually, this type of fish takes less than one BL to achieve a 180-degree turning
effect, as is true of the tuna fish, shown in Figure 2.2.

Figure 2.2. Tuna fish with large and powerful caudal fin.
The PMF swimmer relies on all fins to achieve locomotion. The actuation fins can be paired
pectoral fins, dorsal fins, anal fins, or paired dorsal and anal fins, and so on. Typical PMF
swimmers are capable of precision maneuvering with six degrees of freedom, including stationkeeping and reverse maneuvering, as is true of the goldfish, shown in Figure 2.3.
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Figure 2.3. Goldfish with dorsal fin, anal fins, and pectoral fins.
Lift and Drag
Lift and drag forces are very important parts of the swimming motion. Undulation motion
propulsion is a composite force of drag force, oscillation propulsion force, and a large amount of
lift force. Fins designed for lift force propulsion, such as the caudal fin of the bluefin tuna body,
are smooth and hydrodynamic. However, the goldfish, as shown in Figure 2.3, utilizes a drag
motion type of propulsion.
Periodic Motion
Like most biological creatures, both BCF and PMF swimmers rely on periodic motion.
Many fish have demonstrated that they use passive muscles to generate a turning moment along
the body. Smart material, such as IPMC and dielectric elastomer (DE) have an elasticity property
and large banding performance. IPMC martial is used to fabricate the actuator as the fish fin. The
actuator is more like artificial muscle and has high energy efficiency. The fabrication and design
of the robotic fish will be explained in Chapter 3.
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Maneuverability
The in-plane motion of the fish body during swimming is adapted from a description of the
motion of vessels near the water surface [14]. Figure 2.4 illustrates the fish motion during
swimming [11].

Figure 2.4. Fish motion during swimming.
When BCF swimmers are swimming at high speed, they can make themselves dynamically
unstable in the yaw direction, allowing them to rapidly change direction. This movement can also
be achieved if the center of the cross-section area (COA) is forward of the center of mass (COM).
By employing various dorsal and anal fins, fish can adjust their COA position relative to the COM
and stabilize the level of yaw, as shown in Figure 2.5.

Figure 2.5. Diagram showing fish’s center of area (COA) and center of mass (COM).
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2.2

Existing Robotic Fish Work
Currently, many research groups are developing robotic fish, such as the Korea Institute of

Industrial Technology. Its three degrees of freedom (DOF) robotic fish “Ichthus” hashigh
efficiency and excellent dynamic properties needed by robots. Ichthus has two joints in the fish
body and one at the end of the tail. The connection of each link joint uses servo motors, whereby
they can control the frequency and amplitude of the robot. The actual implementation of the robotic
fish Ichthus is shown in Figure 2.6 [15].

Figure 2.6. Actual implementation of robotic fish “Ichthus.”
Tan et al. developed an IPMC-actuated robotic fish that can swim quietly [16]. This fish
used smart materials as a soft actuator. The robotic fish was propelled by an IPMC hybrid tail.
Under an applied voltage with oscillating frequency, the tail generated flapping motion, in order
to make the fish swim forward. The advantage of this method is stealthy since no gears and motors
were involved [8]. Figure 2.7 shows the IPMC caudal fin that propels the robotic fish.

11

Figure 2.7. IPMC caudal fin that propels robotic fish.
Kopman et al., from New York University, developed a small, one-joint robotic fish
propelled by a caudal fin actuated by a servo motor [17]. Figure 2.8 shows this bio-inspired robotic
fish.

Figure 2.8. Side view of robotic fish with bio-inspired caudal fin.
The wire-driven robot fish has multiple joints and usually a long body length, which
provides more flexibility during swimming. Also, its type of fish tail, in cooperation with a sine
wave signal, can imitate a snake-like movement. For example, Du et al. developed a wire-driven
robotic fish, as shown in Figure 2.9 [11].
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Figure 2.9. Oscillatory wire-driven robotic fish.
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CHAPTER 3
BIO-INSPIRED ROBOTIC FISH PROPELLED BY MULTIPLE ARTIFICIAL FINS

3.1

Description of IPMC-Propelled Robotic Fish
Figure 3.1 shows a schematic of the robotic fish, and Figure 3.2 shows a prototype, which

is an upgraded version of the one reported in an early prototype [10].

