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Editorial

How fish swim is a wonder of nature—they are elegant, fast, quiet, and move with
high efficiency. It is known that the propulsion efficiency of fish is about 90 %. By
comparison, the efficiency of the currently vastly adopted rotary propeller can
hardly reach even half of it. In fact, the performance of a typical ship, in terms of
efficiency, speed, acceleration, turning, noise, etc., is far worse than that of a fish.
The outstanding performance of fish swimming is the result of millions of years of
evolution and is attributed to a variety of factors including a streamlined body,
mucous skin, perfect coordination control, etc. Though the key reason is its pro-
pulsion method. This motivates scientists and engineers around the world to study
how fish swim and accordingly, to design and build robot fish to mimic fish
swimming. Particularly, in the past decade or so, like many other science and
technology subjects, the research and development on robot fish has experienced an
exponential growth. Therefore, it has become necessary to have a book that sum-
marizes the current state-of-the-art technologies, analyzes the roadblocks, and gives
the future directions. The objectives of this book are threefold: First, it summarizes
the state-of-the-art technologies in designing, building, and controlling robot fish.
Second, it analyzes the major obstacles for future development. These obstacles
include scientific difficulties, such as materials, two-phase flow, and underwater
sensing, as well as engineering challenges ranging from water leakage to autono-
mous control. Third, it points out the future research and development directions,
which include efficient power generation, efficient power transmission, efficient
propulsion, sensing, intelligent control, autonomous swimming, etc.

The book contains a total of 12 chapters. The first chapter, “Introduction” gives
an overview of the research and development of robot fishes. “Fish Locomotion:
Biology and Robotics of Body and Fin-Based Movements” presents a systematic
study on the locomotion of fish and robot fish. “Wire-driven Robot Fish” presents a
unique robot fish design using the wire-driven mechanism, while “Design and
Control of a Multi-Joint Robot Fish” and “Research on the Robotic Fish Propelled
by Oscillating Pectoral Fins” give two classical designs, one flaps the caudal fin and
the other flaps the pectoral fin. “Soft-Body Robot Fish” presents a design based on
soft body, by which the robot fish structure and control can be simplified. “iSplash:

v
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Realizing Fast Carangiform Swimming to Outperform a Real Fish” discusses how
to make robot fish swimming as fast as real fish. “IPMC-Actuated Robotic Fish”
and “Macro-Fiber Composite Actuated Piezoelectric Robotic Fish” present two
robot fish that are driven by smart materials (specifically, Ionic polymer-metal
composites (IPMC) and Macro-fiber composite). “A Multifunctional Underwater
Microrobot for Mother-Son Underwater Robot Systems” and “Fish-Robot
Interactions: Robot Fish in Animal Behavioral Studies” deal with intelligent con-
trol, which include robot fish swimming in groups, cooperating to achieve specific
tasks, and interact with real fish.

The robot fish research is still in its infancy. However, we believe that 10 years
from now, robot fish will be able swim with real fish in open water. It can carry out
many tasks such as underwater exploration, pollution monitoring, and water
transportation. This book will help to achieve this goal.

We wish that the readers find the book useful and inspiring.

Ruxu Du
Zheng Li

Kamal Youcef-Toumi
Pablo Valdivia Y Alvarado
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Introduction

Ruxu Du, Zheng Li, Kamal Youcef-Toumi
and Pablo Valdivia y Alvarado

Abstract This introductory chapter includes four sections. The first section pre-
sents various methods of propulsion in water and brings in interesting facts about
fish swimming. The second section briefly introduces how fish and other aquatic
animal swims. The third section reviews the current status of robot fish. Finally, a
methodology for the design of biomimetic robot fish is presented in the fourth
section. The chapter also serves an introduction to the book.

1 Propulsion in Water from Ancient to Modern

Water is a magical fluid. Setting aside its many characteristics that support life on
earth, the buoyance of water allows animals to swim and ships to sail. For instance,
the world of shipping depends greatly on water from ancient to modern. Currently,
nearly 90 % of world shipping is on water. Shipping consumes approximately 17.5
Exa-Joule (EJ) per year. Assuming that improved propulsion efficiency saves just
1 %, it will be sufficient to power entire Hong Kong for a year. Moreover, the ocean
is the frontier of the modern world; with ever-increasing population, we will
inevitably look for food, energy, and living space in the ocean. Clearly, propulsion
in water is extremely important and worthwhile to investigate, invest, and improve.
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It is not clear when our ancestors built the first ship to navigate in water.
However, it is known that reeds, canoes, and rafts are at least 7,000 years old. How
to propel ships? Our ancestors were probably inspired by fish swimming in
developing propulsion methods. The first method is rowing, which is imitating the
moving of the pectoral fin of the fish. A small canoe can be paddled by one person,
while a large ship may have dozens of pedals as shown in Fig. 1.

The second method is sculling. As shown in Fig. 2, sculling is a technique
mastered by the ancient Chinese. It was perhaps inspired by the moving of body

Fig. 1 Ancient Egyptian ship (adopted from Wikipedia) [30]

Fig. 2 Chinese “sampan” propelled by “yáolǔ” via single-oar sculling (adopted from Wikipedia)
[31]
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and caudal fin of fish. When the first author was a child in the 1960s, sculling ships
were still very popular in the Pearl River delta.

With the advance of civilization, our ancestors gradually learned to use the wind
sail and then the screw propeller. In the modern era, the theory and practice of
screw propeller [1] is well developed around the world. It is simple to make, simple
to control, and efficient. Nowadays, few large ships are not driven by the screw
propeller (Fig. 3).

2 How Do Fish Swim

Compared to fish swim, however, man-made propulsion methods are far inferior.
It is known that the propulsion efficiency of fish exceeds 90 % [2]; the speed of a
sailfish can reach 110 km/h, while the maximum acceleration of a pike is as high as
249 m/s2, which is over 25 g. Also, fish swim silently and can turn around sharply.
The outstanding performance of fish is attributed to multiple factors, such as
streamlined body, mucous body surface, etc. Among all these factors, the most
important is their propulsion method.

Then, how does fish propel? In the past century, science and technology started
an explosive growth. A number of pioneers started to examine the propulsion of fish
and other aquatic animals. In the 1960s, Jacques Yves Cousteau [3] (Fig. 4), a
world-renowned explorer, conservationist, filmmaker, innovator, scientist, author,
and photographer directed an award-winning film, “The Silent World,” which
inspired a generation of people. Subsequently, he directed a number of films and
published a series of books. In his book entitled “The Ocean World of Jacques
Cousteau, the Art of Motion,” he studied the swimming of fish and other aquatic
animals. First, he pointed out that the shape of the fish determines how does the fish
swim. Fish shapes can be roughly divided into the following categories: the

Fig. 3 The large screw
propeller of a modern ship
(adopted from Wikipedia) [1]

Introduction 3



laterally fattened (e.g., angelfish); the fusiform and laterally fattened (e.g., soldier
fish); the fusiform (e.g., cod), the attenuated and cylindrical (e.g., trumpet fish), the
attenuated (e.g., the moray), the dorsoventrally compressed (e.g., stingray), and the
combining shapes (e.g., the jack). Next, he pointed out that during swimming, fish
are subject to various forces causing it to roll, pitch, and yaw, as shown in Fig. 5. To
achieve highly effective swim, fish with different shapes evolve different fins (or
fish with different fins evolve to different shapes) and hence, different propulsion
methods. Additionally, fins are also used to start, lift, stabilize, hover, turn, and
stop. Nature is full of wonder. Some seemingly impossible designs, such as the
ocean sunfish, (also called Mola mola), oarfish, and seahorse can swim just fine.
Moreover, the method of swimming defines the lifestyle of the fish. Most fast
swimmers, big or small, adopt tail flapping for propulsion.

At about the same time, British scientist Sir Michael James Lighthill (Fig. 6)
studied fish swimming using fluid mechanics. From a history point of view, the

Fig. 4 Jacques Yves
Cousteau (1910–1997), photo
adopted from Wikipedia [3]

Fig. 5 Illustration of fish motion during swimming

4 R. Du et al.



earliest scientific study of fish swimming could be dated back to the 1930s [4].
Though, it was Lighthill who laid the cornerstone [5–8].

For fish and other aquatic animals, there are generally two types of swimming
methods: one using Body and/or Caudal Fin (BCF) and the other using the Medium
and/or Paired Fin (MPF). There is also jet propulsion (e.g., jellyfish and scallop) as
well as walkers and crawlers (e.g., shrimp and crab), though these are not main-
stream. Moreover, BCF (i.e., tail flapping) is used by approximately 85 % of the
fish species, including many fast swimmers such as sailfish, tuna, and pike.
Therefore, it is most studied form of swimming. Within BCF, there are roughly two
kinds of motion modes: the oscillatory motion, or the “C” mode, (e.g., carp) and the
undulatory motion, or the “S” mode (e.g., eel).

Lighthill proposed that BCF flapping can be described by the traveling wave
model below:

y x; tð Þ ¼ c1xþ c2x
2

� �½sinðkxþ xtÞ� ð1Þ

where y and x are sideward and forward displacements respectively (refer to Fig. 5),
t is the time, c1 and c2 are the linear and quadratic wave amplitudes, k is the body
wave number and ω is the wave frequency. Note that the increase of k changes the
swim from oscillatory swimming to undulatory swimming. As an example, Fig. 7
shows a couple of computer simulation results. Figure 7a is oscillatory swimming,
in which the model coefficients are c1 = 0.1, c2 = 0.2, k = 0.5, and ω = π. In the
figure, the five curves represent the fish body curves at different time instances.
Additionally, it is seen that the head of the fish is kept straightforward (i.e., y(0, t) =
0) and the tail of the fish has the largest displacement. Figure 7b is undulatory
swimming, in which the model coefficients are c1 = 0.02, c2 = 0.0835, k = 0.6, and
ω = 3.86. In this case, each fish body curve can be viewed as a number of circular
arcs connected serially. The traveling wave model has been validated by many
scientific experiments.

Fig. 6 Michael James
Lighthill (1924–1998), photo
adopted from Wikipedia [32]
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Following his footsteps, many people contributed to modeling fish swimming.
For example, Alvarado and Youcef-Toumi [9] suggested a wave model that counts
the “recoil” of the fish (i.e., when the fish’s tail flaps, its head also turns):

y x; tð Þ ¼ c0 þ c1xþ c2x
2� �½sinðkxþ xtÞ� ð2Þ

where c0 is a constant.
A more detailed classification of fish swimming includes anguilliform, subca-

rangiform, carangiform, and thunniform in which anguilliform is considered as S
mode while the others are considered as C mode, as shown in Fig. 8. To mathe-
matically differentiate these swimming forms, we can use the characteristic function
defined below:

Fig. 7 Computer simulation
of the traveling wave model:
a An example of oscillatory
swimming; and b an example
of undulatory swimming
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Uðk; xÞ ¼ sin
2p
k
x

� �
; 0 � x � 1; k � 0 ð3Þ

where λ = 2π/k (i.e., k = 2π / λ). The characteristic function describes the traveling
wave pattern with respect to the Body Length (BL), x (0 ≤ x ≤ 1) and the wave
length, λ.

According to the characteristic function, the swimming forms are differentiated
as follows:

(a) For Thunniform swimming, 2π/λ ≤ π/2, or λ ≥ 4;
(b) For Carangiform swimming, π/2 < 2π/λ ≤ 3π/2, or 4 > λ ≥ 4/3;
(c) For Subcarangiform swimming, 3π/2 < 2π/λ ≤ 5π/2, or 4/3 > λ ≥ 4/5; and
(d) For Anguilliform swimming, 2π/λ > 5π/2, or λ < 4/5.

Figure 9 shows the characteristic curve of the four swimming forms. In
thunniform swimming, waving is confined to a quarter of the wavelength. In ca-
rangiform swimming, waving is between 1/4 and 3/4 of the wavelength. In sub-
carangiform swimming, waving is between 3/4 and 5/4 of the wavelength. In
anguilliform swimming, waving is over 5/4 of the wavelength. This categorization
is compatible to Wardle’s observations [10]. In his findings, the wavelength of a
scup (carangiform swimming) is around 1.5 BL (λ = 1.5); the wavelength of a
saithe (subcarangiform swimming) is 1 BL (λ = 1.0), and the wavelength of an eel
(anguilliform swimming) is 0.5 BL (λ = 0.5).

The traveling wave is a function of time. Figure 10 shows a set of computer
simulation results. From the figure, it is seen that the head of the fish is kept still
while the body flaps following the characteristic function.

Fig. 8 The classification of types of fish swim [33, 34], the dark parts indicate where the flapping
occurs [35]. a BCF; b MPF

Introduction 7



0 0.2 0.4 0.6 0.8 1
-1

-0.5

0

0.5

1

x (BL)

φ

0 0.2 0.4 0.6 0.8 1
-1

-0.5

0

0.5

1

x (BL)

φ

0 0.2 0.4 0.6 0.8 1
-1

-0.5

0

0.5

1

x (BL)

φ

0 0.2 0.4 0.6 0.8 1
-1

-0.5

0

0.5

1

x (BL)

φ

(a) (b)

(c) (d)
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c Subcarangiform; and d Anguilliform
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Lighthill’s most significant work is his Elongated Body Theory (EBT). In EBT,
as illustrated in Fig. 11, it is assumed that: (1) The water momentum near a section
of a fish (A(x)) is in the direction perpendicular to the body of the fish (w). It has
magnitude equal to the virtual mass per unit length of the fish (m) times the
perpendicular component of fish velocity in that direction (u); (2) The thrust can be
obtained by considering rate of change of momentum within the volume enclosing
the fish whose boundary at each instant includes a flat surface, PI, (the shaded area)
perpendicular to the caudal fin through its posterior end; and (3) In the momentum
balance it is necessary to take into account the transfer of momentum across the PI
(mw2/2) not only by convection but also by the action of the resultant of the
pressures generated by the motions within the plane PI. Note that in the figure, the
dashed line represents the traveling wave of the fish in time t1, and the solid line
represents the travel wave of the fish in time t2.

According to EBT, the instantaneous push per unit length of the fish is:

L x; tð Þ ¼ �q
@

@t
þ U

@

@x

� �
V x; tð ÞA xð Þf g ð4Þ

where ρ is the density of the flow; U is the passing flow velocity; V(x, t) = (u(x, t), w
(x, t)) is the velocity of the fish relative to the flow; A(x) is the cross-section area of
the fish body mentioned in the previous paragraph, and x varies from 0 to
L corresponding to the length of the fish. Note that the mass of the fish is not in the
equation because it is the same as the water approximately equal to 1. Thus, the rate
of work done by the fish can be represented as follows:

W ¼ @

@t
q
Z L

0

@y
@t

VAðxÞdx� 0:5q
Z L

0
V2AðxÞdx

� �
þ qU

@y
@t

VAðxÞ
� 	L

0
ð5Þ

where @y=@t is the traversing velocity of the fish. Over a long period of time the
mean work done by the fish is:

�W ¼ qUA lð Þ @y
@t

@y
@t

þ U
@y
@x

� �( )
x¼L

ð6Þ

Fig. 11 Illustration of the
traveling wave lines of two
successive instants
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where @y=@t is the slope of the fish body. The rate of work available for thrust is
obtained by subtracting the rate of kinetic energy of lateral fluid shed-

ding 0:5q�V2A

 �

U. As a result, the mean thrust is:

�T ¼ 1
2
qA lð Þ @y x; tð Þ

@t

� �2

� U2 @y x; tð Þ
@x

� �2
 !" #�����

x¼L

ð7Þ

Moreover, the drag force of the fish is:

FD ¼ 1
2
CDqU

2S ð8Þ

where CD is the drag coefficient. For long cylinders, CD would be equal to 0.82; for
cone shape, it is 0.5 [6, 7]. The cruising speed of the fish is achieved when the mean
thrust is equal to the mean drag force. Thus, we have the cruising speed as:

U ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m � @yðx;tÞ

@t


 �2
CDqSþ m � @yðx;tÞ

@x


 �2
vuuuuut
2
6664

3
7775
���������
x¼L

ð9Þ

Here m ¼ qAðLÞ is the virtual mass at the fish tail distal tip, which is constant for
a given fish. From this representation, the variables affecting the cruising speed
include the tail distal tip lateral velocity and the tail distal tip slope. Once these two
terms are known, the mean swimming speed and the thrust force can be obtained.
The mean power of the fish is the product of cruise speed and mean thrust:

P ¼ qUAðlÞ @yðx; tÞ
@t

@yðx; tÞ
@t

þ U
@yðx; tÞ
@x

� � !�����
x¼L

ð10Þ

Finally, the propulsion efficiency (Froude Efficiency) of the fish is the rate of
work done and the total work. It is obtained as:

g ¼ U�T
�P

� 100 % ð11Þ

An improved efficiency model for the EBT is shown in Eq. (12). It is also noted
as the improved Froude efficiency model [7].

g ¼ 1
2

1þbð Þ � 1
2
a2

b2

1þ b

a ¼ k
2p

h0 Lð Þ
h Lð Þ ¼ 1

2p
k
L

� �
DL
L

� ��1

1� ht
hm

� �
b ¼ U=V

:

8>>>>>><
>>>>>>:

ð12Þ
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where hm is the amplitude at the tail end x = L; and ht is amplitude at x = L + ΔL.
Following in the footsteps of Lighthill, many analytic studies were carried out

and the results are documented in the monographs by Videler [11] and Romanenko
[12], as well as the review papers [2, 13].

The classical study is unfortunately stained by the complex mathematics,
oversimplified model and boundary conditions, as well as low accuracy approxi-
mation. In the past two decades, with the rapid advance of computer technology,
Computational Fluid Dynamics (CFD) is increasingly used to model fish swimming
[14–16]. We can use commercial software systems, such as FLEUNT®, to model
the fish swim. Note that the modeling is not straightforward. First, it needs to
develop the model of the fish and mesh the surrounding fluid (Fig. 12a). Second, it
needs to setup the motion of the fish (we can use the aforementioned travel wave
model). Third, it requires to setup the moving boundary for each steps and choose a
solving algorithm. The simulation may take from several minutes to a number of
hours, depending on the mesh and the motion. Finally, the simulation can be
visualized in a number of ways, such as figure (Fig. 12b), graph, and/or animation.
With proper modeling, we can model various fish swim modes and conditions (such
as cruising, accelerating, turning, diving, stopping, etc.). Figure 12 shows a set of
simulation examples and Table 1 summarizes the simulation results. In the table,
the first three rows are the model parameters (Italicized values). The flapping fre-
quency is set as 2 Hz and the flapping amplitude is 0.5 BL. The last two rows show
the speed and the efficiency of the fish swim (Bolded values) (Fig. 13).

Fig. 12 Modeling of fish swim using CFD software Fluent®. a The mesh in CFD modeling;
b A graphic simulation result

Table 1 Samples of CFD simulation of fish swimming

Anguiliform Subcarangiform Carangiform Thunniform

c1 1.0 0.7 0.4 0.1

c2 0.0 0.3 0.6 0.9

λ 0.5 0.75 1.0 1.25

V 1.02 1.35 1.43 1.36
η 0.74 0.69 0.60 0.50
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It shall be pointed out that our CFD study is rather preliminary. More detailed
studied have been carried out as shown in [15, 16].

In comparison to BCF swim, MPF swim is less understood. As shown in Fig. 8,
MPF swim can be further divided into two categories: undulatory fin motion and
oscillatory fin motion. The former includes pectoral fin motion, dorsal fin motion,
anal fin motion and a combination of them. The latter includes labriform motion,
ostraciiform motion, and tetraodontiform motion. The MPF swim is equally
effective in nature, but is less studied due in part to its complexity. Similar to the
BCF swim, the flapping of the pectoral fin can be considered as a traveling wave,
but in 3D. No simple model is available in the literature, though experimental data
is available. Figure 14 shows the model of a ray fish. Figure 15 shows a set of
experiment results from a cow-nosed ray. These data are borrowed from Chap. 5 of
this book. In the figure, each curve represents the edge of the pectoral fin in the
x; zð Þ plane at a time instant. Note that the downstroke and the upstroke are dif-
ferent. In order to find the velocity, thrust force, and efficiency, CFD modeling is
perhaps the only way besides experiments.

As shown in Chap. 2 of this book, in nature fish swimming is achieved by a
combination of multiple fins and each fin is controlled by a multiple group of

Fig. 13 Several examples of CFD models of fish swim. a Anguiliform; b Subcarangiform;
c Carangiform; d Thunniform
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Fig. 14 The model of a ray
fish swimming

Fig. 15 The flapping motion
of a cow-nosed ray (adopted
from Chap. 5 of this book).
a Downstroke; b Upstroke

Introduction 13

http://dx.doi.org/10.1007/978-3-662-46870-8_5


muscles. As a result, the aforementioned models, including complex CFD models,
are but much simplified models. Though, these models help us to understand the
basics of fish swimming and to build a robot fish that can swim efficiently.

3 A Brief Review of Robot Fish

Inspired by fish swimming, many engineers and scientists have tried to design and
build flapping-based robot fish. Since the first robot fish reported from MIT in 1989
[17], presently there are at least 400 papers published and some 40 different robot
fish built (excluding some 30 different robot fish toys that can only flap and drift in
water). This book presents a number of most representative robot fish built around
the world. It shall be pointed out though, the research on robot fish is in its
infancy and much work is still needed.

In general, the main efforts on robot fish research can be divided into two
categories: design and prototyping, as well as control and navigation.

According to the literature survey, most robot fish are of BCF type. The designs
of these robot fish can be further divided into three kinds: the Single Joint (SJ)
design, the Multi-Joint (MJ) design, and the smart material-based design as illus-
trated in Fig. 16. The first design uses direct drive or conventional mechanisms, such
as crank and four-bar mechanism, to transform the rotation motion of a motor to the
flapping motion. This design is commonly adopted by robot fish toys. It is simple,
easy to make, easy to control, and can generate a large flapping force. However, its
flapping motion is stiff and the propulsion efficiency is low. The use of passive
flexible fins can improve the efficiency but scarifies the thrust. The second kind is to
use a number of serially linked motors (typically 3). This is the most popular method
and a couple of typical examples are detailed in Chaps. 4 and 7 of this book. In this
design, the flapping is approximated by a polyline with a limited number of nodes
(same as the number of motors) [18]. Compared to the single joint design, it more
closely resembles the fish’s flapping (in both C mode and S mode) and hence, is
more efficient. However, it is difficult to make and difficult to control. Particularly, it
requires complex synchronization, without which the propulsion efficiency could
be jerpodized. The third method is to use smart materials, such as Ionic Polymer
Metal Composite (IPMC) (Chap. 8 of this book), Piezoelectric Material (PZT)
(Chap. 9), and Shape Memory Alloy (SMA) [19]. With proper control, these

Fig. 16 Three kinds of BCF robot fish design. a Single joint design with rigid or flexible tail,
driven by an motor; b Multi-joint design, each joint is driven by a motor; c Smart material design,
based on the deformation of the material
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materials could bend to circular arcs generating flapping motion. A major limitation
of this method is its inefficiency in converting electric power into mechanical motion
is low (typically only 20–30 %); as a result, its overall efficiency is not very high.

There are also MPF type robot fish. An example is presented in Chap. 5 of this
book. Because the pectoral fin must move in 3D, at least two or three actuators are
needed, plus one for turning.

Controlling and navigating of robot fish is the other main topic of research and
development. In general, there are three levels of control and navigation: controlling
the flapping of robot fish, interacting with the environment, and navigating through
a specific path. The first level is to control the flapping of robot fish. The objective
is achieve high efficiency and other desirable performances, such as speed, accel-
eration, turning radius, etc. The mode of control is usually semi-automatic, i.e., a
human operator would steer the robot fish in open water (or in controlled envi-
ronment for experiment testing). This level is relatively simple. If the robot fish is
driven by multiple actuators, then the synchronization of the actuators is the key.

The second level is the control for autonomous swim. When examining fish
swim in nature, we can see that fish constantly adapt to the changing environment,
such as the water flow, light, obstacles, predator and prey, etc. In many cases, fish
also swim in a cooperative manner. At this level, for robot fish, the main objective
of control is autonomous swim. This involves sensing, information processing, and
control. It becomes very complex if the robot fish needs to accelerate, dive, turn,
fast-start, or to cooperate. These issues are discussed in Chaps. 10, 11, and 12 of the
book.

The third level is navigation in long distance following a specified path. It
involves technological issues such as energy supply, positioning, and water resis-
tance, as well as environment issues such as tide, turbulence, and shallow water.
According to the literature, no robot fish is able to reach this level. Fortunately, the
Autonomous Underwater Vehicle (AUV) has proved its feasibility [20].

In December 2014, the US Navy tested a robot fish [21]. Based on the news
announcement, the robot fish is controlled using a joystick. This indicates that it is
still in the first level of control—a long way to go to catch a real fish.

In the rest of this chapter, we will focus on the design and prototyping of robot
fish.

4 A Methodology for Robot Fish Design

How to design a robot fish that can perform as good as a fish? An effective
methodology is to follow the design of a fish.

Figure 17 shows the brief anatomy of a fish [22]. As shown in Fig. 17a, the fish
skeleton is composed of a number of short vertebrae; two successive vertebrae form
an intervertebral joint, which allows only a small rotation. Note that the lengths of
the vertebrae are roughly the same. As shown in Fig. 17b, the driving muscle
arranges from the head to tail.
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The flapping of fish is due to muscle contraction. As illustrated in Fig. 18 [23],
the muscle contraction is transmitted to the bending of the backbone by the tendons.
There are two types of tendons: the Anterior Oblique Tendon (AOT) connected to
the muscle and the Posterior Oblique Tendon (POT) attached to the vertebrae. POT
and AOT converge at the main horizontal septum. A band of stout collagen fibers
form a thick lateral portion of the AOP near the main horizontal septum forming a
sling, through which the POT passes (Fig. 18a). The contraction of muscle pulls the
POT and draws it through the slings (Fig. 18b). A moment is therefore exerted on
the backbone causing it to bend. The angular rotation of each joint is about the same
and hence, can be assumed equal. Thus, the total bending angle due to a unit of
muscle contraction can be determined through the geometric
relationship. Additionally, the ratio between the muscle contraction and the lateral
displacement of the vertebra is determined by the length of the POT, the angle of

Fig. 17 The anatomy of a fish [22, 36]. a The skeleton; b The muscle arrangement

Fig. 18 Illustration of the
biomechanical model of fish
backbone bending. a Fish
backbone musculoskeletal
structure; b Backbone
bending by muscle
contraction
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the POT to the backbone, and the lateral distance from the backbone to the AOT-
POT sling. The larger the angle of POT to the backbone, the smaller the ratio. For
example, for tuna the ratio is around 3.4, and for mackerel the ratio is around 2.1
[24]. The lower ratio of mackerel is suitable for powerful flapping while the higher
ratio of tuna is better for energy storage.

For robot fish, just like real fish, delivering the power to generate the desirable
flapping is key. In practice, it is not feasible to use a large number of actuators
(equivalent to the muscle groups of the fish) because of the complexity and power
consumption. A classical design is shown in Chap. 4 of this book. It uses four
motors connected in series to generate flapping. The other design is shown in Chap.
7 of the book. It uses one large motor driving four joints. This allows the robot fish,
named iSplash, to flap at high frequency (20 Hz) generating a fast speed of 3.6 m/s.
Perhaps the most intricate design is the soft body robot fish presented in Chap. 6 of
the book. It has just one motor and utilizes the material properties of the soft body
to generate desirable flapping.

Another interesting design is the use of biomimetic wire-driven mechanism
(BWDM) as presented in Chap. 3 of this book. Let us use BWDM to show how to
generate desirable flapping curve, as it nicely resembles the anatomy of fish. Briefly,
there are two types of wire-driven robot fish [25–29], one with serpentine backbone
(like a bony fish) and the other with continuum backbone (like an earthworm), as
shown in Fig. 19. For serpentine BWDM, the vertebrae are the same as the fish and
the wires act as muscles. The wires are a pair. When one wire is pulled, the other is

Wire #2

Wire #1

Vertebras

Elastic
Tube

Central
Cavity

Joint

Wire #1

Vertebra

Backbone

Joint

Wire #2

(a)

(b)

Fig. 19 The structure of
BWDM. a Serpentine
backbone; b Continuum
backbone
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extended causing bending. For continuum BWDM, the wires are the same but the
vertebrae are formed by simple eyelets. Figure 20 shows the model of the BWDM.
For serpentine BWDM (Fig. 20a), bending can be modeled by a series of linear line
segments. During bending, each line segment bends at the same angle, θ, and the
total bend angle is therefore Θ = N × θ, where N is the number of vertebrae. For
continuum BWDM (Fig. 20b), the bending is simply an arc, and the bending angle
is similar to the serpentine BWDM. Also, a robot fish may have several such
BWDM segments in order to generate anguilliform swimming.

As discussed in Sect. 2, fish flapping can be described by the traveling wave
equation (Eq. 1). On the other hand, one BWDM segment can bend into a circular
arc. As a result, with a few segments, the wire-driven robot fish can fit fish flapping
very well as illustrated in Fig. 21. Specifically, for oscillatory swimming, one
segment is enough; for undulatory swimming, multiple segments are needed and

Fig. 20 The model of wire-driven robot fish. a Serpentine BWDM; b Continuum BWDM
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Fig. 21 Fitting the traveling wave with BWDM: a a typical traveling wave; b fitting of the first
segment; c fitting of the subsequent segment
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the number of segments is M = [0.5 + 2/λ], where [*] denotes the integral part of
“*”. Table 2 shows the required number of segments for different forms of swim.

To evaluate how well the robot fish emulate real fish, a curve fitting index, ξ, is
introduced as shown in Eq. (13). This index measures the discrepancy between the
designed robot fish flapping and the targeted traveling wave in a full flapping cycle
with flapping amplitude, r. For ease of computation, one can also use the discrete
form as shown in Eq. (14). In this equation, the flapping cycle is divided into
S intervals.

n¼ 1
T � L

Z T

0

Z L

0

yðx; tÞ � yf ðx; tÞ
r

����
����dxdt ð13Þ

n � 1
S � N �M �

XS
n¼1

XM
i¼1

XNi

j¼1

yðxi;j; tnÞ � yf ðxi;j; tnÞ
r

����
���� ð14Þ

Now, let us examine how well the wire-driven robot fish fits the targeted trav-
eling wave form. First, for the Thunniform swim, it is the oscillatory swim and can
be achieved by a single segment BWDM. Assume at a time instance, t, the traveling
wave has the anterior position P0(x0, y0) and the posterior position P1(x1, y1). For
the wire-driven robot fish that has N identical vertebrae and total length L = 1 BL,
let both ends of the wire-driven robot fish be coincident with P0 and P1, then the
bending angle of the wire-driven robot fish is:

H ¼ 2N
N þ 1

arctan
y1
x1

� �
¼ 2N

N þ 1
arctan r � sinð2p

k
þ 2p � tÞ

� �
ð15Þ

Moreover, for each vertebra, the joint positions can be found using Eq. (16).
Figure 21a shows the simulation result. In the figure, the traveling wave curve is in
black. The wire-driven robot fish has 10 vertebrae and its flapping curve is in red.
For comparison, the flapping curve of an SJ robot fish is also shown in blue. From
the figure, it is seen that at time t = 0.25 T and t = 0.75 T, both the SJ robot fish and
the wire-driven robot fish match the travel wave curve well; however, at t = 0 and
t = 0.5 T, the wire-driven robot fish matches the traveling wave curve much better
than that of the SJ robot fish. This implies that the wire-driven robot fish can
outperform the SJ robot fish. Quantitatively, using the index defined in Eq. (14), for
the wire-driven robot fish the average fitting error is 0.0157r, while that of the SJ

Table 2 Different forms of
swimming fitting by BWDM

Range of λ Swimming form Number of segments

[4, +∞) Thunniform 1

[4/3, 4) Carangiform 2

[4/5, 4/3) Subcarangiform 3

(0, 4/5) Anguilliform [0.5 + 2/λ]
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robot fish it is 0.093r. In other words, the fitting error of the SJ robot fish is 5.94
times larger than that of the wire-driven robot fish.

xj
yj

� 	
¼

L
N � sin j�Hð Þ= 2Nð Þ½ ��cos jþ 1ð Þ�H= 2Nð Þ½ �

sin H= 2Nð Þ½ �
L
N � sin j�Hð Þ= 2Nð Þ½ ��sin jþ 1ð Þ�H= 2Nð Þ½ �

sin H= 2Nð Þ½ �

" #
0� j�N ð16Þ

For undulatory swim, including carangiform swim, subcarangiform swim, and
anguilliform swim, multiple BWDM segments are needed as shown in Table 2. For
the first segment, the length is λ/4, for the middle segment the length is λ/2, and for
the last segment, it is the rest. Moreover, for the first segment, the curve fitting is the
same as in the thunniform swim as shown in Fig. 21b. For the remaining segments,
the curve fitting is shown in Fig. 21c. Specifically, for the ith segment, the two
endpoints are Pi−1 and Pi, and the middle point is Pmi. The orientation of the starting
point of the section is γi−1. Each segment bends to a circular arc with both ends
coincident with Pi−1 and Pi, and the middle point coincident with Pmi. The bending
angle and orientation can be calculated using the following procedure:

Step 1 Find the perpendicular bisector for Pi-1Pmi and PmiPi respectively:

li1 : y� yi�1þymi
2

� �þ xi�1�xmi
yi�1�ymi

x� xi�1þxmi
2

� � ¼ 0

li2 : y� ymiþyi
2

� �þ xmi�xi
ymi�yi

x� xmiþxi
2

� � ¼ 0

(
ð17Þ

Step 2 Find the center of the circular arc, Oi(xoi, yoi), which is the intersection of
li1 and li2

Step 3 Find the bending angle:

Hi ¼ 2 arctan
yi � ymi
xi � xmi

� �
� arctan

ymi � yi�1

xmi � xi�1

� �� �
ð18Þ

Step 4 Find the orientation:

ci�1 ¼ arctan � xoi � xi�1

yoi � yi�1

� �
ð19Þ

Subsequently, the joint positions are:

xi;j
yi;j
1

2
4

3
5 ¼

cosðci�1Þ � sinðci�1Þ xi�1;Ni�1

sinðci�1Þ cosðci�1Þ yi�1;Ni�1

0 0 1

2
4

3
5 xj

yj
1

2
4

3
5 0� i�M; 0� j�Ni ð20Þ

where M is the total number of segment; Ni is the number of vertebrae in the ith
segment; xj, and yj are as per Eq. (16), in which the bending angle is Θ = Θi, and the
vertebra length is l = lij. In addition, the joint rotation in the ith segment is θi = Θi/Ni.
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The distal end joint orientation of the ith segment is γi−1 + Θi and the orientation
of the (i + 1)th segment is γi. The phase lag between the two successive segments is
then:

/i ¼ ci � ci�1 �Hi ð21Þ

Finally, for the (i + 1)th segment, the joint rotation is:

hiþ1 ¼ ui þHiþ1=Niþ1 ð22Þ

A set of computer simulation results are shown in Fig. 22, in which the traveling
wave is shown in black and the wire-driven robot fish flapping curve is shown in
red. For comparison, the MJ robot fish flapping curve is shown in blue. Figure 22b
is the case of carangiform swim. In this case, two segments are used for the wire-
driven robot fish and two joints are used for the MJ robot fish. From the figure, it is
seen that the wire-driven robot fish can match the traveling wave well in the entire
flapping cycle. In contrast, the MJ robot fish matches the traveling wave only in
some time instances. For example, when t = 0.25 T and t = 0.75 T, the flapping
curves of the MJ robot fish are greatly different from the traveling wave. Using the
curve fitting index, the average fitting error of the wire-driven robot fish is 0.0107r,
and the average fitting error of the MJ robot fish is 0.0714r, which is 6.66 times
larger.
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Fig. 22 Comparison among the traveling wave, the flapping of the multi-joint robot fish, and the
wire-driven robot fish. a Thunniform swimming; b Carangiform swimming; c Sub-carangiform
swimming; d Anguilliform swimming
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Figure 22c shows the case of subcarangiform swim. In this case, three segments
are used for the wire-driven robot fish and three joints are used the MJ robot fish.
The fitting error of the wire-driven robot fish is 0.0587r, and the fitting error of the
MJ robot fish is 0.1331r, or 2.2 times larger.

Figure 22d shows the case of anguilliform swim. In this case, five segments are
needed for the wire-driven robot fish and five joints are used for the MJ robot fish.
The fitting error of the wire-driven robot fish is 0.0568r and the fitting error of the
MJ design is 0.1567r, or 2.3 times larger.

It is shall be pointed out that, for the MJ robot fish, the length of the segments are
sensitive. For example, to match the traveling wave curve at t = 0.25 T, the length
of each segment should be half of the wavelength, λ. However, this will result in the
largest fitting error at some other time instances, for example, t = 0.50 T , at which
time, the first (M − 1) segments are lined together. In order to solve this problem,
more segments are therefore required. For the wire-driven robot fish, there is no
such problem as it can fit the traveling curve well during the entire flapping cycle.

In summary, to design a robot fish one shall consider the following:

(a) The type of robot fish: SJ, MJ, smart material-based or BWDM; and the
driving mechanism of the robot fish: direct drive, crank, etc.;

(b) The number of segments:M (which will determine where the robot fish will do
oscillating swim or undulating swim). For multiple segments, the length of the
first segment shall be λ/4, the length of the second segment shall be λ/2, etc.

(c) The geometry of each segment (which will determine how well the flapping of
the robot fish matches the travel wave equation). Specifically, the following
optimization can be used to determine the geometry of each segment:

min
XS
n¼1

XM
i¼1

XNi

j¼1

y xij; tn
� �� yf ðxij; tnÞ

r

����
���� ð23Þ

It should be mentioned that the presented design methodology focuses on the
matching of the traveling wave. Many practical issues are not considered such as
the soft body of the robot fish, the dynamics of flapping, the fluid dynamics of the
water, etc. Therefore, much more research is still needed, especially for high speed
swim, turning, and diving.

5 Discussions and Conclusions

Inspired by fish swim, engineers and scientists around the world have been trying to
design and build flapping-based underwater robot, i.e., robot fish, for more than two
decades. This chapter first gives a brief review of the theory of fish swim. Next, it
examines the existing designs of robot fish. Then, a design methodology is
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presented: the robot fish shall emulate the flapping of real fish: the better the
emulation, the better the performance. In practice, the flapping robot fish can be
realized using various methods, including single joint, multiple joints, smart-
materials and soft body. Additionally, the joints and/or the soft body can be driven
directly, or through various mechanisms (such as cranks), as well as through
BWDM. The design parameters can be optimized by comparing to the flapping of
real fish (i.e., the travel wave equation).

Lastly, it should be pointed out that the study on robot fish is still in its infancy.
Many problems are yet to be resolved, such as the soft body of the robot fish, the
dynamics of flapping, the fluid dynamics of the water, etc. The control of the robot
fish is another set of problems, which include sensing the position and orientation,
detecting obstacles, receiving supervision commands, etc. Navigation in the long
distance is a long-term goal and hopefully, it can be achieved in a decade or so.

Acknowledgment The authors wish to thank the following people who have helped in their study
of robot fish: Mr. Baofeng Liao, Mr. Yong Zhong, Miss Candy Wai Pik Lau, and Mr. Allan Mok.
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Fish Locomotion: Biology and Robotics
of Body and Fin-Based Movements

George V. Lauder and James L. Tangorra

Abstract The study of fish locomotion provides a rich source of inspiration for the
design of robotic devices. Fish exhibit an array of complex locomotor designs that
involve both diversity of structures used to generate locomotor forces, and versatile
behaviors to engage with the aquatic environment. The functional design of fish
includes both a flexible body exhibiting undulatory motion as well as numerous
control surfaces that enable fish to vector forces and execute rapid maneuvers in
roll, pitch, and yaw directions. Patterns of body undulation have often been
misunderstood, and fish with propulsive mechanics as diverse as tuna and eels can
display similar patterns of body bending during swimming. Many of the often-cited
classical locomotor categories are based on a misunderstanding of body and fin
kinematics. Fish fins can exhibit remarkably complex conformational changes
during propulsion, and do not function as flat plates but have individual mobile fin
rays actuated by muscles at the fin base. Fin motion and surface bending in most
fish is actively controlled. Even during steady horizontal locomotion, median fins
such as the dorsal and anal fins function to balance torques and can contribute to
thrust. Locomotion using body undulation is not achieved independently from fin
motion, and the vast majority of fish locomotor patterns utilize both the body and
fins. Robotic systems derived from fish templates can range from simple flexible
plastic panels to more complex models of whole body and fin design. Experimental
test platforms that represent individual fins or specific components of fish locomotor
design allow for detailed testing of hydrodynamic and mechanical function.
Actuating and controlling complex fish robotic systems involving both the body
and multiple individual fins are a major challenge for the future.
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1 Introduction

The study of fish locomotion provides a rich source of inspiration for the design of
robotic devices. Fish exhibit an array of complex locomotor designs that involve
both diversity of structures used to generate locomotor forces, and versatile
behaviors to engage with the aquatic environment which can range from calm
stratified lakes to turbulent high-velocity rivers. The functional design of fish
includes both a flexible body exhibiting undulatory motion as well as numerous
control surfaces that enable fish to vector forces and execute rapid maneuvers in
roll, pitch, and yaw directions. Designers of robotic systems that must deal with the
unpredictable aquatic environment can turn to the mechanics and function of fish as
a source of ideas for how to approach the construction of new mechanical devices
that use flexible control surfaces and patterns of wave-like motion to produce thrust
and maneuvering forces.

In this chapter we provide a general background and an overview of the
mechanics of fish locomotion, and then explore some of the mechanical systems
that we have constructed to better understand the function of both the body and fins
of fish. Research on fish robotics has the potential not only to demonstrate novel
designs for autonomous underwater vehicles that are not based on propellers, but
also to use robotic systems and their control to better understand the biology of fish
swimming. In our view, the potential for using mechanical systems to test bio-
logical hypotheses about how and why fish are designed the way they are is one of
the most intriguing areas for future work.

Within the past 15 years, there have been many reviews and overviews of the
topic of fish swimming and the increase in publication rate on this topic reflects the
growing interest in understanding the functional design of fish and the implications
for robotic system construction. In this chapter, we will not duplicate material from
these previous articles, but will instead focus on summarizing key features of fish
functional design; note several misunderstandings in some of the current literature
on the mechanics of fish swimming; address specific fish systems that are of special
relevance for the construction of fish-like mechanical devices; and finally illustrate
some of the mechanical systems that we have developed ranging from simple to
complex representations of fish functional design.