Figure 3.1. Schematic of robotic fish.

Figure 3.2. Prototype of robotic fish.
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This fish is designed to be a fully autonomous and aquatic sensing platform. It consists of a rigid
body, one IPMC actuated caudal fin, and two IPMC actuated pectoral fins. Two gold-coated
copper electrodes are used for applying voltage to the IPMCs, which reduces their corrosion in
water. Corrosion of the electrodes will create high resistance between the IPMC and electrodes,
thus downgrading the actuation performance of the IPMC. The IPMC actuator is attached to a
plastic passive fin to enhance propulsion [8]. The fish body has a water-drop shape, which is
optimized to reduce water resistance during forwarding and turning movements. Thus, the new
body design can increase the energy efficiency and achieve a faster cruising speed. Also the shell
body has enough interior room to locate rechargeable batteries and electronic circuits for control
proposes. All electronic components are zipped into a plastic bag to ensure waterproofing. Without
the hybrid tail, the fish is about 18 cm in length and 8 cm in diameter, the total inside volume is
around 140 cm3, and it weighs about 150 g.
3.2

Two-Dimensional Maneuvering Mechanism
Two-dimensional maneuvering capability of robotic fish can be achieved by activating

multiple fins in different combinations [10]. Figure 3.3 shows the mechanism of the 2D
maneuverable robotic fish being driven by different fins. Point G on the fish is defined as the center
of mass. For forward swimming, all fins are activated, as shown by red arrows in Figure 3.3(a).
The caudal fin generates the main forward thrust to achieve forward swimming. Pectoral fins
located symmetrically at both sides of the fish can generate assisting forward thrust. For left
turning, the fish’s left pectoral fin and caudal fin are activated, as shown in Figure 3.3(b). The
combination of forces generated by these fins pushes the fish body to move to the right but actually
turns the fish to the left, thus achieving left turning. For right turning, the fish’s right pectoral fin
and caudal fin are activated, but the left pectoral is deactivated, as shown in Figure 3.3(c).
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The combination of forces generated by the right pectoral fin and caudal fin pushes the fish body
to the left side but actually turns the fish to the right, thus achieving right turning.

Figure 3.3. 2D maneuvering capability achieved by multiple fins: (a) forward swimming,
(b) left turning, and (c) right turning.
3.3

Design of Caudal and Pectoral Fins
Chen et al. developed a speed model for a robotic fish [8]. Their prototype used one IPMC

as the caudal fin to generate propulsion force. Chen et al. also developed an artificial pectoral fin
for a robotic cownose ray [7]. This thesis used the same caudal fin and pectoral fin shape design
as shown in Figure 3.4. Since the pectoral fin is only used to generate the steering moment, it does
not require 3D kinematic motion. To simplify the pectoral fin design, a triangular passive fin,
which has one side curved and is attached with IPMC, was used. Figure 3.4 illustrates the design
of the caudal and pectoral fins.

Figure 3.4. Design of caudal (left) and pectoral (right) fins.
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3.4

Onboard Circuit
A lightweight onboard circuit was designed for the robotic fish to provide actuation

voltages to the IPMCs, as shown in Figure 3.5. A rechargeable 7.4 voltage 400 mAh AA portal
Power Corp. lithium ion polymer battery was used as the power source, and a PIC12F508
microcontroller was used to generate three square wave control signals. Signals S1 and S2 were
generated to drive the two pectoral fins. Signal S3 was generated to drive the caudal fin. Because
the microcontroller draws only 25 mA and the output current going through the IPMC is up to
500 mA, three H-bridge drivers were used to provide up to 2A peak current output to the IPMCs.
The total weight of the onboard circuit and one battery is around 20 grams. The printed circuit
board is shown in Figure 3.6.