Readers interested in the literature review of one or more aspects of fish loco-
motor function can examine classical summaries such as [4, 47–49, 76, 131] as well
as the more contemporary books [12, 27, 75, 86, 110, 127, 134, 139] and articles
[36, 39–41, 60, 62, 73, 87, 106, 109, 122, 123, 130, 132, 133].
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2 Overview of Fish Swimming Dynamics

2.1 General Background

Perhaps the most common image of fish as swimming objects is the often-published
horizontal section through a fish body that resembles a NACA airfoil in shape. This
view emphasizes the overall streamlined nature of fish bodies and allows for
comparisons between fish and objects that are designed to minimize drag or to
generate lift. But fish shapes are complex in three dimensions [125, 126] and have
multiple projections (fins) and changes in geometry along the body length that are
not well represented in a horizontal NACA-like section. Figure 1 illustrates some of
the complexity in fish shape with transverse sections obtained using a micro-CT
scanner of a bluegill sunfish Lepomis macrochirus. Toward the front of the body,
fish often are thickest due to the head and gill region housing the brain, feeding and
respiratory systems. This portion of the body is not symmetrical in the transverse
plane, and the top is often more pointed while the bottom (ventral) region is
rounded. Moving back along the body reveals increased dorsal–ventral symmetry
and the median fins which project into the water above and below the fish body.
The surfaces of these fins are not smooth, and instead have a roughened exterior due
to the fin rays that support the thin fin membrane. Near the base of the tail (the
region known as the caudal peduncle: sections d and e in Fig. 1) the body becomes
more symmetrical with sharp edges that cause flow separation as the body and tail
move from side to side during swimming [124]. The consequences of body
asymmetry for the generation and control of locomotor torques has not been
addressed, and remains an interesting area for future work.

2.2 Fish Locomotion Using Body Deformation

Although the notion of a gait is most common in studies of terrestrial locomotion
(as when a horse moves from a walk to a trot to a gallop as speed increases), many
fish have gaits too. As swimming speed increases, fish can change from a primarily
pectoral fin-based swimming style in which the body remains relatively still, to
body undulation with fin motion, to exclusively steady wave-like body motions for
thrust generation. If speed increases still further, unsteady locomotion can occur
with burst-and-glide swimming with intermittent high-frequency beating of the tail.
These gait transitions are significant because they reflect the use of different
muscular systems and a shift from steady swimming to high-speed unsteady
locomotion caused by a change in muscle fiber activation from slower red fibers to
the faster-contracting white fibers [14, 30, 108].

Figure 2 shows patterns of body bending in several species of swimming fish. In
most species, the head oscillates relatively little until swimming speeds increase
beyond two body lengths per second. Species as diverse as eels, sunfish, and clown
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knifefish (Fig. 2) show remarkably similar patterns of body bending, and even
quantitative analyses of tuna locomotion [29, 70] show similar patterns of head
oscillation to other species. This result is not generally appreciated in the fish
mechanics literature which suggests that tuna show reduced head oscillation
amplitudes relative to other fish: the published quantitative analyses do not support
this conclusion, although considerably more research needs to be done on tuna
kinematics under controlled conditions.

Figure 3a shows an analysis of the amplitude of body bending as speed changes
in largemouth bass [56]. At low speeds there is virtually no amplitude along the
anterior third of the body, and even as speed increases considerably head oscillation
does not increase greatly. There is a relatively sharp transition two-thirds of the way
along the body where lateral body amplitudes begin to increase rapidly, reaching

A

B C D E F G

(a)

(b) (c) (d) (e) (f) (g)

Fig. 1 Fish vary greatly in cross-sectional shape along the body. This figure illustrates shape
cross-sections from micro-CT scans at several points (b–g) along the body of a 15 cm long bluegill
sunfish, Lepomis macrochirus. Panel a shows the skeleton of this species (bones are stained red
and the tissue has been enzymatically rendered transparent) to illustrate how fins such as the dorsal
fin are supported by the axial skeleton. Panel b provides a guide to the location of the images
below. Body shape changes from rounded anteriorly to the tail region where the upper and lower
body surfaces have sharper edges. Fin surfaces are bumpy (see sections c and g) with projecting fin
rays. All micro-CT images are shown at the same scale. From Lauder [61]
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a maximum at the tail tip. Furthermore, graphs of amplitude versus length often
have two inflection points (e.g., Fig. 3a), and are more complex than the relatively
simple functions often used to program undulatory robotic devices.

0.5 L/s 1.5 L/s1.0 L/s

Clown knifefish

Bluegill sunfish

Eel

5 cm

4 cm

4 cm

(a)

(c)

(b)

Fig. 2 Patterns of body motion in fish swimming with undulatory motion. During swimming,
a traveling wave of bending passes down along the body. Panels a and b show body outlines at
two different times in bluegill sunfish (L. macrochirus) and largemouth bass (Micropterus
salmoides). Panel c shows how the pattern of body bending changes as fish increase swimming
speed from slow (0.5 L/s) to moderate (1.5 L/s) speeds. At 0.5 L/s, bluegill sunfish use labriform
locomotion and generate thrust only with their pectoral fie. Note the relatively low amplitude
sideways (yaw) head motion and increasing amplitude along the body in most species. Panel
c modified from Xiong and Lauder [140]
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Fish kinematics in a wide diversity of species match this general pattern of
reduced head oscillation with a wave-like pattern of body bending (Fig. 2). While
fish species certainly differ in the number of waves and in specific details of the
amplitude envelope [45], the differences in this two-dimensional view are minor,
and recent quantitative comparisons of the midline kinematics of a diversity of
species does not lend much support to the often-cited qualitative descriptions of fish
swimming modes and simple graphical summaries that inaccurately depict patterns
of body bending [76, 105].

Fish body undulations are caused by a wave-like pattern of muscle activation
that sweeps from the head toward the tail (Fig. 3). During steady sustainable
swimming, fish use almost exclusively red muscle fibers that have higher aerobic
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Fig. 3 Pattern of body bending during undulatory locomotion (a) and body muscle activity used
to drive the bending wave (b and c). Body oscillation amplitude in swimming fishes increases with
speed, and is minimal at a point approximately 30 % down the body from the tip of the snout.
Waves of muscle activity (b, black bars) pass along the body to generate this wave, and muscle
activity in the red fibers that power slow to moderate swimming increases as swimming speed
increases (c, d). Labels in c refer to the positions down the body: positions 2, 4 and 6 correspond to
43, 57, and 72 % down the body. R and L refer to the Right and Left sides of the body. Modified
from Jayne and Lauder [55, 56]
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capability even though these fibers usually form only a very small percentage
of total fish muscle mass, often less than 5 %. The bulk of fish muscle mass is
composed of larger white fibers that are used for rapid unsteady motions and escape
responses [53, 54, 107, 108, 115]. Thus, the bulk of fish bodies are passive during
slower, routine, steady swimming behaviors, and body wave motion is controlled
actively only by a relatively small proportion of muscle fibers. Figure 3b illustrates
that muscle electrical activity alternates between the left and right sides of
a swimming fish, but due to the movement of the wave of electrical activity toward
the tail and the relatively large extent of activation on one side, there is considerable
co-activation of red muscle fibers on the right and left sides of the body at any one
time. This may stiffen the body actively and reduce the amplitude of motion which
could be tuned to particular swimming speeds based on the intensity of muscle
activation. Figure 3c documents that the intensity of muscle activity increases with
swimming speed as does the velocity of the muscle activation wave and frequency,
while the overall pattern of red fiber activity remains similar until speeds increase to
the point where white muscle fibers are activated. Fish certainly possess the
capability of actively controlling body stiffness with their locomotor musculature,
but the extent to which this alters locomotor function is largely unknown
[81, 82, 88].

One area of fish swimming that has received relatively little attention but that has
great promise for facilitating the comparison of fish swimming mechanics to that of
robotic devices is the study of center of mass (COM) motion [135]. In contrast to
biomechanical investigations of walking and flying animals, almost nothing is
known about motion of the center of mass in swimming fish. One recent study of
ours quantified the three-dimensional center of mass motion in several species of
fish using different swimming modes [140], but much more remains to be done to
better understand the pattern and magnitudes of fish center of mass movement
during steady swimming behaviors. We propose that comparison of COM motion
in live fish to that of robotic devices provides a useful performance metric by which
autonomous robotic fish-like mechanical systems can be compared to the swim-
ming performance of live fish. High COM oscillation amplitude during swimming
would be expected to reflect high costs of transport, and autonomous robotic
designs could be evaluated and compared based on the amplitude of COM
oscillation in the three movement planes.

2.3 Fish Locomotion Using Fin Movements

Fish fins also play an important, and in many species a dominant, role in propul-
sion. Pectoral fins are commonly used for slower speed swimming and to generate
thrust for steady swimming, and off-axis forces for maneuvering (e.g., [31, 34, 44,
128, 129, 137, 138]. Pectoral fin propulsion may involve complex conformational
and wave-like motions (Fig. 4) [16, 28, 34, 68, 100], and both experimental and
computational fluid dynamics of pectoral propulsion have shown that thrust can be
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generated on both the instroke and outstroke of fin motion, and that fin confor-
mational changes may act to reduce vertical center of mass oscillations.

Fins such as median dorsal and anal fins (Fig. 5) are also important players in
controlling fish body motion during undulatory swimming and these fins can also
contribute thrust as they are actively moved by basal fin musculature [33, 35, 113,
114]. Dorsal and anal fins act to balance body torques during steady swimming
(Fig. 5b) and to generate rolling moments during maneuvers. In addition, wakes
from the dorsal and anal fins (and even the pelvic fins) can greatly alter incident
flow on the tail [1, 112, 114]. Figure 5b shows the path of the caudal fin of a trout
through the vortex wake shed by the dorsal fin and demonstrates that the tail of
swimming fish does not move through undisturbed free-stream fluid, but instead
encounters vortices that greatly alter the angle of attack of incident flow.

The fin rays of bony fish (but not sharks or rays) possess an interesting
mechanical design that involves bilaminar jointed bony half-rays connected by
collagen fibers and elastic tissue. The mechanical properties of these bilaminar fin
rays have recently been studied in some detail [2, 42, 69, 116, 117] and represent a
key evolutionary innovation in fish functional design that allows active curvature
control of the fin propulsive surface and permits fish to resist fluid loading on their
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Fig. 4 Kinematics of the pectoral fins during locomotion in bluegill sunfish (L. macrochirus).
Pectoral fins are often used by fish for slow to moderate speed locomotion, and can undergo complex
conformational changes as the fin beats. This figure shows three views of a single time during the fin
beat cycle; the three fin images are color coded by z-position, which indicates the distance of the fin
element from the body. Note the bent and cupped shape of the fin at this time. Arrow #1 points to the
wave of bending that travels from root to tip of the fin, while arrows labeled #2 point to the region of
the fin surface that generates thrust during the outstroke. From Lauder [61]
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control surfaces [63]. Fin rays of sharks and rays are simpler collagenous rods that
are not capable of active curvature control.

2.4 Multi-Fin and Body Locomotion Together: The Norm
and not the Exception

Although in this chapter we have for the most part treated locomotion using body
deformations separately from fin-based motions, in most fish species patterns of
body deformation during undulatory propulsion occurs in concert with the active
movements of fins. Two of the more common qualitative descriptive terms for fish
swimming are “body and caudal fin” (BCF) and “median and paired fin” (MPF)
locomotion. But dividing fish swimming into these two categories is entirely arti-
ficial and obscures the important fact that most species use the body and fins at the
same time during swimming. And such coordinated use of the body and fins is
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Fig. 5 Median fins such as the dorsal and anal fins play important roles during undulatory
locomotion. a Trout (Salvelinus fontinalis) swimming in two horizontal laser light sheets to permit
simultaneous imaging of flows generated by the dorsal and anal fins and the tail. b The dorsal fin
(to the left) generates a clear vortex wake (yellow vectors) that the tail must pass through (red dots
show the path that the tail will take through the dorsal vortex wake) during swimming rainbow
trout (Oncorhynchus mykiss); free-stream flow has been subtracted. c Velocity through time of the
dorsal and anal fins during locomotion at two speeds. These fins contribute significantly to both
generating thrust and modulating body torques. d Schematic summary of the function of different
median fins and their roles in controlling body position. Modified from Drucker and Lauder [35]
and Standen and Lauder [114]

Fish Locomotion: Biology and Robotics of Body … 33



critical for maintaining control of body position and for effecting changes in body
orientation.

As examples of the contribution of the median and paired fins, first consider
swimming bluegill sunfish as speed increases [32]. At slow speeds below 1.0 L/s,
the paired fins contribute 100 % of thrust, and the body provides no thrust. As speed
increases to over 1.5 L/s, pectoral fins contribute approximately three-quarters of
needed thrust, and body undulation occurs to complete the needed thrust to swim at
this speed. At the highest steady swimming speeds, the pectoral fins contribute
almost nothing to thrust, and the body nearly 100 %. And the bluegill dorsal fin
contributes about 12 % of total thrust at speeds of 1.1 L/s [33].

Even in fish such as trout which are known for effective undulatory locomotion,
the median fins make a contribution to controlling body position in roll and yaw, and
we cannot consider undulatory locomotion without taking this into account. Standen
and Lauder [114] estimated that for trout of 16 cm long swimming at 1.0 L/s,
the dorsal and anal fins each add about 1 mN to thrust, which is nearly 10 % of total
thrust required at this speed.

The use of both the fins and body together is particularly evident during
maneuvering, and we recommend abandoning this artificial division of fish
swimming modes as BCF versus MPF. Of course, this poses a considerable chal-
lenge for designers of whole fish robotic devices who must consider the possibility
of adding active fin-like control surfaces to an already complex flexible body, and
in the next section we consider a variety of mechanical models for fish fins and
bodies.

3 Robotic Models of Fish Locomotion

3.1 Overview of Fish Robotic Systems

Recent years have seen greatly increased interest in robotic models of fish swim-
ming and a wide diversity of approaches has been taken to the mechanical design of
fish-like systems. One way of conceptualizing this variety is to consider a fish
template and both relatively simple as well as more complex mechanical models
derived from these templates (Fig. 6). Simple models have the advantage of more
rapid construction and iteration times when changes are desired, and the ability to
easily make modifications that represent basic abstractions of fish features.
Examples of this approach include modifications of the trailing edge of a flexible
flapping foil or panel to represent different fish tail shapes, or changes in body
stiffness achieved by changing the panel material (Fig. 6). Examples of using
simple mechanical models to understand the dynamics of propulsion include (but
are certainly not limited to) the following studies [3, 9, 13, 17, 19, 25, 26, 50, 52,
64, 65, 74, 97, 98, 101].
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Simple models are convenient but do not represent the complex behaviors
inherent in biological systems. Thus, development of more complex mechanical
devices that include active control of the body or fins is important for exploring

Fish template
Simple

robotic model
Complex

robotic model

Fig. 6 Robotic approaches to studying fish locomotion can involve relatively simple flexible foil
models of propulsion or more complex engineered devices. This diversity of approaches is based
on fish templates, and can involve whole fish models (top two rows) or mechanical test platforms
that represent individual fins such as the pectoral fin (third row) or caudal fin (bottom row).
Individual panels show images from our collaborative work in fish robotics. Other chapters in this
volume also present a diversity of fish robotic systems. Images are from research described in
[3, 22, 23, 38, 65, 66, 96, 120, 121, 141]
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some of the behaviors seen in freely-swimming fish. Recent examples of using
complex mechanical devices to understand whole-body or fin-based propulsion
include the following studies: [5–8, 20–23], Epps et al. [37, 38, 51, 59, 71, 72, 77–80,
83–85, 90, 91, 93, 96, 104, 118–120].

Below we explore some of the benefits and drawbacks of using both simple and
complex mechanical fish-like systems using examples from our previous research.

3.2 Simple Mechanical Models of Fish Locomotion

Simple flexible plastic strips or panels have proven to be useful passive models for
flexible body propulsion in the water. These very basic propulsive systems are
remarkably fish-like despite their simplicity, and exhibit a traveling wave of
bending and self-propulsion at fish-like speeds and Strouhal numbers when actuated
at frequencies of from 0.5 to 3 Hz in heave motion at their leading edge [111]. In
order to effect propulsion of these simple flexible models of the fish body and tail
region, the leading edge is attached to a rod controlled by heave and pitch motors
(Fig. 7) and moved in a recirculating flow tank [64, 65, 98]. Flow speed is adjusted
to achieve either self-propulsion when the net x-force (thrust) averages zero over a
flapping cycle, or propulsive kinematics, forces, and hydrodynamics can be studied
under conditions of net thrust or drag, measured with a force/torque sensor attached
to the rod. These simple flexible strips (Fig. 7a, b) are convenient subjects for study
because stiffness can be altered by changing the material, and different lengths and
shapes can easily be attached to focus experiments on these parameters. The fish-
like motions (Fig. 7c, d) produce interesting performance surfaces where thrust and
efficiency of propulsion can be mapped over a range of heave amplitudes and
frequencies for flexible foils of different stiffness (Fig. 7e, f). At low heaves and
frequencies, efficiency is negative for the most flexible material as no net thrust is
produced, but as stiffness and frequency increase, thrust is developed and efficiency
approaches values of 0.2. Experiments like these also show that there can be a
complex interaction between stiffness and frequency so that the material with the
highest efficiency can depend on the frequency at which propulsion is occurring,
and crossover points show where both flexible and stiff materials perform equally
well (Fig. 7f).

Mechanical controllers that allow study of propulsion in flexible foils or panels
are also convenient for the study of a number of fish structures, including the
specialized skin structure in sharks. We have been using this approach to better
understand how fish skin functions hydrodynamically, and to study the function of
fish skin under conditions of self-propulsion. The vast majority of previous research
on the skin of fish has been conducted using relatively simple models in constant
velocity flow regimes. But fish bodies bend and flex during locomotion and the skin
surface is thus subject to time-varying flows and changing angles of attack. It is our
view that in order to understand the diversity of fish skin structures and how these
surface structures function during locomotion, testing must be done under dynamic
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Fig. 7 Use of a flapping foil model system to study the dynamics of undulatory propulsion in fish.
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self-propelled conditions. In addition, the frequencies, Strouhal numbers, and
surface curvatures achieved by skin-like test membranes must match those exhib-
ited by swimming fish.

Sharks have a remarkable structure to their skin. The surface of sharks is covered
with millions of small tooth-like denticles that can range from 200 μm to 1 mm in
size. Each denticle has a complex structure with a base embedded into the skin, and
a stalk region that supports a flattened top containing ridges and valleys
[58, 89, 92]. There is considerable variation in denticle structure among species
of sharks [18], and equally substantial variation in denticle shape on different
regions of the body [102, 103]. Adjacent denticles overlap, and changing the angle
of the skin changes the angle of each denticle and hence the overlap between
adjacent denticles. Previous work has suggested that shark skin functions to reduce
drag, and may thus increase locomotor efficiency [10, 11, 24], but these analyses
have been conducted under steady flow conditions in which the test surfaces were
not moving.

In order to study the function of shark skin structures, we first assembled
a flexible membrane composed of two pieces of fresh shark skin into a two-layer
“sandwich” so that the skin surface denticles are exposed on each side (Fig. 8a).
These membranes were then attached to a rod and moved by our mechanical flapper
in a manner that matches the frequencies and surface curvatures of sharks swim-
ming in vivo. By comparing the self-propelled speed of membranes with surface
denticles intact and after they had been removed by careful surface sanding, we
showed (Fig. 8a) that removal of the surface roughness reduced swimming speeds
by an average of about 12 % [94]. Furthermore, the effect of surface roughness on
self-propelled speed disappeared when rigid foils with shark skin on the surface are
compared, indicating that the surface flexibility and motion of skin denticles is
critical to their swimming performance advantage. Finally, particle image veloci-
metry of flow over the swimming shark skin membrane and the sanded control
showed that removal of the surface alters the strength of the leading edge vortex,
and suggests that the roughened shark skin surface may enhance leading edge
suction and thus increase thrust. Shark skin surface roughness may thus enhancing
thrust on oscillating surfaces such as the tail where flow separation occurs [15] as
well as reduce drag.

In order to better understand the function of shark skin, [136] designed a biomi-
metic shark skinmembrane using additive manufacturing (Fig. 8b, c).Manufacture of
shark-skin-like surfaces permits alteration of biological parameters, and controlled
study of individual parameters of shark skin. Manufactured skin-like membranes
were assembled into a two-layer sandwich and compared to a smooth control surface
(Fig. 8b). These membranes consist of rigid denticles embedded into a flexible
membrane and this allows the biomimetic skin membrane to bend and flex during
swimming in a manner similar to real shark skin.

Testing under a wide range of parameters revealed improved swimming per-
formance of the membranes with skin-like denticles compared to a smooth control.
For example, Fig. 8d shows data from tests of self-propelled speed when the
membranes are actuated at 1 Hz, heave values of ±1.5 cm at the leading edge, and
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a variety of pitch angles. Membranes with the roughened denticle-like surface
swam faster for pitch angles of 5°, 10°, and 15°, but were not significantly different
from controls at both higher and lower pitch values.