Figure 3.5. PCB circuit schematics.
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Figure 3.6. Printed circuit board.
3.5

Fabrication of IPMC Artificial Fins
The first step in the fabrication of the IPMC artificial fins is actually fabrication of the

IPMC itself. Fabrication processes were modified from those reported previously [6]. Required
materials for the fabrication process include the following:


Nafion 1110, 240 m thick, and Nafion ion exchange membranes



Tetraammineplatinum chloride 98%



Sodium borohydride (NaBH4, reducing agent for reduction)



Dilute ammonium hydroxide solution (NH4OH 29% solution)



Deionized (DI) water
The following fabrication steps were used to fabricate the IPMC:

1. Ion Exchange


In a separate beaker, mix 50 ml DI water with 50 mg tetraammineplatinum chloride
hydrate.



Immerse the membrane in the platinum solution.



Add 1 ml ammonium hydroxide 29% to balance the acid.
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Wait for a least one day (at least three hours).

2. Reduction (Day 2)


Fill a large beaker about one-third full with DI water, and add the membrane from
Step 1.



Heat the water to 65⁰C.



Mix 0.5 g sodium borohydride and 25 ml cold DI water in a beaker.



Add 2 ml (one full pipet) of this solution into the water bath (avoid deformation of the
membrane by pouring a small amount of solution at a time).



Observe the reaction occurring with the platinum particles (bubbles should form).



Also observe a black layer of fine platinum particles being deposited on the surface of
the membrane.



Turn over the membrane every five minutes to balance the reaction on both sides of the
membrane.



Repeat the procedure four times until the entire solution is consumed .



When finished (no more bubbles appear on the surface of the membrane), wash the
sample with DI water.

3. Further Deposition


Repeat Step 1.



The platinum solution can be reused by adding 50 mg tetraammineplatinum chloride
hydrate.



Add more DI water as necessary to completely immerse the membrane in the solution.



Repeat Step 2 (Day 3).
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3.6

Experimental Results
For autonomous underwater robotic fish, power consumption is a big challenge.

Experiments must be done to characterize this power consumption. In the power consumption
tests, the power supply to the microcontroller was set up with a constant 7.3 voltage. This voltage
was also supplied to the H-bride chips and the voltage regulator in parallel. A dSpace was used to
collect the experimental data, including the voltage and current from the power supply. The power
calculation was based on this equation:
1

𝑇

𝑃 = ∫0 𝑖(𝑡)𝑢(𝑡)𝑑𝑡,
𝑇

(3.1)

where i(t) and u(t) are the measured current and voltage, respectively, and T is the period of the
applied voltage signal to the IPMC. All experimental data were measured within 30 seconds. The
power measurement tests were done with an IPMC flapping frequency ranging from 0.4 Hz to
1 Hz. The measured current and voltage with 0.83 Hz flapping frequency are shown in Figures
3.7. and Figure 3.8, respectively.

Figure 3.7. Measured actuation current.
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Figure 3.8. Measured actuation voltage.

Power consumption for the controller under different flapping frequencies is illustrated in
Figure 3.9. It can be clearly seen that as the IPMC flapping frequency increased, the total power
consumption also increased.

Figure 3.9. Measured power versus frequency.
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3.7

Straight Forward Swimming Test
The robotic fish was tested in a 550-gallon water tank (250 cm long, 98 cm wide, and 90 cm

deep). A digital web-camera (Logitech C920) was used to capture the fish’s moving motion. Figure
3.10 shows six snapshots of the swimming robotic fish. Each snapshot was taken at five-second
intervals. The fish’s forward swimming was controlled by its caudal fin. A square wave signal of
7.3 V and 0.5 Hz was applied to all fins.

Figure 3.10. Snapshots of forward-swimming test
The fish’s forward swimming speed was calculated based on dividing the displacement
between the beginning line and the ending line by the total swimming time. The forward speed
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versus actuation frequency is shown in Figure 3.11. The fastest forward speed reached up to
9.35 mm per second, which is double that of the speed reported in a previous study [10]. It can be
seen that the speed increases after the fish body was optimized and the total weight was reduced.