We believe that the manufacture of different fish-skin-like surfaces combined
with dynamic testing that mimics conditions of fish swimming is a promising
avenue for the future study of fish skin surface effects on locomotion.

3.3 Complex Robotic Models of Fish Locomotion

We have focused on bluegill sunfish (Lepomis macrochirus) as a model biorobotic
system for studies of individual fin function, as well as for the development of more
complex biorobotic models of the whole body and multi-fin function. Bluegill
sunfish are particularly useful as they represent a generalized fish body shape and
anatomy, and a substantial amount of three-dimensional kinematic, behavioral, and
experimental hydrodynamic data on locomotor function exist that provide a useful
baseline for both the design and analysis of biorobotic performance. The goals of
our research using bluegill sunfish as a model system are (1) to better understand
the locomotor performance of aquatic propulsive mechanical systems with flexible
fish-like fins, (2) to develop manufacturing and assembly methods that allow
construction of fins with fin rays having active control of the propulsive surface,
(3) to conduct quantitative comparisons of data from mechanical devices to that of
live fish, and (4) to use these biorobotic platforms to investigate complex swimming
behaviors that are difficult to control in live fish such as multi-fin function during
backward swimming and maneuvering.

We have developed several biorobotic models of the flexible fins of bluegill
sunfish as experimental tools for investigating the mechanics and control of fin-
based swimming. These systems include biorobotic pectoral and caudal fins that
can execute the fin motions used during steady swimming, turn maneuvers, and
hovering (Fig. 9, see [38, 121]); a freely swimming fish driven by paired pectoral
fins [120]; and a model that integrates a moving peduncle with independently
driven dorsal, anal, and caudal fins (our PDAC device, shown in Fig. 10). This
biorobotic system is being used for investigating multi-fin swimming gaits which
are common in fish when they stop, brake, swim backward, and maneuver through
obstacles. The most recent of these systems incorporates distributed sensing within
the fins (Fig. 9a, [57]), so that closed-loop control and navigation using object
contacts can be explored. So that results from experiments conducted with these
robotic systems have biological relevance, a priority of our design was to faithfully
represent mechanical traits and to reproduce swimming characteristics of the bio-
logical fins. Physical features of the engineered fins were thus based on detailed
studies of the bluegill sunfish biological system, and each model’s dynamics, fin ray
kinematics, and wake hydrodynamics were validated against those of the live fish
(e.g., [31, 33, 44, 67, 68, 113]).
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In order to produce good approximations of the complex fin kinematics used by
the sunfish during swimming, each biorobotic fin uses multiple, independently
actuated, compliant fin rays that are covered by a flexible fin webbing (elastane and
polyester, latex, and/or urethane). The base of each fin ray is driven using ser-
vomotors (e.g., Maxon Precision Motors, Fall River, MA, USA) that are connected
to the fin rays via nylon tendons. The fin rays are mounted to hinged bases which,
with the servomotors, are designed to provide each fin ray with up to three degrees
of actuated motion. In cases where the fin is designed to execute relatively simple
kinematic patterns—such as steady swimming for caudal fins (Fig. 9c, d; [38])
bases with a single degree of freedom are sufficient. The fin rays move back and
forth along an arc that is dictated by the orientation of the hinge within the base and
complexity can be given to the fin shape by tailoring the compliance, phase rela-
tions, and the time course of individual rays. In cases where swimming gaits are
more multifaceted such as pectoral fin maneuvering in sunfish, which involves
complex motions of the fins and substantial conformational changes in the fin
surface [46, 99], or where a single biorobotic model is used to investigate multiple

Fig. 9 Biorobotic pectoral (a, b) and caudal fins (c, d). Each of the rays of the pectoral fin has two
actuated degrees of freedom which make them capable of executing a large repertoire of fin
motions. In addition to steady swimming gaits such as that shown in (b), the pectoral fin can create
the motions used during turns and hovering. The curvature of the fin rays seen in panel b is a result
of the fluid loading on the compliant fin. Sensors within the pectoral fin (a) enable the curvature of
the fin rays and the pressure across the fin webbing to be monitored for closed loop control. The
rays of the caudal fin (c, d) are actuated through only one degree of freedom, but complex fin
shapes can still be created by controlling phase relations between rays (d)
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kinematic patterns such as during maneuvering and steady swimming [96], the fin
rays are also driven to rotate about the axis normal to the base (Fig. 9b). This, for
example, enables a fin ray to follow different paths as it moves away from, or
toward, the fish body. Active control over a fin ray’s curvature, and thus over the
fin’s shape as it moves through the water, has been enacted in several biorobotic
fins as a third degree of freedom using shape memory alloys, or a servomotor, to
pull on a tendon that bends the rays shape [95]. In most cases, though, the fin rays
are passive and curve only in response to fluidic loading. The cross sections of these
passive fin rays are tapered from base to tip so that each ray’s flexural rigidity scales
to the flexural rigidity of the biological fin. This is key in allowing engineered fins
to bend like a biological fin and to create appropriate wake and forces.

The nylon tendons that attach to the base of each fin ray are sheathed in a flexible,
but non-collapsible, housing (Fig. 10), as is done for the cables of bicycle brakes. In
addition to allowing the actuators to be located away from the fins, which benefits
packing, these housings enable the tendons to follow curved paths within the robotic
fins. In the PDAC robotic device, this permits the tendons of the robot’s caudal fin to
pass through the peduncle (Fig. 10), and for the peduncle to be actuated without
causing the caudal fin’s tendons to bind or to pull accidentally on the fin.

Fig. 10 Biorobotic model of the sunfish caudal peduncle (base of the tail) and the dorsal, anal, and
caudal fins. The system provides independent control over the peduncle and 13 rays of the median
fins for studies of multi-fin swimming. The location of the anal fin can be changed so that spatial
relations among fins can be studied (b). Tendons, sheathed in housings, pass from the lateral sides
of the fish to the fin ray bases (b). Fin motions and interactions are very different during steady
swimming (c) and maneuvers, such as during backing (d) and this model is able to closely
replicate the phasing and relative amplitudes of fin motions seen in live fish

42 G.V. Lauder and J.L. Tangorra



4 Conclusions

These devices based on bluegill sunfish, in addition to the wide variety of inter-
esting complex fish robotic systems developed by other investigators, provide a
solid foundation for future work in the area of fish biorobotics. Designing ever more
complex fish-like systems will allow us to develop autonomous maneuvering
robotic mechanisms that exhibit locomotor performance close to that of live fish. To
accomplish this, biorobotic fish systems can make use of a diverse array of fins that
allow force vectoring which will permit more complex behaviors than steady for-
ward swimming alone. These devices will also be of great utility in testing bio-
logical hypotheses that are challenging to evaluate in living animals.

In the future, the use of simple mechanical systems to test specific hypotheses
about the role of body shape, flexibility, and surface structure allows considerable
control over experimental parameters, and will be of great value in investigating
fundamental principles of aquatic propulsion. Researchers in fish biomechanics will
benefit greatly from working with engineers to better understand how to construct a
mechanical system that allows biological hypotheses to be tested. Similarly, engi-
neers will continue to benefit from biological input which can provide insights into
locomotor behaviors of the body and fins which may be unfamiliar to workers in
design and manufacturing. We believe that one of the key challenges in the future is
the control system needed to provide fish-like behavior and movement patterns in
both steady and unsteady maneuvering propulsion. Developing an open-loop
control will be challenging enough, but even more difficult is closed-loop control
that integrates information from both the body and multiple fins. Closed-loop
control is needed for navigation through complex habitats [43], and yet relatively
few mechanical fish-like devices today incorporate such feedback.

Fish possess many interesting structural features of potential significance for
locomotion that have yet to be studied, and the use of mechanical devices to explore
the function of these features promises to help unlock some of the secrets of fish
swimming performance.
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Wire-Driven Robot Fish

Zheng Li and Ruxu Du

Abstract In this chapter, a class of wire-driven robot fish is presented. It comprises
of a streamlined body and a flapping tail, which is designed based on the biomi-
metic wire-driven mechanism (BWDM). The BWDM mimics not only the fish
body skeletal structure but also the muscle arrangement. As a result, the wire-driven
robot fish can well replicate various fish flapping motion with minimum number of
actuators and thus, has simple structure and excellent propulsion efficiency. Three
wire-driven robot fish are presented. The first one is driven by one motor and swims
in oscillatory form; the second one is driven by two motors and swims in undu-
latory form; and the third one can mimic both shark swim and dolphin swim.

1 Introduction

As shown in the other chapters of the book, inspired by fish and other aquatic
animals, people have been building robot fish for two decades since MIT’s robot
tuna [1]. Fish has superior efficiency and agility. It is shown that the propulsion
efficiency of the fish can exceed 90 % [1]; the speed of a sailfish can reach 110 km/h
[2], and the maximum acceleration of a pike is as high as 249 m/s2, which is over
25 g [3]. Also, the fish swims silently and can turn around sharply without much
deceleration. The outstanding performance of the fish is attributed to multiple
factors, such as the streamlined body, mucous skin, etc. Though, the most important
one is the flapping tail. It is also what people have been mimicking in making their
robot fish.

In fish swimming, there are mainly two types of propulsions, i.e., the Body and/
or Caudal Fin (BCF) propulsion and the Medium and/or Paired Fin (MPF) pro-
pulsion [4]. BCF is adopted by most of the fast swimmers, such as sailfish, tuna,
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pike, etc. In fact, around 85 % of fish species swim in BCF form. Examples for
MPF swimmers are manta ray and box fish. Compared to BCF swimmers, MPF
swimmers are more agile. In robot fish development, high speed and high efficiency
are the main pursuits. As a result, most of existing robot fish adopt BCF as the way
to generate thrust.

Within BCF, the motion modes are further divided into four categories, i.e.,
Thunniform, Carangiform, Sub-carangiform, and Anguilliform. When the fish
swims, its body curve is a wave traveling from the head to the tail. The wave length,
measured in body length (BL), increases from Anguilliform to Thunniform. The
BCF swimming can also be roughly categorized as oscillatory form swimming and
undulatory form swimming. As a comparison, Thunniform is considered as oscil-
latory form and the other three are viewed as undulatory form.

Fundamental motion of BCF swimming is flapping from side to side. There are a
number of ways to generate such a flapping motion. One method is to use direct
drive or through traditional mechanisms, e.g., crank, four-bar mechanism, etc. In
this method, the unidirectional rotation of the actuator (typically a motor) is
transferred to the back-and-forth motion, and then to the flapping motion. A simple
example is that the tail is connected to the motor directly. By controlling the motor
rotating back and forth, the tail flaps from side to side. In this method, as only one
actuator is used, and the tail can only rotate about a joint, they are referred to as the
Single Joint (SJ) design. One example is the robot zebra fish in [5]. Robot fish with
the SJ design is simple in both mechanical structure and control; also the tail can
flap fast and forcefully. Its drawback is that the tail is rigid and the flapping motion
is far unlike the fish. Hence, its propulsion efficiency is low. In addition, it can only
mimic oscillatory form swimming. To better fit the fish swimming body curve, a
passive deflectable fin can be added, such as the robot fish developed in Beihang
University [6], and the Tai-robot-kun developed in University of Kitakyushu [7].
By using passive flexible fins, the flapping motion is closer to that of the fish
flapping motion, but the improvement is limited.

The second method is to use a chain of serially connected links with revolute
joints. Each joint is powered by an actuator. The actuators drive the joints rotating
back and forth generating the flapping motion. This method is referred to as the
Multi-Joint (MJ) design. In this design, the flapping curve is a polyline, which
contains several (usually 3 or 4) straight line segments. Compared to the SJ design,
its motion resembles the fish flapping motion better. However, the motor motion
synchronization is crucial. Also, it becomes complicated with the increased number
of motors and the energy consumption is high. Examples of MJ robot fish include
the robot tuna developed in MIT [8], the robot fish developed in Essex University
[9], the robot knife fish developed in Northwestern University [10], and the robot
fish developed in Chinese Academic of Science Institute of Automation [11].

In addition to the motor-based designs, novel actuators are also used in robot fish
designs. Examples include Ionic Polymer-Metal Composite (IPMC) actuated robot
fish [12, 13], Shape Memory Alloy (SMA) actuated robot fish [14–16], and
Piezoelectric material actuated robot fish [17–19]. For IPMC, when exposed to an
electric field, the material deflects. The deflection is close to a circular arc. By
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controlling the strength and direction of the electric field, the bending amplitude and
direction can be controlled. Though, IPMC is soft and the force generated is low.
SMA can generate larger force, which is controlled by temperature. It can restore
the previous shape when heated above its transit temperature. In other words, by
heating and cooling SMA, a flapping motion can be obtained. However, due to the
slow heating and cooling process, its flapping frequency is limited. Also, it is
difficult to control the flapping amplitude and flapping pattern. Piezoelectric
material, such as PZT, is also controlled by electric field. By controlling the voltage
applied to the PZT, the mechanical strain can be controlled. However, the strain is
usually very small and needs be amplified to generate sufficient flapping. Also, the
required voltage is high. Moreover, it should be mentioned that, a common
drawback of the smart materials-based flapping methods is that the material itself is
highly energy inefficient. This results in the overall efficiency of the propulsion
system being rather low.

The drawbacks of the existing flapping systems raise the desire of a new design
method, in which the amplitude of the flapping needs to be large, the flapping
pattern and flapping frequency need to be easy to control, and most importantly, the
efficiency must be high. By reexamining the fish body structure, in this chapter, the
Biomimetic Wire Driven Mechanism (BWDM) is first introduced and then used for
robot fish design. Three BWDM robot fishes are presented, the first one is capable
of oscillatory swim; the second one is capable of undulatory swim and oscillatory
swim, and the third one can swim like a dolphin and a shark.

2 Biomimetic Wire-Driven Mechanism

Wires and cables have long been used to transmit motion and power. Examples
include lift cranes and marionettes. In these traditional wire-driven systems, the
motion and the power are transmitted through the rigid structures by the wires. In this
chapter, the BWDM is introduced, in which the body structure is flexible and un-
deractuated. It is shown that this mechanism is well suited for underwater propulsion.

2.1 Nature Inspiration

Most aquatic animals have a flexible body and the body motion is controlled by the
attached muscles and tendons. From the structure point of view the flexible bodies
are divided into two types. The first type of flexible body is similar to that of the
bony fish, such as the carp. As shown in Fig. 1a [20], the carp body has a backbone
which contains a chain of short rigid vertebrae. Two successive vertebrae form a
joint and each joint can rotate a small angle. Due to the large number of joints the
backbone can bend a large angle. A close examination reveals that the joints’
rotations are not arbitrary, instead they are constrained by the surrounded muscles.
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During the flapping motion, the backbone can be viewed as a number of bending
sections and the bending follows the fish swimming pattern (i.e., the traveling wave
equation). The second type of flexible body is similar to the body of mollusks, such
as the octopus. It is soft and boneless. Figure 1b shows the octopus arm structure. It
contains three types of muscles: the longitudinal muscle (L), the transversal muscle
(T), and the oblique muscle (O). The arm can bend by the longitudinal muscle,
elongate by the transversal muscle, and twist by the oblique muscle.

The BWDM design follows these examples. As shown in Fig. 1c, it comprises of
a flexible backbone, which mimics the fish backbone, and a number of controlling
wires, which mimic the octopus arm muscles. In the following, the design is
detailed from three aspects: the backbone, the backbone segmentation, and the wire
configuration.

2.2 Backbone Type

Similar to the flexible bodies in nature, the BWDMhas two types of backbone. The first
one is the serpentine backbone, which is similar to the carp backbone and the second
one is named the continuum backbone, which is similar to the octopus arm structure.

Serpentine Backbone
The serpentine backbone comprises of a number of rigid vertebrae and the elastic
constraint component, which is usually in the form of an elastic tube or elastic

Fig. 1 Examples of flexible body in nature: a carp anatomy [20]; b octopus arm anatomy [21];
c biomimetic wire-driven mechanism (BWDM)
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beam. Figure 2 shows the serpentine backbone structure. The vertebrae are con-
nected serially, and each pair of adjacent vertebrae forms a joint. The elastic
constraint component fits tightly with the vertebrae. It also helps in the vertebrae
articulation. The backbone bending is controlled by a pair of wires. By pulling one
wire and releasing the other, the joints rotate and the backbone bends. The joints’
rotations follow the deflection of the elastic constraint component. Suppose all the
vertebrae have identical length and the elastic constraint component has identical
bending stiffness along the axis, all the joints’ rotations are the same. This is known
as the piecewise constant curvature assumption [22].

In the serpentine backbone, the vertebra design is very important as it determines
the joint type and therefore the backbone bending. Figure 3 gives two designs. In
Fig. 3a, the vertebra has two cylindrical connectors at the two ends. Two successive
vertebrae form a revolute joint by the connectors. In the middle of the vertebra there

Fig. 2 Illustration of the BWDM with serpentine backbone

Fig. 3 Two types of vertebra designs: a vertebra with revolute joint (for 1D bending); b vertebra
with spherical joint (for 2D bending)
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is a through hole, which houses the elastic constraint component. Another two holes
are placed at the two sides of the vertebra. They allow the controlling wires to pass
through. This design can only bend in a plane. Figure 3b shows another vertebra
design. In this design, one end of the vertebra has a concave spherical surface and
the other end has a matching convex spherical surface. In the articulation, the
convex spherical surface of the vertebra fits the concave spherical surface of
the successive vertebra. With this design, each joint can rotate in 3D. However, the
rolling DOF is confined by the constraint component. Hence, it can bend in all
directions with limited twisting.

Continuum Backbone
As in nature, some flexible bodies are entirely made of soft tissues. Inspired by this,
a continuum backbone is designed which replaces the aforementioned rigid ver-
tebrae by a continuous elastic beam. The wires are guided by the wire spacing disks
attached to the elastic beam. There is no joint in the continuum backbone, however,
one can treat the beam segment between two wire spacing disks as a pseudo-joint as
shown in Fig. 4. Similarly, the backbone bending is controlled by pulling one wire
and releasing the other in the wire pair. Ideally, without considering the gravity and
other external loads, the deformation of the continuum backbone is a circular arc,
i.e., the piecewise constant curvature assumption applies as well.

2.3 Backbone Segmentation

The bending of the BWDM backbone is controlled by the wire pairs. When there is
only one pair of wires as shown in Fig. 5a, all the vertebrae are in the same bending
section. The backbone bends to a C-shape as shown in Fig. 7a. The backbone can
also be segmented into multiple sections. The vertebrae within a segment form a
bending section. Figure 5b shows a two-section serpentine backbone. In the figure,
the first bending section is between the base and the junctions of the first wire pair;
the second bending section contains the vertebrae between the junctions of wire pair
1 and wire pair 2. Each bending section can bend independently. When the two

Fig. 4 Illustration of the BWDM with continuum backbone

56 Z. Li and R. Du



bending sections bend to the same direction the shape of the backbone is C-shape;
when they bend in the opposite direction the backbone is in S-shape, which is
shown in Fig. 7b. There could be more bending sections, and the backbone seg-
mentation is similar. For the continuum backbone, the segmentation is the same.
Figure 6 shows the continuum backbone with two bending sections.

2.4 Wire Configuration

The backbone bending motion is controlled by the wire pairs. Therefore, the
bending is affected by the wire configuration. In this section, three wire configu-
rations are considered, i.e., the parallel wire configuration, the tapered wire con-
figuration, and the twisted wire configuration.

Fig. 5 Backbone segmentation: a serpentine backbone with one bending section; b serpentine
backbone with two bending sections

Fig. 6 Continuum backbone with two bending sections
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Parallel wire configuration is straightforward. In this configuration, the wires
with the same length as the elastic constraint component are placed along the
neutral axis. Figure 5a, b shows the parallel wire configuration of the serpentine
BWDM with one bending section and two bending sections, respectively. Figure 6
shows the parallel wire configuration of the continuum BWDM with two bending
sections. It is noted that when there are multiple bending sections, the motions of
the two wire pairs are coupled, i.e., the motion of the wire pair 2 is affected by the
motion of the wire pair 1. Figure 8 shows another parallel wire configuration, in
which the motions of the wire pairs are decoupled. In this configuration, the wire
pair 2 converges at the end of the first bending section, goes through the neutral
axis, and diverges at the beginning of the first bending section. When the backbone
is deflected, the length of the neutral axis does not change. Therefore, the motion of
the second wire pair is not affected by the bending of the first section. In the parallel
wire configuration, the wires in the pair are coplanar. Hence, the bending of the

Fig. 7 Bending motion of the BWDM backbone: a C-shape bending; b S-shape bending

Fig. 8 Parallel wire configuration with decoupled wire motions
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backbone is in the same plane. Three-dimensional bending can be achieved by the
control of multiple wire pairs, such as two orthogonally placed wire pairs.

Figure 9 shows the tapered wire configuration, which is similar to the parallel
wire configuration. In this configuration, the wires in a pair are coplanar as well.
The only difference is that there is a taper angle between the wires and the backbone
neutral axis. With this wire configuration, the vertebrae are wider when close to the
base and are narrower when close to the distal end. In this configuration, the
moment exerted on the backbone is related to the wire spacing and the wire tension,
but is not affected by the taper angle [23, 24]. Therefore, to generate the same
amount of bending angle with the tapered wire configuration the mass at the distal
end is smaller, which is helpful in reducing the energy consumption in flapping. It
should be noted that, the backbone bending with the tapered wire configuration is
still planar.

In the previous two configurations the wires and the backbone are coplanar. The
wires control the backbone bending in the plane. In the twisted wire configuration
as shown in Fig. 10, the wires spiral around the backbone, which is similar to the

Fig. 9 Tapered wire configuration

Fig. 10 Twisted wire configuration: a the wire configuration in resting position; b bending and
twisting
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octopus arm muscle arrangement. The backbone bending with the twisted wire
configuration is shown in Fig. 10b. When one of the wires contracts, the force
exerted to the backbone has an axial component as well as a tangential component.
The axial force makes the backbone bend, while the tangential component makes
the backbone twist. In this configuration, the backbone deformation is much more
complex and can be used to accomplish complex tasks in addition to bending.

By properly choosing the backbone type, the backbone segmentation, and the
wire configuration, one can design the BWDM for a variety of applications, such as
underwater propulsion.

3 Wire-Driven Robot Fish

The BWDM is well suited for designing flapping-based underwater propulsion
[25]. Figure 11 shows a family of wire-driven robot fish [24–28]. The BWDM is
also applicable for other propulsions, such as the double hull boat [29] and the
LTAV [23], or work in confined space [30–34]. In this chapter, three BWDM robot
fish and experimental results are presented. The first BWDM robot fish has an
oscillatory tail and a pair of pectoral fins, the second one has an undulatory tail, and
the third one can mimic both shark swim and dolphin swim.

3.1 Design Example 1: Serpentine Oscillatory Wire-Driven
Robot Fish with Pectoral Fins

This section introduces the serpentine oscillatory wire-driven robot fish. It uses one-
section, planar joint, and tapered wire configuration. It is capable of making
oscillatory swims. To improve the stability, it also has a pair of pectoral fins.

Fig. 11 A family of BWDM robot fish: a serpentine oscillatory wire-driven robot fish;
b continuum oscillatory wire-driven robot fish; c serpentine undulatory wire-driven robot fish;
d wire-driven robot fish with vector propulsion; e serpentine oscillatory wire-driven robot fish with
pectoral fins; f twisting wire-driven robot fish

60 Z. Li and R. Du



The Design
The oscillatory wire-driven robot fish comprises of three parts [35]: the wire-driven
oscillatory flapping tail, the pectoral fins, and the fish body.

(A) The Wire-Driven Oscillatory Flapping Tail
In this design, the single segment serpentine BWDM is used. The design is shown
in Fig. 12a. It is composed of seven vertebrae, two pairs of wires, and an elastic
tube. The tube and the vertebrae make up the backbone of the tail. All the vertebrae,
except the last one, have a similar structure. Two successive vertebrae form a joint,
as shown in Fig. 12b. The vertebrae parameters are shown in Table 1. Each vertebra
has four through holes for the two pairs of wires. The first pair uses the lower holes,
and the second pair uses the upper holes. The elastic tube goes through all the
vertebrae to confine the joints’ rotations. A lunate fin plate is mounted onto the last
vertebra. Its chord length is 68 mm and the width is 158 mm. The oscillatory
flapping tail is driven by two servomotors through the two pairs of wires. Each
motor controls a reel, which in turn drives the wire pairs as shown in Fig. 13.

When the motor rotates, one wire is shortened while the other wire is released; as
a result, a torque is applied to the backbone. The backbone will bend to a circular
arc. As an approximation, the rotation angles of the joints are considered the same
[25, 27, 28, 30, 31]. Note that the two parallel wire pairs are used to control the

Fig. 12 The design of flapping tail: a the overall structure; b the joint
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bending motion of the tail. When the rotations of the two reels are the same the tail
bends to a circular arc in a plane as shown in Fig. 14a. When the rotations of the
two reels are different, the tail will not only bend but also twist as shown in
Fig. 14b. This makes the wire-driven tail flaps in a 3D manner, which resembles the
fish flapping in some special occasions, such as slow cruising.

Table 1 Vertebrae
parameters

Vertebra
no.

Hi mmð Þ h0 mmð Þ Li mmð Þ hmax
�ð Þ

1 25 6 68.6 10.00

2 24 6 42.7 16.00

3 23 6 42.7 16.00

4 22 6 42.7 16.00

5 21 6 42.7 16.00

6 20 6 42.7 16.00

7 19 6 42.7 16.00

Fig. 13 The wire connection of the oscillatory wire-driven flapping tail

Fig. 14 Illustration of the tail
movement: a pure bending in
plane; b bending as well as
twisting
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(B) Pectoral Fins
Pectoral fins are used mainly for maneuvering. Some fish also use pectoral fins to
cruise. In this robot fish, the pectoral fins can be used for both propulsion and
maneuvering. It can also be used in coordination with the caudal fin.

The shape of the pectoral fin is shown in Fig. 15. Based on Blake’s theory, such
a wedge-shaped blunt fin is hydrodynamically more efficient for drag-based pro-
pulsion than that of a rectangular shape due to the reduced interference drag near
the body [36].

The movement of the pectoral fin is similar to that of the bird’s wing. From
Azuma’s theory, the movement of the bird’s wing can be decomposed to four basic
motions: rowing, feathering, flapping, and spanning as shown in Fig. 16 [37]. From
the figure, it is seen that the feathering motion is a 3D motion. The range of the
feathering motion is from 0° (parallel to the horizontal plane) to 90° (perpendicular
to the horizontal plane). The former is the flapping motion while the latter is the
rowing motion. The main difference among the rowing, flapping, and feathering is
the feathering angle.

To realize the feathering motions, the designed pectoral fin is shown in Fig. 17.
It is driven by two motors. One motor controls the flapping of the pectoral fin
through a gear rack, while the other controls the feathering angle through a circle
gear drum. By controlling the two motors, it can achieve rowing, feathering, and

Fig. 15 The design of the
pectoral fin

Fig. 16 Illustration of the pectoral fin motions: a rowing; b feathering; c flapping
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flapping motions. Specifically, the feathering angle ranges from −15° to 105° rel-
ative to the horizontal plane and hence, it can do rowing, flapping, and feathering.

(C) The Body
The body is the base of the wire-driven flapping tail and pectoral fins. It also holds
the servomotors, the control system, the power supply (batteries), etc. It is known
the fish body is the main source of water drag. Mimicking the shape of the fish, the
cross section of the designed robot fish body is ellipsoid. The size changes grad-
ually along the body length direction. This streamlined design helps to reduce the
water resistance. Figure 18 shows the design and the photo of the robot fish. The
overall body length is 555 mm and the pectoral fins span 290 mm.

Modeling and Analysis

(A) The Flapping Tail Propulsion Model
The wire-driven flapping tail has seven joints, whose rotations are assumed to be
identical as indicated previously. The rotation of a joint is illustrated in Fig. 19. In
the figure, Hi is the height of vertebra i, h0 is the initial joint gap, hβ is the initial
wire length through the joint gap, Li is the diameter of collision edge, di is the top
wire eyelet distance, Di is the bottom eyelet distance, β is the taper angle, and θ is
the joint rotation angle. Assuming the joint rotations are small (i.e., sin(θ) ≈ θ), the
relationship between the wire length variation and joint rotation angle can be found
by simple geometric manipulations:

Fig. 17 The design of the
pectoral fin
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Fig. 18 The oscillatory wire-driven robot fish: a the simplified CAD model; b the photo of the
prototype

Fig. 19 Illustration of the wire displacement with respect to joint rotation. a Joint at rest, b joint
rotated, c wire displacement in joint rotation
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hb1 ¼ h0 � Dhb1 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
h0 � tan bð Þ2þ h0 � Dih

2

� �
h0 � dih

2

� �q
hb2 ¼ h0 � Dhb2 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
h0 � tan bð Þ2þ h0 þ Dih

2

� �
h0 þ dih

2

� �q
8<
: ð1Þ

where di ¼ Di � 2Hi � tan b. When the taper angle is small, it can be further sim-
plified as follows:

hb1 � �hb2 � Di

2
� h � cos b ð2Þ

The rotation angle of the driving motor is calculated by dividing the wire motion
by the wheel radius. The overall bending angle, Θ, of the tail and the maximum
joint rotation, θmax, can be computed as in Eqs. (3) and (4) below:

H ¼ Nh ð3Þ

hmax ¼ 2 arctan
h0
Li

� �
ð4Þ

where N is the number of joints. Note that the vertebra parameters and θmax are
shown in Table 1. Moreover, the positions of the joints can be found by Eq. (5),
where x is the position along the fish body, and y is the lateral displacement of the
joint.

yi tð Þ ¼
Pi
j¼1

Hj þ h0
� � � sin j � hð Þ� �

xi tð Þ ¼
Pi
j¼1

Hj þ h0
� � � cos j � hð Þ� �

8>>><
>>>:

ð5Þ

Based on the elongated body theory (EBT) [38, 39], the cruising speed is
dependent on the tail tip lateral velocity and slope. From Eq. (5), the lateral dis-
placement of tail tip with respect to the tail curve length q is:

y q; tð Þjx¼L ¼
XN
i¼1

Hi þ h0ð Þ � sin i � hð Þð Þ ð6Þ

Accordingly, the tail tip slope and lateral velocity are as follows:

@y q; tð Þ
@q

����
x¼L

¼ sin
XN
i¼1

h

 !
ð7Þ

@y q; tð Þ
@t

����
x¼L

¼ �
XN
i¼1

Hi þ h0ð Þ cos i � hð Þ � i � _h
� 	

ð8Þ
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We can also compute the cruising speed, the thrust, as well as the Froude
efficiency and the results are shown in the experiment section.

Note that in this case, it is assumed that the pectoral fins are kept still and are
parallel to the horizontal plane so that its influence is ignored.

(B) Pectoral Fins Propulsion Model
The two pectoral fins of the robot fish have the same synchronous motions. Thus,
only one pectoral fin is analyzed herein. The coordinate system is shown in Fig. 20.
The distance between the distal end of the fin and the center of flapping motion is
L = 122.5 mm, the area of each fin is Sp = 4683.4 mm2, the flapping angle is ϕfl, and
the feathering angle is ϕfe. The two angles are independently controlled by two
servomotors.

Assuming that PG = (x′, y′, z′) is an arbitrary point on the fin plane ignoring its
thickness, then the position of the point is:

oPG ¼ o
o0T

o0PG ð9Þ

where Of g represents the coordinate system attached to the fish body and O0f g is
the coordinate system attached to the distal end of the pectoral fin, and OO0 ¼ L.
The homogeneous transformation matrix o

o0T is defined in Eq. (10).

o
o0T ¼

o
o0R

oPo0

01�3 1


 �
ð10Þ

where o
o0R is the rotation matrix and oPo0 is the position vector.

o
o0R ¼ R y;/feð Þ � R x;/flð Þ ¼

cos/fe 0 sin/fe
0 1 0

� sin/fe 0 cos/fe

2
4

3
5 1 0 0

0 cos/fl � sin/fl
0 sin/fl cos/fl

2
4

3
5
ð11Þ

Fig. 20 Coordinate system of
the pectoral fin
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oPo0 ¼ � L sin/fl sin/fe L cos/fl L sin/fl cos/fe½ �T ð12Þ

Combining Eqs. (10)–(12), it follows that:

o
o0T ¼

cos/fe sin/fe sin/fl sin/fe cos/fl �L sin/fl sin/fe
0 cos/fl � sin/fl L cos/fl

� sin/fe cos/fe sin/fl cos/fe cos/fl L sin/fl cos/fe
0 0 0 1

2
664

3
775 ð13Þ

When the pectoral fins move, the displacement of point PG is determined by
Eq. (9). Furthermore, its velocity, acceleration, and force or torque can also be
calculated. Specifically, from Eq. (9), taking the first time derivative, the velocity is:

oVG ¼ o _PG ð14Þ

The thrust force of the fin is:

Pt ¼
Z t0

0

Z
dFtdt ¼

Z t0

0

ZZ
S

1
2
qððoVGÞx � UÞ2CD2dS0Pdt ð15Þ

where ðoVGÞx is the component along the forward direction, CD2 is the drag
coefficient of the fin. For a plate, CD2 is 1.18. S′p is the projection of Sp on the YOZ
plane.

S0p ¼ Sp cos/fl cos/fe ð16Þ

When the fish is cruising, the thrust force is equal to the overall drag force,
namely, 2Ft ¼ FD þ 2FDp, where FD is the drag from the body, and FDp is the drag
force of the pectoral fins. The equilibrium equation is as Eq. (17):

ZT
0

ZZ
S
qððoVGÞx � UÞ2CD2dS

0
Pdt ¼

1
2
qU2CD1ST þ qU2nCD2SPT ð17Þ

where ξD2 is the average drag coefficient of the pectoral fins during one flapping
cycle. The cruising speed U can then be resolved from Eq. (17).

Motion Control
The robot fish is controlled by the operator through Bluetooth. The control scheme
is shown in Fig. 21. The command is sent to the micro control unit (MCU) by the
operator via a remote controller. Upon receiving the command, the MCU generates
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a pulse width modulation (PWM) sequence which controls the velocity and position
of the servomotor. The rotation of the motor is transmitted to the oscillatory flap-
ping motion of the tail through the BWDM. The flapping motion controls the
direction and magnitude of the robot fish. This is a human in-loop control system in
which visual-based feedback is needed.

Each flapping cycle is divided into four stages as shown in Fig. 22. Stage I: Flap
from resting position to the right limit; Stage II: Flap from right limit back to the
resting position; Stage III: Flap from resting position to the left limit; Stage IV: Flap
from left limit back to the resting position. The forward speed and turning per-
formance (i.e., turning speed and turning radius) are controlled by the flapping
velocity in the four stages and the amplitudes of the two limits.

For the pectoral fins, the control is carried out in a similar manner.
For the oscillatory flapping robot fish, there are three basic motion modes, i.e.,

swimming by the tail only, swimming by the pectoral fins only, and swimming by
the tail and the pectoral fins. In each mode, the robot fish can swim forward, turn
leftward, and turn rightward. In the first motion mode, the robot swims forward by
flapping the tail symmetrically, and turns around by flapping the tail asymmetri-
cally. In the second motion mode, the robot swims forward by rowing and

Fig. 21 The swimming control scheme of the robot fish

Fig. 22 Illustration of an
oscillatory flapping cycle
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feathering the pectoral fins, and turns around with the tail serving as the rudder. In
the third motion mode, the two fins work together to enhance the performances. The
experiment results are shown in the next section.

Experiment Results
The prototype of our robot fish is shown in Fig. 11. Its tail and shell are fabricated
by 3D printing. The material used is ABS plastic. The caudal fin and pectoral fins
are made of 1 mm thick ABS plastic plate. The wires are steel wires with 0.5 mm
diameter. Four AAA batteries are used to drive the motors and the controller (AVR
ATmega 128 [20]). Motion commands are sent to the controller via Bluetooth.
Waterproof of the fish is done by covering the body with a latex skin. The total
weight is about 1.5 kg. Tests are carried out in a water tank of 1.9 × 0.9 × 0.8 m. As
mentioned in the previous section, three sets of tests are conducted: (A) swimming
using the wire-driven caudal fin alone; (B) swimming using the pectoral fins alone;
and (C) swimming using a combination of all the fins.

(A) Swim by the Wire-Driven Caudal Fin
In this experiment, the pectoral fins are kept still in horizontal plane and the robot
fish is propelled by the tail only. During the test, the robot fish is controlled to swim
with different flapping frequencies and amplitudes. The cruising speed and turning
performance were estimated from the videos as shown in Fig. 23.

Figure 24 shows the cruising speed of the robot fish. The red dashed lines are
predicted results and the blue solid lines are the experimental results. Figure 24a
shows the cruising speed as the function of the flapping amplitude when the
flapping frequency is constant of 1 Hz. Note that the amplitude is the total bending
angle of the tail. From the figure, it is seen that the cruising speed increases as the
flapping amplitude increases. Though, the rate of the increase is decreasing as the
flapping amplitude increases. Moreover, the experiment results match the theoret-
ical results well. Figure 24b shows the cruising speed as the function of the flapping
frequency when the flapping amplitude is 60°. From the figure, it is seen that the

Fig. 23 Swimming with the wire-driven tail alone: a swimming forward; b turning
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cruising speed increases as the flapping frequency increases. Though, unlike the
theoretical prediction, the cruising speed actually decreases when the flapping
frequency is higher than 1 Hz. This may be attributed to several reasons. First, the
tank is small. When the flapping is fast, the water becomes turbulent, which
influences the cruising performance. Second, the dynamic response of the motor
and the tail is slow. As a result, the actual flapping amplitude does not reach 60°. In
fact, it is found that when the flapping frequency is 1.25 Hz, the actual amplitude is
about 40°; when the lapping frequency is 1.5 Hz, the actual amplitude is only 30°.
This impairs the performance of the robot fish. In general, the theoretical model
(EBT) predicts the cruising speed reasonably well except in the high flapping
frequency. The average error is 13.7 %.

In addition, among all the tests, the maximum cruising speed was 365 mm/s
(0.66 BL/s) and the maximum turning speed was about 65°/s; the mean turning
speed was about 38°/s and the turning radius was about 0.60 BL. This performance
can be further improved when using a larger motor and more stiff tail.

(B) Swim by the Pectoral Fins
In this test, the caudal fin is kept still. The pectoral fins are controlled by the two
angles, the flapping angle, /fl, and the feathering angle, /fe. In each flapping circle,
the pectoral fins start in the rest positions, that is /fl ¼ 0o and /fe ¼ 0o. First, the
feathering angle moves to /fe ¼ 90�, then the flapping angle /fl increases to
/fl ¼ 60o. In this way, the water is pushed back generating thrust and driving the
fish forward. The recovery stroke starts with changing the feathering angle from 90°
to 0° to reduce the water resistance. Finally, the flapping angle is controlled from
60° to 0° completing the flapping circle. Note that using the pectoral fins, the robot
fish can swim backward by reversing the aforementioned flapping circle. Also, this
flapping pattern is fixed and the swimming speed is controlled by the flapping
frequency.

Fig. 24 Swimming speeds of the robot fish against a the flapping amplitude; b the flapping
frequency
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The test results are shown in Fig. 25. The blue dashed line shows the speed of
forward swimming, and the green dashed line shows the speed of backward
swimming. The drag model prediction is shown by the red solid line. From the
figure, it is seen that the cruising speed increases with the increase of the flapping
frequency. The forward swimming speed is faster than the backward swimming
speed. This is because of the difference between the head and tail of the robot fish.
In general, the drag model predicts the performance reasonably well.

Among the tests, the maximum forward speed of the robot fish is 145 mm/s and
the maximum backward speed is 115 mm/s. As expected, this is significantly
slower than that of using the caudal fin (365 mm/s).

(C) Swim by Both Wire-Driven Flapping Tail and Pectoral Fins
In nature, when a fish is swimming, especially maneuvering, all the fins cooperate.
In this test, the fin cooperation is studied, especially for turning. Three motion
modes are tested. The first two are using the tail as a rudder, and the pectoral fin
driving the fish body, one forward and the other backward; the third is the tail
flapping in turning mode and the pectoral fins in backward mode.

Figure 26 shows the video frames in the three turning cases. In Fig. 26a, the
pectoral fins are used to propel the body swimming forward while the tail is used as
a rudder; in Fig. 26b, the pectoral fins are used to propel the body swimming
backward while the tail is used as a rudder; in Fig. 26c, the tail is used to conduct
turning motion while the pectoral fins are moving backward. The robot fish turns
effectively in all three modes. In the first turning mode, the turning radius is about
0.25 BL, and the mean turning speed is about 31°/s. In the second turning mode, the
turning radius is about 0.70 BL, and the mean turning speed is about 13°/s. In the
third turning mode, the turning radius is about 0.45 BL, and the mean turning speed
is about 23°/s. For comparison, as shown in the previous test, when turning by the
tail only, the turning radius is about 0.6 BL, and the turning speed is about 38°/s.

Fig. 25 Experiment results
when swimming with pectoral
fin alone
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Therefore, it can be concluded that with the help of the pectoral fins, the robot fish
can turn around with a smaller radius, but makes no improvement in turning speed.
This is because while the pectoral fins help the turning, it also incites water
resistance.

3.2 Design Example 2: Undulatory Wire-Driven Robot Fish

In this section, an undulatory wire-driven robot fish is presented. It is made of a
two-segment serpentine BWDM and hence, is capable of undulatory swimming.

The Design
The undulatory wire-driven robot fish is composed of the wire-driven flapping tail
and the fish body [28, 40].

(A) The Flapping Tail
The undulatory wire-driven flapping tail is composed of 13 vertebrae divided into
two segments. All the vertebrae are serially linked as shown in Fig. 27a. The first
segment has six vertebrae (numbered from 1 to 6); the second segment has seven
vertebrae (numbered from 7 to 13). The profile of the tail is shaped by the fin plate.

Fig. 26 Performance of fin coordination: a turning by the pectoral fin and the tail serves as a
rudder; b backward turning by the pectoral fins and the tail serves as a rudder; c turning by the two
types of fins together
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There are three plates in total. The upper plate and the lower plate define the tail
shape as well as articulating the joints and constrain the joints rotations. The end
plate defines the caudal fin shape. The overall profile of the tail is similar to that of a
slender fish tail. The wire route in the tail is shown in Fig. 27b. The two pairs of
wires are coplanar. The first wire pair goes through the first six vertebrae via the
pilot holes and is connected to the end of the 6th vertebra. The second wire pair
passes by the first six vertebrae via the central cavity and then goes through the left
seven vertebrae via the pilot holes. Its end is connected to the end of the 13th
vertebra. Each pair of wire is driven by a wire coiler, which is driven by a ser-
vomotor (not shown in the figure).