Figure 3.11. Forward speed versus frequency.
3.8

Turning Test
A turning test was performed to verify the robotic fish’s steering capability using two fish

pectoral fins. To make the fish turn right and left, the two pectoral fins needed to be activated
differently. When the fish was controlled to turn to the right side, the left-side IPMC actuator and
caudal fin were active. The experimental test of fish turning was performed under the same
conditions as the forward-swimming environment and in the same water tank. The controller
frequency was set at 0.5 Hz. In the turning test, the fish was controlled to turn left, which means
that the right pectoral fin and caudal fin were activated. Six snapshots taken every five seconds are
shown in Figure 3.12.
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Figure 3.12. Snapshots of turning swimming test.
The swimming direction was measured at an angle, as shown in Figure 3.12. An average
turning speed was calculated based on the angle difference divided by the time difference between
the two snap shots. Figure 3.13 illustrates the turning speed versus the operational frequency. It
was found that the fastest turning speed reached about two degrees per second under the flapping
frequency of 0.6 Hz.
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Figure 3.13. Turning speed versus actuation frequency.
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CHAPTER 4
ROBOTIC FISH PROPELLED BY A SERVO MOTOR AND IONIC POLYMERMETAL COMPOSITE ACTUATED HYBRID TAIL

4.1

Design of 2D Maneuverable Robotic Fish
Figure 4.1 shows the schematic design of the robotic fish, and Figure 4.2 shows the

schematic design of the two-link tail.

Figure 4.1. Schematic of robotic fish.

Figure 4.2. Schematic of two-link tail.
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This robotic fish was designed to be a fully autonomous and aquatic-sensing platform. It consisted
of a rigid body, IPMC-actuated caudal fin, and servo motor-actuated tail. The servo motor beam,
first link of the fish body, and IPMC actuator were connected in serial. The plastic caudal fin was
placed at the end of the entire body. The soft IPMC actuator was clipped by two gold-coated copper
electrodes used for applying voltage to the IPMC. Corrosion of the electrodes will cause high
resistance between the IPMC and the electrodes, thus downgrading the actuation performance of
the IPMC. Therefore, using gold in the electrodes can reduce their corrosion in water. The IPMC
actuator was attached with a plastic passive fin to enhance propulsion [9]. The main fish body was
connected with a servo motor beam, a solid bar that operates under programmable frequency.
Because the servo motor can provide large torque and generate large and efficient thrust, the servo
beam was connected with the first link of the fish body. This link was simply a 3D rectangular
printed piece of plastic, the main propose of which was to generate forward thrust. From the servo
motor to the first body link, except the servo joint, all components were designed under a fixed
mechanical structure.
4.2

Two-Dimensional Maneuvering Mechanism
The 2D maneuvering capability of a robotic fish can be achieved by using one multi-jointed

caudal fin. Figure 4.3 shows the 2D maneuvering capability of the robotic fish, where the center
of mass is located at point G. When no voltage is applied across the electrode, the IPMC will not
bend in different directions but rather stays straight, as shown in the middle image of Figure 4.3.
In this case, the servo motor beam and IPMC beam are operating and swinging under the same
frequency. The main forward thrust comes from this hybrid multi-jointed system, consisting of a
servo motor and an attached IPMC beam plastic caudal fin [18]. This allows the robotic fish to
swim forward at a fast rate of speed. When the IPMC actuator is activated, the IPMC beam will
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generate some bending effects. By using a constant voltage applied across the electrode, the IPMC
beam can generate the same shape change and bending angle. A left-bending angle makes the fish
turn left, when positive voltage is applied across the electrode (Fig. 4.3 left image). To make the
fish turn right, a negative voltage is applied across the electrode, which induces a right-bending
angle on the tail (Fig. 4.3 right image). Different amounts of voltage will cause different IPMC
beam bending effects in order to achieve 2D maneuvering of the robotic fish.

Figure 4.3. 2D maneuvering capability of single caudal fin.
The principle of left turning can be explained as follows: First, the first-link segment is the
servo motor beam, which is the part of the robotic fish that generates the main forward thrust.
Forward thrust provides a forward swimming force, as shown in Figure 4.3. Second, a left-turning
moment is generated when the tail bends to the left side. The IPMC actuator will oscillate under
the first segment frequency, but the shape change in caudal fin directs the vertex moving in 2
dimensional direction, which leads to a 2D thrust. The second-link segment will generate a thrust
pointing to the right. The combination of these two forces are slightly offset to the right side
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relative to the COM point G, which leads to a left-turning moment (counterclockwise). Under
these two forces, the fish makes a left turn. The left-turning mechanism is also illustrated in Figure
4.3. Similarly, when right turning is needed, the caudal fin will bend to the right side to obtain a
clockwise moment and make the fish move in the right-forward direction [19].
4.3

Design of Caudal Fin and Hybrid Tail Design
Chen et al. developed a control-oriented model for robotic fish propelled by an IPMC

caudal fin and found that attaching a passive fin to the IPMC beam can strengthen the generated
force [8]. In this thesis, a similar hybrid fin structure is used, as shown in Figure 4.4.

Figure 4.4. Design of IPMC-activated caudal fin.
4.4

Wireless Control System Design
To control the robotic fish remotely in a mobile sensing network, a wireless communication

method is desirable for the application. Photon is a low-cost, low-power, consuming, wireless
Wi-Fi communication technology and has been tested for a robotic fish communication
application. Following the same idea, in this thesis, one Photon communication module was used
for exchanging data between the fish and the control station personal computer (PC). The Photon
module received orders from the PC and synchronized commands over cloud services. The Photon
module was installed on the robotic fish to receive commands. Since the robotic fish did not need
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to swim under the surface of water, the Wi-Fi signals were receivable since the Wi-Fi antenna was
placed on top of the fish body and was above the surface of the water.
An onboard control system for the robotic fish was developed. The servo motor and IPMC
actuator have separate control channels and drive units to achieve different combinations of fin
activation. A block diagram of the onboard wireless control system design is shown in Figure 4.5.
A microcontroller was used to take orders and generate control signals for the H-bridges of the
IPMC caudal fin and servo motor beam of the first link of the fish body.

Figure 4.5. Onboard wireless control system design.
4.5

Fabrication of Robotic Fish
Based on the bio-inspired design described in Section 4.2, a robotic fish was fabricated and

assembled in these four steps: (1) fabrication of IPMC artificial fins and the hybrid tail structure,
(2) construction of the fish body, (3) realization of the onboard circuit, and (4) assembly of the
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robotic fish. Fabrication steps described in Chapter 3 were used to fabricate the IPMC, after which
it was cut into rectangular shapes and bonded with a passive plastic film using epoxy. The
fabricated caudal and pectoral fins for the robotic fish prototype are shown in Figure 4.6.

Figure 4.6. Prototype of robotic fish.
4.6

Fabrication of Fish Body
The fish body, which was used to house an onboard circuit, battery, sensors, and camera,

must have a hydrodynamic shape so that drag force can be minimized. It was designed using
Autodesk Inventor. The body consisted of two shells clamped together using screws. Inside the
shells there were two chambers: the front chamber was used to house the electronic onboard
control circuit, communication device, and battery; the rear chamber was reserved for future
sensors or a camera that could be embedded into the robotic fish for future sensing network
applications, since this was the goal of the research. The fish body was printed with acrylonitrile
butadiene styrene (ABS) material using a 3D printer. Since the density of that material is lighter
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than water, it was easy to make the robotic fish move near the water’s surface in order to receive
the command from the Wi-Fi network. Two copper electrodes were placed at the rear side of the
fish to provide actuation voltage signals for the pectoral fins, and one copper electrode was placed
at the rear of the fish for applying a voltage signal to the caudal fin. Figure.4.7 shows the inside
view of the fish body.

Figure 4.7. Inside view of fish body.
4.7

Onboard Circuit
A micro-controller board (Particle, Photon) was used to generate three square wave

controlled signals. Signals S1 and S2 were generated to drive the IPMC beam. Signal S3 was
generated to drive the caudal fin. Because the microcontroller draws only 25 mA and the output
current goes through the IPMC up to 500 mA, three H-bridge drivers were used to provide up to
2A peak current output to the IPMCs. The total weight of the onboard circuit and one battery
weight was around 20 grams. The onboard circuit design is illustrated Figure 4.8. A lithium ion
polymer battery (Tenergy, 7.4V, 6,000 mAh) was used to provide electricity to the robotic fish.
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Figure 4.8. Onboard circuit design with Photon.
The fish body has a water-drop shape, which is optimized to reduce the water resistance
during forwarding and turning movements. This new body design can increase the energy
efficiency and achieve faster cruising speed. Also, the shell body has enough interior room to
locate rechargeable batteries and electronic circuits for control proposes. All electronic
components were zipped into a plastic bag to ensure their waterproofing. The entire length of the
fish is around 27 cm and the diameter is 8 cm, the total inside volume is around 120 cm3, and it
weighs about 180 g. Dimensions of the IPMC joints and passive links are defined as shown
previously in Figure 4.2. The first link to the end of the hybrid tail is around 11.5 cm. The electrode
and IPMC material size were specified. Short IPMC was used as an actuator in order to reduce the
fully dynamic modeling of the IPMC. IPMC dynamic modeling was linearized for short pieces.
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4.8