The design of the vertebra and joint connection is shown in Fig. 28. Specifically,
the first three figures in Fig. 28 show the details of the 6th vertebra. The other
vertebrae are similar. For vertebrae 1–6, there are two pilot holes used to guide the
wires; two cylindrical surfaces at the end are used to form a revolute joint; one
guide hole is used to pass the wires of the second group; two slots (upper slot and
lower slot) connect the plastic plate; and one central cavity to hold the elastic tube,
which is optional. For vertebrae 7–13, the structure is similar except that there is no
guide hole. As shown in the figure, two successive vertebrae form a revolute joint.
The wire routing in the 6th and the 7th vertebrae is also shown in the figure.
Detailed vertebra parameters are shown in Table 2. In the table H is the height of

Fig. 27 The design of the two segment wire-driven tail
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vertebra, d is the wire spacing distance within the pair, h0 is the initial joint gap
distance between adjacent vertebrae, and D is the diameter of the collision circle.
The maximum joint rotation angle and the flapping amplitude are determined in
similar as that of the oscillatory wire-driven tail.

When the motor rotates, the wheel winds one wire and unwinds the other wire
applying a torque onto the backbone. It is known that the deformation of a uniform
elastic beam under pure moment is a circular arc. In this design, the plastic plates
act as the elastic beam. Since the friction between the joints is small and evenly
distributed, the rotation of each joint within a segment is the same. The vertebrae
are rigid and the axial deformation can be neglected. The length of the neutral axis
remains unchanged. Therefore, for each segment, the bending is close to a circular
arc. For the two segments, their motions are independently controlled. Thus, the
resultant motion is a combination of the two motions. In particular, two motions are
most common: One is that the two segments bend in the same direction; and hence,
the tail forms a C-Shape. The other is that the two segments bend in the opposite
direction and hence, the tail forms an S-shape. Figure 29 shows these two basic
motions. Consequently, the robot fish can swim in both oscillatory form and
undulatory form. Moreover, there are other motions, such as keeping the first
segment relaxed and flapping the second segment only. This is called the Small-
C-Motion, resulting in another form of oscillatory swimming.

The rotation of each joint is as similar to Fig. 19. At the resting position, the
vertebrae are parallel and the wire lengths on both sides are the same, as shown in
Fig. 19a. When the joint rotates, for instance, the joint rotates leftward, the lengths
of the two wires will then change, as shown in Fig. 19b. Maximum rotation happens
when the adjacent vertebrae collide with each other. Assume that there are N joints
in the segment. The wire length change DL with respect to the rotation angle h can

Fig. 28 The design of the vertebra

Table 2 Vertebra structure
parameters

Vertebra no D (mm) d (mm) h0 mmð Þ hmax ð�Þ
1–6 31 27 4 14.70

7–13 23.5 19 3 14.55
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be calculated by Eq. (18). The maximum rotation angle of each joint hmax and the
segment Hmax is shown in Eq. (19).

DL ¼ 2N � d � sin h
2

� �
ð18Þ

Hmax ¼ N � hmax ¼ 2N � arctan h0
D

� �
ð19Þ

In this design, the vertebra parameters are given in Table 2. For the first segment,
the collision circle diameter is 31 mm, and the joint gap distance is 4 mm. By
Eq. (19), for the first segment, the maximum joint rotation is 14.7°. The maximum
bending angle is 88.20°. For the second segment, the collision circle diameter is
23.5 mm and the joint gap distance is 3 mm. The maximum joint rotation is 14.55°.
The maximum bending angle is 101.85°. The overall maximum bending angle is
190.05°.

The motion of the undulatory wire-driven tail is compared to the fish undulatory
swimming body curve, as shown in Fig. 30. The red dashed curves are the fish body
curves at four time instances in a flapping cycle according to the traveling wave
model. In the model, parameters are chosen as c1 = 0.2, c2 = 0.4175, k = 2.4, and
ω = 2π. The blue solid curves are the curves of the undulatory wire-driven tail at the
same time instances. The rotation of each angle is controlled as per Eq. (20). The
phase lag of the second segment is −0.3π. From the figure, the two set of curves
match reasonably well, especially at the tail tip, which, according to Lighthill’s
EBT, is the major factor that affects the fish’s swimming performance.

hi ¼ 8 sinð2ptÞ ¼ ha i ¼ 1; 2; . . .6
�12 sinð2pt � 0:3pÞ ¼ hb i ¼ 7; 8; . . .13

�
ð20Þ

Fig. 29 Illustration of the
bending in a S-shape; b C-
shape
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(B) Fish Body Design
Figure 31 shows the design of the fish body with the tail assembled. It comprises an
airtight hull, a central supporting board, a controller, two motors, and the DC power
supply (battery). The motors, the controller, and the battery are mounted on the
central board. The hull is axisymmetric. The shape of the hull front is parabolic,
which helps to reduce water resistance. At the end of the hull, pinholes are opened
to let the wires pass through. Each pair of wires is connected to a drum wheel,
which rotates with the motor shaft. The undulatory wire-driven tail is connected to
the central board by screws. Waterproofing is achieved by a silicone covering. The
tail is purely mechanical and hence, no waterproof is needed. Though, waterproof at
the connecting holes is crucial. The pinhole is coated with Teflon and has the same
diameter as the wire. The wire is passed through the pinhole.

The vertebrae were fabricated using 3D printing. The material used was ABS
plastic. Steel wires with ϕ 0.475 mm diameter were used as the controlling wires.
Two MG995 servomotors are mounted in the fish body, and their maximum torque

Fig. 30 A comparison
between the travel wave
equation (red dash line) and
the flapping of the undulatory
wire-driven tail (blue solid
line)

Fig. 31 The design of the undulatory wire-driven robot fish
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is 13 kg cm. The motors are driven by 4 AAA batteries and controlled by a MCU.
Control commands are sent to the MCU via Bluetooth. The overall length of the
robot fish is 495 mm. The tail length is 280 mm. The weight of the robot fish is
1256 g including the balance weight. The overall density of the robot is smaller than
water and hence, the robot fish floats on water surface with about 85 % submerged.

Figure 32 shows the robot fish with the inner structures. In Fig. 32a the robot fish
tail is at the resting position. In Fig. 32b, the two segments of the tail bend to the
same direction and the tail bends to a C-Shape. The maximum bending angle is
190.05°. In Fig. 32c, the two segments bend in opposite direction, and the tail is in
S-shape. The form of S-shape can be controlled by the bending amplitude of the

Fig. 32 The prototype of the undulatory wire-driven robot fish: a tail at resting position; b tail
bends to C-shape; c tail bends to S-shape
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two segments and the phase angle as in Eq. (20). It shall be pointed out that when
the first segment is at rest, a C-Shape can be generated by controlling the bending of
the second segment. To distinguish the two C-Shapes, we call the former as the
Big-C and the later as the Small-C.

Modeling and Analysis
The propulsion model of the undulatory wire-driven tail is developed in a similar
way: substituting the tail tip lateral displacement, lateral velocity, and tail tip slope
into EBT. The undulatory wire-driven tail is a two-segment WDM. Here, the
piecewise constant curvature assumption is still adopted. Let θa be the joint rotation
in the first segment, θb be the joint rotation in the second segment, and li be the
length of each vertebra central line. From the kinematics model, the lateral dis-
placement of the tail tip is:

yðq; tÞjq¼L ¼
X6
i¼1

li � sinði � haÞþ
X13
i¼7

li � sin 6ha þ i� 6ð Þ � hb½ � ð21Þ

It is a function of both time and x displacement. By partial differentiation, the
slope and lateral velocity of the tail tip are as follows:

@yðq; tÞ
@q

����
q¼L

¼ sinð6haþ7hbÞ ð22Þ

@yðq; tÞ
@t

����
q¼L

¼
X6
i¼1

li � cosði � haÞ � i � _ha
� 	h i

þ
X13
i¼7

li � cosð6ha þ i� 6ð Þ � hbÞ � 6 _ha þ i� 6ð Þ � _hb
� 	� 	 ð23Þ

Substituting Eqs. (22) and (23) into the EBT, the cruise speed, thrust, and Froude
efficiency of the robot fish can be predicted.

Experiment Results
The experiments were performed in a small inflated water tank. The length of the
tank is 1.4 m and the width is 0.9 m. The robot fish swims in the water tank under
the control of the operator. Figure 33 shows the two basic swimming motions of the
robot fish: oscillatory swimming (C-Motion) and undulatory swimming (S-Motion).

Four experiments were performed, i.e., “Big-C-Motion” forward, “Small-C-
Motion” forward, “S-Motion” forward, and turning. The first three groups of
experiments were designed to test robot’s cruising speeds and efficiencies in various
motions. The last experiment was designed to test the maneuverability of robot fish.

Experiment 1—“Big-C-Motion” forward
In this swimming mode, the two segments flap in synchronization and there is no
phase lag between the two segments. In the experiment, the cruising velocity of the
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robot fish was recorded under various bending amplitudes and flapping frequencies.
The average speed is estimated by the traveling distance and time from the video
frames. The traveling distance is estimated using a ruler set in the tank, as shown in
Fig. 33. The results are shown in Table 3, where A1 is the amplitude of the first
segment, A2 is the amplitude of the second segment, f is the flapping frequency, Vm

is the average cruising velocity, and Vp is the predicted velocity. From the table, it is
seen that the cruising speed increases with the increase of the bending amplitude.
When the flapping frequency is low, the cruising speed also increases in proportion
to the frequency. However, it is not applicable when the frequency is increased
further. In this test, the maximum velocity was 300.75 mm/s, which is 0.608 BL/s,
when the bending amplitudes of the first segment and the second segment are 40°
and 60°, respectively, and the flapping frequency is 1 Hz. The velocities predicted
by the propulsion model are generally larger than the measured one. This may be
due to the size limitation of the pool, the measured velocity is the average speed,
including the acceleration stage. When the flapping frequency is 1.5 Hz, the error is
significant. This may again attribute to the small size of the water tank, by which the
water resistance reduces the flapping frequency. In the test, the measured Froude
efficiency of the robot fish swimming in oscillatory form is between 55.56 and
65.62 %.

Experiment 2—“Small-C-Motion” forward
In the experiment, only the second segment flaps in oscillatory form while the first
segment remains still. Table 4 shows the experiment results. The relationship

Fig. 33 Undulatory robot fish swimming in a oscillatory form; b undulatory form

Table 3 Big-C-motion results

A1 (°) A2 (°) f (Hz) Vm (mm/s) Vm (BL/s) VP (mm/s) η (%)

20 30 1 201.73 0.408 252.50 61.99

30 45 1 260.51 0.526 325.90 62.14

40 60 1 300.75 0.608 353.60 63.04

40 60 0.5 198.87 0.402 176.80 65.62

40 60 1.5 154.00 0.311 522.30 55.56
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between the cruising speed and the bending amplitude is similar to that in the
“Big-C-Motion”, and so is the speed–frequency relationship. The maximum speed
is 162.76 mm/s (0.329 BL/s), when the bending angle of the second segment is 60°
and the flapping frequency is 1 Hz. This is lower than that of the “Big-C-Motion” as
expected. The propulsion model predicts the swimming velocity reasonably well.
The prediction is generally larger than the measurement. The measured Froude
efficiency is between 57.52 and 68.07 %. This is a little bit higher than that of “Big-
C-Motion”. In other words, it seems that the efficiency is lower when the flapping
tail is more flexible.

Experiment 3—“S-Motion” forward
In this case, because the motion is the superposition of the two segments motions,
the modes of “S-Motion” is dependent on the phase difference between the two
segments. Table 5 shows the experiment results, where tp is the number of periods
that the second segment precedes the first segment. According to the experiment
results, when tp is 5/8 the performance of “S-Motion” is optimal. For this reason, in
the test, tp is chosen as 5/8. The maximum speed in this experiment was
333.33 mm/s (0.673 BL/s), when the bending angles of the two segments are 40°
and 60°, respectively, the flapping frequency is 1 Hz. This is higher than the “Big-
C-Motion.” The velocity prediction is reasonably good. The measured Froude
efficiency is much higher than the “Big-C-Motion” and “Small-C-Motion” as well.
The maximum efficiency is 92.85 % and the averaged efficiency is 75.56 %. In the
tests, it is noted that the head of the robot fish is more stable. This reduces the drag
force and hence, improves the efficiency.

Table 4 Small-C-motion results

A1 (°) A2 (°) f (Hz) Vm (mm/s) Vm (BL/s) VP (mm/s) η (%)

0 30 1 91.74 0.185 134.60 61.99

0 45 1 140.85 0.285 190.10 62.75

0 60 1 162.76 0.329 233.30 62.11

0 60 0.5 143.54 0.290 116.70 68.07

0 60 1.5 136.75 0.276 346.80 57.52

Table 5 S Motion results

A1 (°) A2 (°) f (Hz) tp (T) Vm (mm/s) Vm (BL/s) VP (mm/s) η (%)

20 30 1 5/8 207.29 0.419 194.00 81.50

30 45 1 5/8 278.88 0.563 280.60 79.83

40 60 1 5/8 333.33 0.673 356.60 78.27

40 60 0.5 5/8 308.37 0.623 178.30 88.51

40 60 1.5 5/8 200.57 0.405 537.00 63.54

40 60 1 1/8 289.26 0.584 578.50 66.14

40 60 1 3/8 121.95 0.246 356.60 62.47

40 60 1 1/2 32.26 0.065 8.40 92.85

40 60 1 7/8 303.33 0.613 578.50 66.84
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Experiment 4—“Turning”
In the fourth experiment, the turning of the robot fish is tested. In the test, the robot
fish turned using the “Big-C-Motion” mode, but flapping only in one side.
Figure 34 shows the rightward turning cycle of the robot. The turning radius of the
robot fish is around 0.7 BL and the turning speed is 51.4°/s.

In summary, the undulatory wire-driven robot fish swims efficiently in both
oscillatory form and undulatory form. In the undulatory form of swimming, the
swaying of the fish body is reduced. As a result, the drag force is reduced and the
efficiency is improved. This helps to increase the swimming speed. However,
compared to the oscillatory swim, the undulatory swim is inferior in turning.

3.3 Design Example 3: Wire-Driven Robot Fish with Vector
Propulsion

A close examination reveals that many fish can flap in a 3D manner so that it can
swim forward, downward and upward. This is because the water world is 3D. The
wire-driven robot fish can mimic the 3D flapping as well. In the section, such a
design is presented.

The Design
This robot fish comprises of the vector propulsor and the fish body. The propulsor
provides the controllable thrust (in both amplitude and direction), and the fish body
houses the actuator, the controller, and the power unit (battery).

Fig. 34 Undulatory wire-driven robot fish turning
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(A) The Vector Propulsor
Figure 35a shows the design of the propulsor. It comprises of the tail base, seven
vertebrae, a tail fin, an elastic rod, and two pairs of controlling wires. Four fin pieces
are inserted to the last vertebra making the tail fin as shown in the figure. Two
opposite fin pieces form a crescent caudal fin. The vertebra structure is shown in
Fig. 35b. It has four orthogonally distributed ribs, where the wire eyelets are
located. Two successive vertebrae form a spherical joint by the convex and concave
spherical surfaces at the ends of the vertebrae. A center through hole is used to hold
the elastic rod, whose function is twofold: help articulating the joints and confining
the joints’ rotations. Each joint can rotate freely about X- and Y-axes as shown in
Fig. 35b, but the rotation about Z-axis is constrained. Therefore, the propulsor can
bend horizontally and vertically, with limited twisting. The bending of the pro-
pulsor is controlled by two pairs of wires, which are guided by the eyelets on the rib
of the vertebra as shown in Fig. 35b. Since the two wire pairs are orthogonally
arranged the bending in horizontal and vertical planes are independent. The elastic
rod has uniform cross section, thus when the wire is pulled, the propulsor will bend
to a circular arc.

Figure 36 shows the details of the joint. The wire eyelet is tilted with respect to
the propulsor axis, which is helpful in reducing the wire tension [23, 24]. In the
figure, H is the rib height; h0 is the joint gap distance; r1 is the top wire eyelet
central distance; R1 is the vertebra top width; r2 is the bottom eyelet central dis-
tance; R2 is the vertebra bottom width; R is the radius of the stopper. The joint can
independently rotate about the X-axis and the Y-axis, and the two rotations are

Fig. 35 The design of the vector propulsor in a isometric view; b a section view
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identical. The maximum joint rotation angle is determined by the joint gap distance
h0 and the stopper radius R as shown in Fig. 36b. The relationship is shown in
Eq. (24).

hmax ¼ 2 arctan
h0
2R

� �
ð24Þ

The design parameters of the vertebrae are shown in Table 6. In this design, each
joint can rotate up to 13.5° in both X and Y directions. The maximum bending angle
of the propulsor is 94.5°.

(B) Fish Body
The fish body design is shown in Fig. 37. It comprises of a shell, a main board, an
auxiliary board, two servomotors, two wheels, a controller, a battery, two pulleys,
etc. The shell has three pieces: hull-1, hull-2, and hull-3. Hull-1 serves as the base
of the robot fish. The main board and tail base are fastened to Hull-1. Hull-2 is
positioned to Hull-1 by four pegs. It is used to facilitate the robot fish assembly.
Hull-3 has a parabolic front surface, which is helpful in reducing the water resis-
tance. The assembly procedure is also shown in the figure: Step I, connect Hull-2 to

Fig. 36 Illustration of the joint a at rest; b rotating rightward

Table 6 The key parameters
of the vertebrae (in mm)

Number H h0 R R1 R2 r1 r2
1 20 5 21.12 20.00 22.29 10.00 11.71

2 20 5 21.12 22.86 25.14 12.14 13.86

3 20 5 21.12 25.71 28.00 14.29 16.00

4 20 5 21.12 28.57 30.86 16.43 18.14

5 20 5 21.12 31.43 33.71 18.57 20.29

6 20 5 21.12 34.29 36.57 20.71 22.43

7 20 5 21.12 37.14 39.43 22.86 24.57
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Hull-1; step II, cover the fish body by Hull-3. The three pieces form the shell of the
robot fish, which has a similar shape as that of the design example 2.

Two servomotors are used to drive the two wire pairs. The one in front controls
the vertical wire pair, while the other one controls the horizontal wire pair. The
wires are guided by the pulleys. One end of the wire is fixed at the last vertebra, and
the other end is connected to the wire coiler, which rotates with the servomotor. The
rotation of the servomotor is controlled by the MCU controller, same as in the
design example 2. The control scheme is also the same. The command is sent out
using a remote controller or using comport via Bluetooth. Upon receiving the
signal, the MCU generates a 50 Hz PWM sequence. The rotation of the servomotor
is controlled by the duty cycle of the PWM, while the velocity is controlled by
setting the time delays between rotary positions.

(C) Robot Fish Prototype
The robot fish prototype is built as shown in Fig. 38. The key design parameters of
the vertebrae are listed in Table 6. The vertebrae are connected by a silicon rubber
rod with a diameter of ϕ5 mm. To improve the elasticity, four carbon sticks with
ϕ0.5 mm diameter are connected to the tail. To reduce the friction, lubricating
grease is added to all the joints. Four plastic fins are orthogonally mounted onto the
last vertebra. Two opposite fins make a lunate shape, which is similar to the caudal
fin of the dolphin. Two Tower Pro servomotors are used to drive the propulsor
bending. The length of the robot fish is 425 mm, and the overall mass is 1.65 kg.
Figure 38b shows the fish tail bending in horizontal plane. In this mode, the

Fig. 37 The design of the fish body
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bending is controlled by the horizontal wire pair, and the vertical wire pair remains
still. Figure 38c shows the fish tail bending in the vertical plane. In this mode, the
tail motion is controlled by the vertical wire pair only. Figure 38d shows the robot
fish tail bending to an arbitrary direction. The bending magnitude and direction are
controlled by the components in horizontal and vertical plane.

Modeling and Analysis
As shown in Fig. 39, the displacement of the propulsor is determined by the
flapping angle Θ and flapping direction Φ. The former is defined as the angle
between the bended tail and the Z-axis (it is zero when the tail is at resting position).
The latter is defined as the angle between X-axis (horizontal direction) and the
flapping plane. The wire configuration is shown in Fig. 39b, where P1, P2, P3, P4

denote the wire location. P1 and P3 are the horizontal wire pairs, which control the
bending about Y-axis (flap in horizontal plane). P2 and P4 are the vertical wire pairs,
which control the bending about X-axis (flap in vertical plane). When the flapping
direction is Φ, it is conceived that the bending is about a virtual axis Y′ as shown in
the figure. The distance from the wires in vertical group to the virtual axis is a,
while the distance from the wires in horizontal group to the virtual axis is b.

The joint rotations are confined by the elastic rod. As the vertebrae are rigid, the
backbone length is constant. Also, the load acted on the propulsor is decoupled
during wire pulling. Theoretically, the deformed shape of the rod under pure
moment is a circular arc. Hence, we assume that the rotations of all the joints are the

Fig. 38 The robot fish capable of vector propulsion: a in the rest position; b bending horizontally;
c bending vertically; d bending to an arbitrary direction
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same during the flapping process. The relationships between the wire lengths and
the propulsor displacement are as follows [31]:

P1: L1 ¼ L0 þ 2N b � sin h
2

� �
� h0 � sin2 h

4

� �
 �
ð25Þ

P2: L2 ¼ L0 þ 2N a � sin h
2

� �
� h0 � sin2 h

4

� �
 �
ð26Þ

P3: L3 ¼ L0 � 2N b � sin h
2

� �
þ h0 � sin2 h

4

� �
 �
ð27Þ

P4: L4 ¼ L0 � 2N a � sin h
2

� �
þ h0 � sin2 h

4

� �
 �
ð28Þ

where, a ¼ r � sinðUÞ and b ¼ r � cosðUÞ; r is the average distance between the wire
and Z-axis; L0 is the wire initial length; N is the number of vertebrae; and θ = Θ/N
is the rotation of the joint. From Eqs. (25)–(28), the flapping angle and direction can
be represented as:

U ¼ arctan
L2 � L4
L1 � L3

� �
ð29Þ

H ¼ N � h ¼ 2N � arcsin
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
L1 � L3ð Þ2þ L2 � L4ð Þ2

q
4N � r

2
4

3
5 ð30Þ

Fig. 39 Kinematics illustration. a Tail bending illustration, b wire configuration
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The propulsor tip position with respect to the first joint rotate center is as in
Eq. (31). In the equation, H is the rib height, h0 is the joint initial gap distance, and
HT is the fin length. The positions along the propulsor can be obtained accordingly.
It is noted that the excursion of the propulsor tip from the Z-axis is

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 þ y2

p
. When

all the joints rotate from one limit hmin to the other limit hmax, the propulsor flaps
from side to side. The flapping motion is in the plane defined by the flapping angle
Φ, which is independent on the flapping angle Θ. The displacement of the propulsor
tip is determined as follows:

x ¼ HT�h0=2ð Þ � sin(N � hÞþ ðHþh0Þ
PN
i¼1

sin i � h½ �
� 


cosðUÞ

y ¼ HT�h0=2ð Þ � sin(N � hÞþ ðHþh0Þ
PN
i¼1

sin i � h½ �
� 


sinðUÞ

z ¼ HT�h0=2ð Þ � cosðN � hÞ þ ðHþh0Þ
PN
i¼1

cos i � h½ �

8>>>>>>><
>>>>>>>:

ð31Þ

Equation (31) is the kinematics model, from which the excursion, the slope and
the traversing speed of the propulsor can be derived as per Eqs. (32–33), where q is
the curve length.

yðq; tÞjq¼L ¼ ðHT � h0=2Þ � sinðN hÞ þ ðH þ h0Þ
XN
i¼1

sinði � hÞ ð32Þ

@yðq; tÞ
@q

����
q¼L

¼ sin(HÞ ð33Þ

@yðq; tÞ
@t

����
q¼L

¼ ðHT � h0=2Þ � N � cos N � h½ � þ ðH þ h0Þ
XN
i¼1

i � cos i � h½ �
( )

� _h

ð34Þ

By substituting these into Lighthill’s EBT, the propulsion model is therefore
obtained.

Experiment Results
Two basic swimming modes are tested: one mimics the shark swimming and the
other mimics the dolphin swimming. The experiment results are presented as
follows:

(A) Shark Swimming
In this experiment, the vector propulsor flaps horizontally like a shark. In this mode,
the back motor controls the horizontal wire pair and the front motor keeps still. Fin
1 and fin 3 provide thrust, while fin 2 and fin 4 are held still. In the test, the flapping
frequency is f = 1 Hz, and the flapping amplitude is 45°. At first, the robot fish is
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placed in the swimming pool and the water is still. The robot fish is controlled via
Bluetooth to flap horizontally. One flapping cycle is shown in Fig. 40a–e.
Figure 40a shows the robot fish at rest position. Then, it flaps to the left as shown in

Fig. 40 Experiment results: a–e is the flapping cycle of shark form swimming; f–j is the flapping
cycle of dolphin form swimming
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Fig. 40b. When it reaches to the left most position, it flaps back to the rest position
as shown in Fig. 40c. The other half cycle is done in a similar way. The propulsor
flaps rightward at first, as shown in Fig. 40d, and then flaps back to the resting
position. In this experiment, the left flapping amplitude and right flapping amplitude
are both 45°. Also, the flapping frequencies in the four stages are the same. From
the results, it is shown that after one flapping cycle, the robot fish moves forward by
148 mm, i.e., 0.35 BL. From the previous propulsion model, when the propulsor
flapping frequency is 1 Hz, and the amplitude is 45°, i.e., the tail end excursion is
65 mm or 0.153 BL, the cruise speed of the robot fish is 170.4 mm/s. The prediction
error is about 13 %. In the simulation, the drag coefficient is selected as 0.5.

(B) Dolphin Swimming
In this experiment, the vector propulsor flaps vertically like a dolphin. Fin 2 and fin
4 provide thrust in this mode, while fin 1 and fin 3 are kept still. Similar to the
previous case, the flapping frequency of the propulsor is f = 1 Hz and the flapping
amplitude is 45°. Same as in the previous test, the robot fish is placed in still water.
When the fish received the command, it starts flapping vertically. In this mode, the
front motor controls the vertical wire pair and the back motor keeps still.
Figure 40f–j shows one flapping cycle. As shown in Fig. 40f, the robot fish is at rest
position. Once receiving the command, the tail flaps downward at first, as shown in
Fig. 40g. After reaching the down-most position, the tail flaps back as shown in
Fig. 40h. The tail continues to flap passing the rest position and reaching the upmost
position as shown in Fig. 40i. Finally, the tail flaps back the rest position finishing a
cycle. From the experiment, the distance the robot fish travels in one flapping cycle
is around 0.28 BL, slightly slower than that of the shark swimming. The prediction
error for the dolphin form swimming is 30 %. The large error is mainly attributed to
the fact that the robot fish is not fully under water, i.e., part of the flapping cycle is
out of water.

It should be pointed out that many existing robot fish flap either in horizontal
plane or in vertical plane. Therefore, they are confined in a single flapping direction.
In comparison, the presented robot fish can turn (using horizontal flapping) and dive
(using vertical flapping) by the tail only.

4 Conclusions

In this chapter, the BWDM is introduced and used to build three different robot
fishes. The BWDM follows both the backbone structure and the muscle arrange-
ment of the aquatics. Moreover, it is underactuated and thus, requires only one or
two motors to generate various flapping motions. Therefore, the BWDM robot fish
is simple in structure, easy to control, and most importantly highly energy efficient.
Three robot fish examples are presented. The first robot fish has an oscillatory wire-
driven propulsor and a pair of pectoral fins. The second robot fish is controlled by
two motors capable of undulatory swimming and ocillatory swimming. The third

90 Z. Li and R. Du



robot fish can generate thrust in all directions mimicking both shark swimming and
dolphin swimming. The experiments demonstrate that the BWDM robot fishes are
well suited for underwater propulsion. They can reach a speed of 330 mm/sec with
an efficiency of 80 %. It is expected that they will find many applications in the near
future.
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Design and Control of a Multi-joint
Robotic Fish

Junzhi Yu and Min Tan

Abstract This chapter is devoted to the development and control issues of a multi-
joint robotic fish, with emphasis on creating a controlled kinematic and dynamic
centered environment to further shed light on designing control methods. By virtue
of the hybrid propulsion capability in the body plus the caudal fin and the com-
plementary maneuverability in accessory fins, a synthesized propulsion scheme
involving a caudal fin, a pair of pectoral fins, as well as a pelvic fin is proposed. To
aid the systematic analysis of the multi-joint tail, a multilink Digital Fish Simulator
(DFS) is developed, enabling simulations of various fictive swimming patterns. To
achieve flexible yet stable motions in aquatic environments, both body wave-based
control and central pattern generator—(CPG)-based control are proposed and
compared in terms of oscillatory signals and swimming stability. Furthermore, a
series of multi-joint robotic prototypes with diversified functions have been built to
validate the well-formed ideas and to attain a new level of swimming performance
close to real fish.

1 Introduction

There has been increasing interest in the development and application of the bio-
inspired robots in academia and industry over the last 20 years, particularly due to
the growing vitality in biomimetics [1–3]. As a small branch, extensive work on
designing and controlling a variety of swimming robots has been done since the
first fish robot (also known as robotic fish, or robot fish), RoboTuna, was developed
at MIT [4]. In particular, astonishing swimming ability including high efficiency
and maneuverability inspired us to improve the propulsive performance of man-
made aquatic robotic systems [5, 6]. Rising missions like military defense and
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marine protection require high-performance autonomous underwater vehicles
(AUVs), especially in the use of the fast propulsion and multi-directional maneu-
verability. As a paradigm of bio-inspired AUV, robotic fish will be more competent
than current AUV propelled by rotary propellers. Besides advancing the under-
standing of fish swimming mechanisms, as an aquatic mobile platform, robotic fish
will play an important role in fulfilling real-world tasks such as underwater
exploration, mobile sensing, patrol, wreck surveying, search and rescue, and
environmental monitoring [7, 8].

As the earliest vertebrate in the world, fish are undoubtedly the king from the
perspective of underwater propulsion. In particular, fins are widely used by aquatic
animals. The propulsion modes of swimming fish, from a functionality standpoint,
are classically divided into body and/or caudal fin propulsion (BCF) and median
and/or paired fin (MPF) propulsion [9]. Specifically, fish classes that use varying
degrees of body undulation and/or caudal fin oscillations for thrust generation are
examples of the BCF mode, while fish relying on paired fins (pectoral fins and
pelvic fins) and/or median fins (dorsal fin and anal fin) for thrust production are
categorized under the MPF mode. It is generally thought that no absolutely superior
model exists among these modes since body shape and motor function level tightly
depend on the fish habitats.

More recent evidence has suggested that fish actually rely on multiple control
surfaces including the caudal fin, the pectoral fins, the pelvic fins, the dorsal fin, the
anal fin as well as the body to achieve fast and maneuverable propulsion [10].
Particularly, the position, mobility, and hydrodynamic characteristics of the control
surfaces are linked with the propulsive performance. These well-integrated, con-
figurable multiple control surfaces provide an excellent paradigm to create and
control high-performance underwater vehicles [11]. However, it is unrealistic to
totally replicate a real fish due to the vast difference between the biological system
and the engineering counterpart. Tradeoffs in engineering practice will have to be
struck among biological mechanism, engineered method, feasibility, cost/gain, and
so forth. The existing robotic fish, however, have predominantly used BCF, or
pectoral fins (PF), or undulatory fins (UF) for propulsion and maneuvering. There
have been few or limited studies related to simulating and constructing a robotic
fish with multiple different fins, which are desirable for enhanced controllability and
maneuverability. For example, inspired by the boxfish with multiple fins, Lachat
et al. designed a miniature boxfish-like swimming and crawling robot with three
actuated fins [12]; Kodati et al. [13] developed a robotic ostraciiform with a self-
correcting mechanism to emulate the maneuverability of the boxfish. In these two
boxfish-like robots, only two types of fins including pectoral fin and caudal fin were
incorporated and examined, making them unavailable for the extensive exploration
of various fin–fin and body–fin interactions.

This chapter, as a summary of our previous research on fishlike swimming
[14–17], aims at creating self-propelled, multi-joint robotic fish with multiple
complemented gaits and improved swimming performance. Specifically, a design
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framework considering both mechatronic constraints in physical realization and
feasibility of control methods is presented. Although there have been numerous
studies of numerical optimal control methods to find a time- or energy-efficient
state-to-state trajectory in motion planning, there have been few optimum proce-
dures used to make an artificial fish system as effective as possible in propulsion,
especially in thrust generation. Contrary to identical links with the same length,
mass, and inertia in the physical model of anguilliform locomotion [18], our models
focus more on an attribute of spindle-shaped fish body; i.e., the length of segments
along spinal column is shorter and shorter in the direction from nose to tail. A
locally optimal link-length-ratio is numerically calculated. Meanwhile, a central
pattern generator—(CPG) centered control framework is applied to enhance the
swimming performance. Particularly, the body wave-based control and the CPG-
based control are comparatively investigated in terms of oscillatory signals and
swimming stability. Finally, the proposed models and methods are verified in the
developed robotic fish prototypes.

In the following sections, we will present our effort to the design and control of
multi-joint robotic fish. We start by surveying fish-inspired biomimetic research in
Sect. 2. We then proceed to investigate design framework and simulator for
mimicry of fish swimming with a multi-joint configuration in Sect. 3. The CPG-
centered swimming control is tackled in Sect. 4. Experiments and results are pro-
vided in Sect. 5. Finally, Sect. 6 concludes the chapter with the outline of future
work.

2 Review of Bio-inspired Fish Swimming

In this section, we will restrict our attention to the main problem of mechanical
design, swimming kinematics as well as motion generation and modulation for a
class of self-propelled, multi-joint robotic fish. Note that the developed robotic fish
in this work is only suited for shallow waters.

2.1 Ichthyology Basis

Generally, as illustrated in Fig. 1, there exist two distinct propulsion modes for
technical inspiration in developing robotic fish: BCF mode and MPF mode. The
former is favorable for the cases requiring greater thrust and accelerations, while the
latter for the cases demanding higher maneuverability. Meanwhile, in terms of
movement’s temporal features, swimming locomotion can be categorized into
periodic swimming characterized by a cyclic repetition of the propulsive move-
ments and transient movement involving rapid starts, escape maneuvers, and turns.
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Meanwhile, studies of the dynamics of fish locomotion show that most fish syn-
thetically use multiple control surfaces (e.g., tail plus caudal fin, pectoral fins, pelvic
fin, dorsal fin, anal fin) to accomplish efficient and effective propulsion. Figure 2
shows the skeleton of a bony fish, which involves functionally complementary
control surfaces. From the structural design standpoint, the vertebrae, cranium, jaw,
ribs, and intramuscular bones make up the bony fish skeleton. Basically, the
skeleton provides a foundation for the body and the fins, encases and protects the
brain and the spinal cord, and serves as an attachment for muscles. Meanwhile, the
tail is laterally compressed and corresponding tail vertebrae become smaller dis-
tally. That is, the lengths of skeleton elements, from the skull to the last caudal
vertebra, tend to be smaller and smaller, offering some clues to the structural
optimization.

Fig. 1 Propulsion modes in fish swimming (Adapted from [9])

Fig. 2 Illustration of the
skeleton of a common bony
fish
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2.2 Biomimetic Principles

As an effective and efficient underwater propulsive system, fish are of some tech-
nological interest in developing innovative AUVs. Typically, this involves the
following four aspects.

• Hydrodynamics aspect Fish in nature vary greatly in body shape with sig-
nificant hydrodynamic consequence. An important and intriguing mechanism
associated with high-performance swimming is the shedding of vortex rings and
recycling of vortex energy exploited by fish. For instance, a pair of abducted
pectoral fins cause the formation of a drag wake, and the fish tail will recycle the
energy of the pectoral fin vortices. Vortex interaction among different control
surfaces (e.g., pectoral fins and tail) facilitates the generation of thrust. The fish
tail shape also exerts certain effects on vortex formation patterns [19].

• Propulsive mechanism Fish are propelled through the water by fins, body
movements, or both. A fish can swim even if its fins are removed, though it
usually has difficulty in governing direction and balance [20]. While swimming,
the fins are driven by muscles attached to the base of the fin spines and the rays.
In particular, fish with fairly rigid bodies depend mostly on active fin action for
propulsion. Notice also that fish fins are flexible and move in a complex three-
dimensional (3-D) manner.

• Motion control So far, the control mechanisms of fish bodies and fins are not
fully understood. In general, fish swim using multiple body segments and
organizing left–right alternations in each segment so as to produce the body
wave that propels them through water. These rhythmic motor patterns are
internally produced by CPGs, i.e., central neuronal circuits whose activation can
produce rhythmic patterns in the absence of sensory or descending inputs that
carry specific timing information [21, 22]. Thus, neural system can generate and
control a variety of motor behaviors via coordination among segmental CPGs.
Typically, CPGs has the advantage of rhythmicity, stability, adaptability, and
variety [23]. These fascinating properties make CPGs suitable for locomotion
control of robots with multiple joints or DOFs and even of hyper redundant
robots. Remarkably, CPGs eliminate the need for trajectory planning and precise
knowledge of mechanical system properties.

• Stability Another point to be emphasized for fish swimming is stability, a
significant issue in real-world applications. With the center of buoyancy both
below and anterior or posterior to the center of mass, most fish with swim
bladders are hydrostatically unstable. This instability necessitates the use of
hydrodynamic lift to control posture in concert with hydrostatic forces.
Therefore, a fundamental tradeoff in locomotion design exists between stability
and maneuverability. Although rhythmic patterns of body undulations are very
similar in steady swimming, fish realistically carry out more individual
maneuvers rather than swimming steadily.
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Note that the locomotor methods employed by fish cannot necessarily be con-
sidered optimal, even if the biologically evolved designs are highly effective for fish
adapting to their habitats. So we should not blindly copy biological structures and
control mechanics in bio-inspired engineering, but selectively absorb the biological
advantages in a hybrid fashion.

3 Design Framework for Multi-joint Robotic Fish

In this section, we focus our attention on the radical problem of fishlike swimming
generation and modulation, as well as their robotic implementation.

3.1 Functional Design

Consider a multilink robotic fish, the key to this high-quality bio-mimicry is how to
simplify the mechanism and generate the reasonable control data. That is, to
quantify the lateral body motions of swimming fish, kinematic and anatomical data
of vertebral column and tail should be paid much more attention. Typical of steady
swimming is the contraction from head along the midline of the fish body. A widely
used body wave is described by

ybodyðx; tÞ ¼ ðc1xþ c2x
2Þ sinðkxþ xtÞ ð1Þ

where ybody represents the transverse displacement of moving tail unit, x denotes the
displacement along the head-tail axis, k indicates the body wave number (k = 2π/λ), λ
is the body wave length, c1 is the linear wave amplitude envelope, c2 is the quadratic
wave amplitude envelope, and ω is the body wave frequency (ω = 2πf = 2π/T).

As shown in Fig. 3, the oscillatory part of the robotic fish is commonly dis-
cretized as a multilink (or N-link) mechanism composed of several oscillating hinge
joints actuated by motors in bio-inspired engineering. It can be modeled as a planar,
serial chain of links along the axial body displacement, and the endpoints of the
links in the chain can be achieved by numerical fitting to a discretized, spatial- and
time-varying body wave. In the interest of simplicity, we consider the following
discrete form of (1):

ybodyðx; iÞ ¼ ðc1xþ c2x
2Þ sinðkx� 2p

M
iÞ ð2Þ

where i denotes the ith variable of the sequences ybody(x,i) (i = 0, 1, …, M–1) in one
oscillation period,M indicates the discrete degree of the traveling wave, and the signs
“+” and “–” represent different initial movement directions, which are dependent on
different initial values. For more details on link-based body wave fitting, please refer
to [14].
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Taking more diverse sinusoidal motions exhibited in fishlike or snake-like
locomotion into consideration, a generalized body wave that facilitates engineering
realization is proposed below:

ybodyðx; tÞ ¼ ðc1xþ c2x
2Þ sinðk1xþ k2x

2 þ tÞ ð3Þ

where k1 denotes the linear body wave number and k2 indicates the quadratic body
wave number. The determination of k1 and k2 depends on the desired oscillation
type and function.

When altering the swimming direction, the real fish usually uses the tail in
collaboration with pectoral fins. We remark that the pectoral fins of the carangiform
swimmer have minimal effects on propulsion and steering, which are neglected in
the current robotic model. For the multilink robotic fish, various turning modes can
be implemented by commanding specific deflected angle in each oscillation cycle to
the part or all of moving links. So a corrected turning body wave is hypothesized to
be yielded as follows:

ybodyðx; iÞ ¼ ðc1xþ c2x
2Þ sinðkx� 2p

M
iÞ þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
4
D02 � x2

r
� 1
2
D0 ð4Þ

where D0 is the diameter of the curved tail axis, having a bearing on the turning
diameter D. An example of corrected turning body wave is demonstrated in Fig. 4,
where c1 = 0.05, c2 = 0.09, k = 2π/3, M = 9, D0 ¼ 8.

In this sense, fishlike movements, either forward propulsion or turning maneu-
vers, can be produced within a well-integrated body wave framework. The mor-
phological parameters relevant to swimming motion mainly consist of the
following:

Fig. 3 Illustration of the multilink-based fishlike swimming design
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(1) The length ratio of the fish’s oscillatory part to that of the fish body (Rl). With
the decrease of Rl, in general, efficiency and speed of fish swimming
remarkably increase, but maneuverability reduces to a certain extent.

(2) The number of simplified joints in oscillatory part (N). In principle, larger
value of N will lead to better maneuverability and redundancy, but harder
construction and control of the robot.

(3) The length ratio of each link (segment) in oscillatory part (l1:l2:…:lN). The
length of each link in the direction from nose to tail, as a rule, is getting
smaller and smaller. Oscillatory amplitude, however, increases gradually and
reaches its maximum at tail peduncle of the fish.

(4) Characteristics of caudal fin [24].