Experimental Results
The robotic fish was tested in a 550-gallon water tank (97 inches long, 38 inches wide, and

37 inches deep). A digital camera in a Nexus smart phone was used to capture a movie of the
swimming robotic fish. Figure 4.9 shows six snapshots of a forward swimming test. Each snapshot
was taken every four seconds. The fish’s forward swimming speed was controlled by changing the
flapping frequency of the caudal fin. A square wave signal of 7.3 V magnitude and 0.55 Hz
frequency was applied to the caudal fin. In this case, the IPMC beam was not actuated but rather
remained straight.

Figure 4.9. Snapshots of forward swimming test.
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The swimming speed was calculated based on how long the robotic fish passed through
two fixed lines. The forward swimming speed reached about 7.1 cm/sec. Also, there was a
threshold where the frequency was neither too high nor too low for the fish to swim. To improve
the fish’s speed, optimization of the fins and body will be necessary, which will be the focus of
our future endeavor.
Turning tests were conducted to verify the steering capability of the pectoral fin. To make
a left turn, the IPMC beam was actuated. The caudal fin connected to the servo beam was also
activated. The first link servo beam provided the forward swimming direction, while the force
generated by the IPMC beam caudal fin made the fish tail turn to the left in order to make the fish
turn left. For opposite turning, the second link IPMC beam caudal fin was applied in the opposite
direction signal, which caused the IPMC beam to bend in the opposite direction. The first link
servo beam was active under the same signal. The caudle fin bending in a different direction caused
the fish to turn in the opposite direction. The right-turning speed reached about 29.8 degrees/
second. Similar to the forward swimming test, there were two thresholds for the actuation
frequency. When the frequency was neither too high nor too low, the fish turned left. Snapshots of
the turning swimming test are shown in Figure 4.10. The turning radius was measured less than
12 cm, which was less than half a body length.
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Figure 4.10. Snapshots of left-turning swimming test.
4.9

Robotic Fish Dynamic Model
This section presents a model of the dynamics of the robotic fish in the X-Y plane. This

model consists of the dynamic hybrid tail thrusts incorporated with the dynamic fish body. Here,
the robotic fish consists of a rigid body with an active hybrid tail with multiple joints. Dynamic
modeling of the tail was also developed. The hydrodynamic force was evaluated with Lighthill’s
large amplitude elongated-body theory.
Rigid-Body Kinematics and Hybrid Tail Hydrodynamic Force and Moments
Schematic representations of the robotic fish in the planar motion are shown in Figure 4.11.
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Figure 4.11. Schematic representations of robotic fish in planar motion.
Here, [X, Y, Z] is set to be an inertial coordinate system with unit vectors

, and

[x, y, z] is a body-fixed coordinate system. The terms i and j are denoted as the unit vectors parallel
and perpendicular to the tail, respectively. It is assumed that both the body and tail are naturally
buoyant. The entire body center of gravity is at point C. The velocity at point C expressed as surge
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(u) in the x-direction, sway velocity in the y-direction (v), and yaw motion (r) in the z-direction is
negligible. Therefore, the equations of motion can be simplified as [20, 21]
(4.1)
(4.2)
(4.3)
where

is body mass and

is its mass moment of inertia about the z-axis. Also,

,

, and

are constant hydrodynamic derivatives describing the effect of added mass due to the surrounding
fluid. Finally, the kinematic equations for the robot are [17, 20]
(4.4)
(4.5)
(4.6)
where  is the heading angle of the fish body, which is defined as the angle between the X-axis
of inertial coordination and the x-axis of the fixed-body coordinate.
Drag and Lift on the Body
Hydrodynamic force and moment transmitted form the hybrid tail to the robotic fish body
are also impacted by drag force

, lift force

, and drag moment

[17, 21], which can be

represented as
(4.7)
(4.8)
(4.9)
where S is a suitably defined reference surface area for the robotic body;
mass density of water;

,

, and

= 1,000 kg m3 is the

are the coefficients of drag, lift, moment, respectively; By
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adding the hydrodynamic forces and moments from the hybrid tail and those directly on the body,
formulas , , and

are derived in equations (4.10), (4.11), and (4.12) as
(4.10)
(4.11)
(4.12)

The dimensions of the IPMC joints and passive links are defined as shown previously in
Figure 4.2. αn for n=1, 2 are denoted as the angle of the nth hybrid tail joint and we have
where α𝑐 is the bending anlge of the IPMC joint. The inertial frame is defined
through a set of orthonormal basis vectors [i⃗, ⃗j, ⃗⃗
k], where ⃗i coincides with the longitudinal axis of
⃗⃗ is in the upward direction and
the body, ⃗j is perpendicular to ⃗i and in the horizontal plane, while k
can be negligible. For n = 1, 2 r̂n and w
̂n are denoted as the unit vectors along and perpendicular
to the hybrid tail link, respectively. In terms of the reference frame, these vectors can be written
as [8, 9, 19, 22]
(4.13)
(4.14)
(4.15)
(4.16)
Since the IPMC soft actuator is the hybrid tail joints, its hydrodynamic force and movement can
be ignored. The notation

is the length differential. The velocity of any point on links 1 and 2

can be derived as

(4.17)
(4.18)
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(4.19)
(4.20)
The width of the links can be captured by

where 𝑘1 =

𝐷1 −𝐷2
𝐿1

, 𝑘2 =

𝐵1 −𝐵2
𝐿2

. Hydrodynamic forces per unit length acting on the links are [22]
(4.21)
(4.22)

where 𝜌𝑤 is the density of fluid, and Γ𝑛 is the hydrodynamic function for links 1 and 2, which
depends on the geometry and dimension of the link and the frequency of the movement [9]. By
integrating the hydrodynamic force density along each link, we obtain thrust forces on the two
links as [18, 22]
(4.23)
(4.24)
The hydrodynamic force induced bending moment on joints 1 and 2. The total moment for
joints 1 and 2 are listed below as equations (4.25) and (4.26), respectively. The joint 1 moment is
included in the second joint bending moment [22].
(4.25)
(4.26)
where 𝜆𝑎 , 𝜆𝑏 , 𝜆𝑐 , 𝜆𝑒 , 𝑎𝑛𝑑 𝜆𝑓 are coefficients that depend on the coefficients B, L, and K.
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IPMC Actuator
Applying a small voltage (less than 3V) to the IPMC will cause the structure of the inside
ions to change. The ions will move from the anode side to the cathode side and lead to the
expansion of the cathode side and shrinkage of the anode side. Chen et al. obtained the model of
free tip displacement of an IPMC beam in water using linear beam theory [8]. The physical
illustration of the IPMC beam is shown in Figure 4.12.

Figure 4.12. Physical illustration of IPMC beam.
Based on this theory, the IPMC bending curvature of  can be calculated by [7]

(4.27)
where Y is the effective Young’s modulus of IPMC, 𝑀𝑎 is the constraints on the IPMC motions,
I is the area moment of inertia, w is the end of tail displacement, and z is the length of IPMC. For
the IPMC joint, the bending moment generated by IPMC with the applied actuation voltage U(s)
can be derived by

(4.28)
where U(s) is the signal input, k is the aggregated constant, and definitions of other parameters can
be found in [23]. Further details of the transfer function can be found in Chen’s physics-based
model paper [23].
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The second-link IPMC actuator modeling incorporates with the hydrodynamics force
acting on the soft actuation materials IPMC. Under the IPMC case, the total bending moment that
the IPMC needs to generate can be calculated by
(4.29)
where 𝜌2 (𝑡) is the second IPMC under the actuation curvature where there is an equal relationship
between the turning angle and length of the IPMC actuator, 𝜌2 (𝑡) = 𝛼𝑐 (𝑡)/𝑑 and d is the length
1

of the second joint IPMC length, 𝐼2 = 12 𝑊ℎ3 is the area moment of inertia and h is the thickness
of the IPMC, and 𝑀2 (𝑡)is the hydrodynamic moment from the second link of tail. A physics-based,
control oriented model for IPMC can be found in the work of Chen and Tan [23].
The framework of the fish model was discussed in the previous section. Here the values
needed for a valid model are measured and extracted from the experiments. First, the body data,
fin shapes, and hybrid tail dimensions of the assembled robotic fish were measured . The fish was
27 cm long and 8 cm wide. Table 4.1 shows the size of hybrid tail first link and caudal fin second
link. Parameters of the IPMC materials need for the model calculation are shown in Table 4.2
TABLE 4.1
DIMENSIONS OF HYBRID TAIL
W

L1

L2

D1

D2

0.01 m

0.03 m

0.04 m

0.045 m

0.045 m

B1

B2

d

a2

a1

0.026 m

0.04 m

0.01 m

0.16 m

0.035 m
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TABLE 4.2
PARAMETERS OF IPMC MATERIAL
Cv

µv

C1

Y

3.18

0.2 kg/m

1.8751

2.91x108 Pa

R_p

Γ_hybrid tail 1

F

T

38 Ω/m

1.14

96487 C/mol

300K

R

Ke

d

α0

8.3143 J/mol.K

2.48x10-5 F/m

5.39x10-9 m/s

0.08 J/C

Γ hybrid tail 2

h

ΓIPMC

x1

1

0.0007 m

1.1

0.07 m

Drag coefficients

and

, and drag moment coefficient

were extracted by fitting the

model’s simulation result with the experimental data. In the first step, the caudal fin second link
IPMC actuator did not apply voltage; only the first link servo beam oscillating under 0.5 Hz
frequency. The drag coefficients

and

were adjusted as 324 and 244, respectively, to fit the

result of the forward speed, as shown in Figure 4.13.

Figure 4.13. Forward speed versus actuation frequency.

43

The next step was used for robotic turning. In this case, the second IPMC beam must be
actuated under difference input voltages across the IPMC. The IPMC generated a different bending
curvature when a different voltage was applied. Based on the model predication and experimental
data, the coefficient was identified as

as 700 under 5 V input. The turning speed is shown in

Figure 4.14.

Figure 4.14. Turning speed versus actuation frequency.
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CHAPTER 5
CONCLUSION AND FUTURE WORK

This thesis describes the development of two types of 2D maneuverable robotic fish. The
first was propelled by multiple fins actuated by an IPMC artificial muscle, and its body was
optimized with a more hydrodynamic shape to reduce the drag force. A lightweight electronic
circuit was designed to control the fish’s forward swimming and turning. Experimental results
show that the forward speed can be up to 1 cm/sec, and the turning speed can reach up to 2 rad/sec.
The second robotic fish was propelled by a hybrid tail actuated by a servo actuator and an
IPMC soft actuator. Inspired by a biological fish, the robot design uses the servo motor for its main
propulsion and the IPMC beam for steering. By controlling the caudal fins with a Photon
microcontroller, the robotic fish was able to make left and right turns as well as swim forward.
The free-swimming tests showed that the fish can reach a forward speed of up to 7.1 cm/sec. The
left-turning speed and right-turning speed can reach up to 29 degrees/sec. With one fin propulsion,
the robot demonstrated its 2D maneuvering capability, which shows its potential in underwater
sensing network applications. A 2D dynamic model was developed for design and control of the
robotic fish, and the model was validated by experimental results.
Future research will be in the following five directions: (1) validate the model using both
experimental data and computational fluid dynamics (CFD) simulation data; (2) redesign the
hybrid tail structure based on the validated model in order to make it more propulsion efficient;
(3) create real-time control of the robotic fish remotely through a WIFI network; (4) establish a
visual tracking system to localize the robotic fish for swarming control; and (5) design and
implement advanced controls, such as collision avoidance control and source tracking control, as
well as accomplish some real tasks, such as pollution-source tracking and oil spill monitoring.
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