On the other hand, the kinematic parameters are those fundamental physical
quantities describing swimming performance and propulsive efficiency, which
primarily include the following:

(1) The form of the body wave ybody(x, t), determining the type of fish swimming.
(2) Transverse oscillatory amplitude of each joint in the body.

3.2 Dynamic Modeling of Robotic Fish

To simulate the dynamic behavior of the robotic fish, dynamic analysis is generally
carried out in advance. We consider a three-dimensional model of robotic fish,
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Fig. 4 Demonstration of a corrected body wave in turning maneuvers

100 J. Yu and M. Tan



taking into account both the carangiform and anguilliform natural swimming
modes. Since the carangiform swimmer bears the virtue of keeping high-speed
swimming in calm waters, whereas the anguilliform swimmer exhibits remarkable
maneuverability especially in cluttered environment, we assume that the con-
structing robotic fish has a flexible rear body for maneuverability and an oscillating
caudal fin for propulsion. As illustrated in Fig. 5, a robotic fish structurally consists
of three parts: a stiff anterior body with a pair of pectoral fins for up-and-down
motion, a flexible rear body, and an oscillating lunate caudal fin. Especially, the
flexible rear body is designed as a multilink mechanism capable of anguilliform
undulation, while the caudal fin moves in a fashion of oscillating fin mimicking
carangiform oscillation. As stated previously, the length ratio of the fish’s oscil-
latory part to that of the fish body Rl is a vital morphological parameter, and not all
the body or the oscillatory portion takes part in thrust production at all time, it may
be a feasible way to employ different length of the oscillatory part at various speeds.
For a multilink robotic fish, this method can be easily operated by locking or
unlocking some links. Therefore, the robotic fish can switch between anguilliform
mode and carangiform one in order to achieve various motions and better swim-
ming performance.

To formularize the dynamics of the fish system, we consider that 3-D motion of
the robotic fish can be divided into 2-D (two-dimensional), planar swimming plus
diving/climbing motion in the vertical plane. Mechanically, the robotic fish can
essentially be viewed as an open, tree-like multi-body system. The kinematic
analysis is then integrated with hydrodynamic analysis on multiple moving ele-
ments to derive complete dynamic equations in a form suited for computer
implementation as well as controller design. The following matrix representation of
the equations of motion is derived as follows [25]:

Mðq; tÞ þMI q; t
� �� �

€qþ Kðq; _q; tÞ ¼ Q̂ q; _q; t
� �

ð5Þ

Fig. 5 Demonstration of a robotic fish capable of 3-D swimming
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where Mðq; tÞ þMI q; t
� �

indicates the mass matrix incorporating all masses and

inertias of the multilink robot, which also contains the virtual terms associated with
the accelerated surrounding fluid, and Kðq; _q; tÞ includes the matrix of Coriolis/
Centripetal term. Considering (5) is a nonlinear ordinary differential equation
(ODE) in essence, we can apply a standard integration technique to solve the initial
value problems for ODE in the Matlab/Simulink environment. The velocity and the
trajectory can further be obtained via numerical tools; thus propulsive character-
istics of the robot can therefore be predicted and assessed.

3.3 Design Framework for Robotic Fish

After conducting the dynamic analysis, it is necessary to verify the theoretical
model by engineered robots. An integrated design scheme demonstrated in Fig. 6 is
presented, which primarily involves morphological modeling, kinematic modeling,
dynamic simulation, and parameter optimization. The procedure is detailed as the
following steps:

Step 1. Abstract morphological and swimming characteristics from referenced
biological model. Both morphological and kinematic models, in this step, are
derived, which can provide a configuration frame to building prototypes.

Step 2. Incorporate the derived morphological and kinematic parameters into
dynamic analysis of the employed propulsive model. Some biological control
principles, at the same time, can be borrowed to accomplish fishlike motion. These
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Fig. 6 Design framework of
robotic fish in flowchart
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simulations or empirical tests will provide a basis for functional predictions and
evaluations.

Step 3. Adjust the hardware-based morphological parameters (e.g., Rl, N, and l1:
l2:…:lN) conditioned by both constraints of the mechatronic system and predeter-
mined performance. That is, optimize characteristic parameters according to the
simulated results from step 2, and return to step 2 to reevaluate until satisfactory
performances (e.g., good forward speed and small turning diameter) are achieved.
Note that the adjustment of kinematic parameters mainly depends on prototype
testing, which can be performed in an online or offline fashion.

Step 4. Conduct analyses of geometric space configuration and mass distribution
of the robot, to empirically ensure a balance of maneuverability and stability.

Step 5. Develop the robot prototype, as well as motion control. Since hydro-
dynamic coefficients are generally determined experimentally, dynamic simulations
can only provide a rough estimate, and rigorous hydrodynamic experiments on the
prototype are needed to achieve desired performances.

3.4 Development of Digital Fish Simulator

To facilitate the design and control of robotic fish, a fish-inspired simulator platform
called Digital Fish Simulator (DFS) is developed. The desired functions of the DFS
mainly include the following three aspects:

• Comparison between the multilink oscillations and the referenced body wave:
The graphics of the moving multilink and the theoretical body wave can be
comparatively displayed in one oscillation period, which provides an instructive
guide to observe approximation degree.

• Dynamic status display: Through sequentially display the motion states of
moving links in one oscillation period, one can visually observe oscillatory
amplitude and swimming trajectory.

• Motion simulation: Motion animation embodies the most direct manifestation of
swimming effect. A rendered fish body and a virtual swimming pool with
obstacles, static or dynamic, will be devised. Motion control methods such as
turning, obstacle avoidance, and other maneuvering controls can also be loaded
and tested on site.

As a final step, the proposed fish-inspired steady and maneuvering swimming
mechanisms, together with conceived control methods, are blended into the DFS
via an Object-Oriented software engineering methodology (see Fig. 7). That is, we
developed a custom-built executive routine to account for both theoretical and
experimental factors. Specifically, basic input parameters involve fish body wave
part and motor control part in the DFS. The former mainly includes link number
(ranging from 2 to 10), discrete degree in one oscillation (ranging from 8 to 72),
relative wave length (ranging from 0.3 to 1.0), phase difference (ranging from 75°
to 90°), and link-length ratio. We remark that a strategy that is based on the
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geometric optimization of relative link lengths to approximate a given smooth,
spatial- and time-varying body wave curve for enhanced swimming performance
has been added to the DFS. Please refer to [15] for more geometric optimization
details. The latter comprises maximum rotary angle of used motors, left rotary limit
(LA), right rotary limit (RA), minimum link length, etc. Through body wave fitting-
based optimal calculation, the swimming data is automatically generated from the
simulator, which can directly be fed into the fish robots for control purpose. The
supposed data in a specified form, in turn can directly fed into the simulator for
visual verification. Therefore, a two-way swimming data exchange interface is
achieved, facilitating subsequent robotic development.

Besides steady swimming, fish in nature applies more maneuvering swimming.
Typical maneuvering mechanisms include body-tail deflection, pectoral-fin stroke,
stabilization control in pitch, fast-turn, backward swimming, and so on. Our current
emphasis is restricted to the body-tail deflection-based maneuvers. By adding dif-
ferent deflections (i.e., dynamic offsets) to the straight, symmetric swimming gaits,
various turns can be easily achieved. As investigated previously [16], the charac-
teristic parameters associated with turning performance involve magnitude, posi-
tion, and time of the deflections applied to the links. This turning control method
now is employed to accomplish flexible obstacle negotiation with the aid of sensory
perception. As demonstrated in Fig. 7, a controlled simulation environment with
static and dynamic obstacles is created. Different obstacle avoidance approaches
can then be loaded and tested in the DFS flexibly.

Furthermore, with the well-integrated DFS, many kinematics studies can be
emulated and evaluated. For example, specific parameter combination P = {c1, c2,
k1, k2} for diversified swimming motions can be defined as a predominant

Fig. 7 Graphical user interface of the DFS
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kinematic feature. According to the obtained simulation results, P1 = {0.2, 0, 2.0,
0}, P2 = {0.05, 0.09, 0.5, 0.1} and P3 = {0.35, 0, 3.0, 0} are representative of
anguilliform, carangiform, and snake-like swimmers, as depicted by Fig. 8. It
implies that carangiform, anguilliform, and snake-like swimmers share multi-

Fig. 8 Comparison of
different swimmers in the
DFS. a Anguilliform
swimming, b carangiform
swimming, c snake-like
swimming
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segment mechanical attribute despite their great difference in morphology. Further
parameter optimization in conjunction with hydrodynamic analysis can be achieved
and applied to the design of novel robotic fish.

4 CPG-Based Swimming Control

To mimic the BCF-type swimming, the link-based body wave fitting is intuitively
employed to produce fishlike motions. For simplicity, the movements of joints
(corresponding to control surfaces in function) are considered as oscillatory in a
harmonic (sinusoid) fashion that can be described below.

hiðtÞ ¼ hi þ Ai sinð2pfit þ /iÞ ði ¼ 1; 2; . . .;NÞ ð6Þ

where θi(t) represents the angular position of the ith control surface at time t, �hi
indicates the angular bias for asymmetric oscillations deviating from the median
position, Ai stands for the oscillatory amplitude, fi is the oscillatory frequency, and
/i is the phase difference. As a response to the input data, the swimming speed can
be mediated by the magnitude of amplitude (Ai) and frequency (fi), while the
direction is influenced by the bias (/i). The control commands are then wirelessly
transmitted to the robotic fish in a remote control manner.

However, this body wave-based swimming control should be properly discret-
ized and parameterized for a specific swimming gait. Moreover, the swimming
stability of a desired gait and the smooth transition between two different gaits are
hardly guaranteed. Inspired by the lamprey, an eel-like fish whose propulsion is
governed by activity in its spinal neural network, some CPG-based models have
been built to produce fishlike swimming. As summarized by Ijspeert, CPG-based
control presents several attractive features including distributed control, the ability
to deal with redundancies, fast control loops, and permitting the modulation of
locomotion by simple control signals [22]. For the multi-joint robotic fish, as shown
in Fig. 9, a complete CPG-centered control architecture is proposed. By coupling a
set of nonlinear oscillators, a CPG network is built, involving one caudal CPG (O1),
three body CPGs (corresponding to O2–O4), two pectoral CPGs (O5 and O6), and
one pelvic CPG (O7). Each swimming gait is then encoded with a standardized
“template” corresponding to a CPG parameter set. With the proper tuning of feature
parameters, diverse swimming gaits in three dimensions result. Notice that, in the
interests of simplicity, a weak coupling scheme is adopted, where all self-couplings
are eliminated. Considering that the pectoral fins and the pelvic fin can be indi-
vidually controlled, the couplings to O5, O6 and O7 are not intrinsic but optional.
The dynamics of the ith oscillator is described as follows [26]:
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_ui ¼ �xivi þ ui C2
i � u2i � v2i

� �þ Pn
j¼1;j6¼i

aijvj

_vi ¼ xiui þ vi C2
i � u2i � v2i

� �þ Pn
k¼1;k 6¼i

bikuk

8>><
>>:

ð7Þ

where n indicates the total number of nonlinear oscillators in the CPG network. The
state variables ui and vi denote the membrane and adjustment potential, respec-
tively. ωi and Γi stand for the intrinsic oscillatory frequency and amplitude.Pn

j¼1;j 6¼i aijvj and
Pn

k¼1;k 6¼i bikuk are the coupling relationships of the ith oscillator
with other oscillators in the CPG network. aij and bik are the corresponding cou-
pling weights. It should be remarked that this coupling is just an assumption of the
CPG model, and that whether the coupling scheme relates to biological existence or
optimality is currently unproved.

To translate the rhythmic output signal of the ith oscillator to the motor actuating
signal, a mapping function fiðuiÞ is defined as follows:

him ¼ fi uið Þ ¼
ciu

i
max þ uib; ui � uimax

ciui þ uib; 0\ ui \ uimax
0; ui ¼ 0

8<
: ð8Þ

Fig. 9 Diagram of a complete CPG-centered control architecture

Design and Control of a Multi-joint Robotic Fish 107



where him is the driving signal fed to the motor, ci is the transformation coefficient,
uimax is the upper bound for the driving signal of the ith oscillator, and uib is the
potential bias when the ith control surface stays at its reference position. For
simplicity, the reference positions of the body, and the caudal fin, and the pelvic fin
are in the sagittal plane, and those of the pectoral fins are in the horizontal position.

Since the fishlike swimming is regarded as sinusoidal motions, the interactions
of different control surfaces can be attributed to coupled factors among CPG units.
According to our proposed CPG parameter determination method in accordance
with the traveling body wave [27], a set of feature parameters for the fish CPG
network can be sought. Thus, through the coordinated control of body CPG, caudal
CPG, pectoral CPG, and pelvic CPG, a diversity of swimming gaits such as
coordinated forward swimming, backward swimming, hybrid turning, sideward
swimming, diving/surfacing, and braking, are implemented. Table 1 summarizes
the relationships between the swimming gaits and the involved control surfaces. For
all these gaits, the swimming speed can be altered by adjusting the frequency ωi

and/or the amplitude Γi. Meanwhile, the angular bias �hi is used for turning
maneuvers and 3-D swimming. Typically, 15� � h1 ¼ h2 � 45� is set for the BCF
turning; h5 ¼ h6 ¼ 180� for the MPF backward; 0\ h5 ¼ h6 \ 90� for the PF-
based diving; and �90�\ h5 ¼ h6\ 0 for the PF-based surfacing. It is critical to
find appropriate CPG patterns that are closely associated with viable swimming
gaits. In this study, a dynamic model of robotic fish swimming using Kane’s
method is first developed to guide the primary parameter search. A particle swarm
optimization algorithm is further utilized to yield a relatively optimal parameter set
[28]. The main control parameters that are empirically determined with the help of
dynamic simulations are listed in Table 2. Note that an assumption is made in
simplifying the CPG couplings that the descending weights are identical, implying
that the ith CPG receives the influence from the (i–1)th one. Namely, ai;i�1 ¼ a1
and bi;i�1 ¼ b1, where i = 2, 3,…, n; so do the ascending coupling weights, holding

Table 1 The relations between swimming gaits and control surfaces

Swimming gaits Control surfaces Control parameters

BCF forward Body + caudal fin xi, Ci (i = 1, 2, …, 4)

Hybrid forward Body + caudal fin + PF xi, Ci (i = 1, 2, …, 6)

MPF forward PF xi, Ci (i = 5, 6)

MPF backward PF xi, Ci,�hi (i = 5, 6)

BCF turning Body + caudal fin xi, Ci,�hi (i = 1, 2, …, 4)

MPF turning PF and/or pelvic fin xi, Ci,�hi (i = 5, 6, 7)

Hybrid turning All involved xi, Ci,�hi (i = 1, 2, …, 7)

Sideward swimming Pelvic fin xi, Ci,�hi (i = 7)

Diving/surfacing PF or BCF + PF xi, Ci,�hi (i = 1, 2, …, 6)

Braking All involved xi, Ci,�hi (i = 1, 2, …, 4)
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ai;iþ1 ¼ a2 and bi;iþ1 ¼ b2. Note also that vision, infrared and depth sensing can be
included in the control loop, serving as sensory feedback for online modulation.

5 Experiments and Results

5.1 Development of Robotic Fish

To evaluate the conceived design ideas and control framework, we try to build
different physical robots serving as a repeatable testbed. A conceptual design of
robotic fish with multiple control surfaces entirely consists of several elements: a
rigid head, a multilink soft body, a peduncle and caudal fin, a pair of pectoral fins
and a pelvic fin. Notice that the pelvic fin is used instead of the anal fin for sideward
maneuverability and for ease of installation and waterproof protection. More spe-
cifically, the multilink soft body consists of four servomotors connected in series
with aluminum links, providing four independent joints (J1–J4) around the yaw
axis. The outside of the multilink soft body is wrapped by a compliant, crinkled
rubber tube functioning as fish skin. It is worthwhile to note that the output torque
of servomotors should increase from tail to head, so the driving motor for the first
link has a bigger torque. Considering the caudal fin, in its final lash, may contribute
as much as 40 % of the forward thrust in carangiform and thunniform swimming; a
crescent-shaped caudal fin is connected to the last link via a slim peduncle made of
polyvinyl chloride. The caudal fin is made of partly compliant material, polyure-
thane, for generating more thrust.

Concerning the accessory fins, as illustrated in Fig. 9, the pectoral fins are two
oscillating foils laterally mounted at the rear lower position of the rigid shell,
providing two independent joints (J5 and J6) around the pitch axis. Note that each
pectoral fin, capable of 0°–360° rotation via a set of custom-built gears, can be
controlled synchronously or independently. The pelvic fin located at the posterior
bottom of the fish shell provides a single DOF joint (J7) around the yaw axis. The
imported pelvic fin plays a role like a rudder on a ship. For the purpose of
waterproof protection, the rotations of the servomotors in these accessory fins are
transmitted to the outside through a dynamic waterproof sealing. Currently, the
oscillatory angles of J1–J4 are restricted to ±60° that of J7 is limited to ±90°,

Table 2 CPG parameter
values applied to robotic fish

Parameters Value

x xi 2 ½0; 52Þ
C Ci 2 ½0; 60�
a a1 ¼ 0:3, a2 ¼ �0:2

b b1 ¼ 0:2, b2 ¼ �0:1

ci 0.0

uib 30
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whereas those of J5 and J6 are expanded to ±180° allowing for both forward and
backward swimming. Such an adequately large oscillation range permits large-
amplitude and fast-swimming modes.

To date, as shown in Fig. 10, a series of robotic fish prototypes have been
developed in our laboratory. These robots share the same multilink structure but
serve different purposes. Through extensive simulations and experiments, robotic
fishes have achieved vivid swimming and even performed some simple mobile
sensing tasks. We remark that two control methods: body wave-based control and
CPG-based control, have been adopted in our robotic fish capable of multimodal
swimming. For the former, the swimming control data is derived from the DFS. But
the latter CPG controller is solved online with an embedded system.

5.2 Experimental Results

In order to evaluate the proposed design and control methods for multi-joint robotic
fish, extensive experiments on multi-fin robotic fish (see Fig. 10c) were conducted

Fig. 10 Prototypes of different robotic fishes. a A three-joint robotic fish for the Robofish Water
Polo (*380 mm × 40 mm × 78 mm, L × W × H). b A three-link amphibious robot
(*700 mm × 320 mm × 150 mm). c A multi-fin robotic fish with embedded vision
(*680 mm × 260 mm × 220 mm). d An Esox lucius inspired multimodal robotic fish
(*614 mm × 83 mm × 81 mm)
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in an indoor swim tank with clear water. During experiments, unless otherwise
specified, the data points and error bars shown in subsequent figures were the
averages and standard deviations of three runs. Currently, the robotic fish have
successfully achieved autonomous obstacle avoidance and 3-D swimming.
Available propulsive modes include the BCF-type swimming, the MPF-type
swimming, and their combination. More quantitative results will be provided
below.

The first experiment concerned the stability comparison of the CPG-based
control method against the boy wave-based control method in the BCF-type
swimming. Figure 11 shows the comparative oscillatory signals of J1–J4 calculated
from (2) and (7), respectively. The amplitudes of two signals increase monotoni-
cally from head to tail. It is worth noting that the caudal fin functions as a principal
propulsor in carangiform swimming. Since the caudal fin is rigidly attached to J1
via the peduncle, the driving signal of J1 should be carefully devised for high-
lighting the propulsive effect of the caudal fin. To this end, a minor phase lag is
maintained between J1 and J2 (see Fig. 11b). With the oscillatory signals as the joint
inputs of the robotic fish, Fig. 12 plots the measured pitch, yaw, and roll angles in
the world reference frame. During testing, the oscillatory amplitude suddenly
increased at 7 s, whereas the amplitude climbed steadily after 12 s. In contrast with
the fish body wave method, the CPG-based control method obtained increased pitch
and roll stability, yet without loss of yaw stability. Thanks to the intrinsic limit
cycle characteristic of the CPGs that is insusceptible to small perturbations, the
CPG-based control method provides the possibility to abruptly vary control
parameters while ensuring smooth variations of swimming gaits. Just benefited by
this enhanced swimming stability derived from the CPGs, for the embedded vision
guided robotic fish, image dithering accompanied by the low-amplitude oscillation
of the fish head could be effectively weakened so that steady image capture and
visual tracking were available. Note that the CPG-based control method was
applied in the following tests.

A second experiment was performed to evaluate the propulsive speeds among
different swimming modes. Fish modulate their speeds depending on a hybrid of
oscillatory frequency and amplitude of the involved control surfaces. Similar
methods can be adopted in the speed control of the robotic fish performing the BCF,
the PF, or the BCF + PF swimming. As a demonstration, four swimming cases with
various amplitudes were examined. Notice that length-specific speeds expressed as
body lengths per second (BL/s) are applied in order to be comparable with other
fish robots. The following relationship was also maintained during testing:
Amplitude_III = ka Amplitude_II = k2a Amplitude_I, where ka = 1.33. Figure 13
shows the obtained results in the BCF-type swimming: the forward speed directly
increased with the oscillatory amplitude and frequency till the actuators peaked
their speed limits. Compared with the BCF swimming termed “Amplitude I”,
speeds were increased by 22.83 ± 9.10 % and 26.58 ± 7.73 % in “Amplitude II” and
“Amplitude III”, respectively. Remarkably, a combination of the BCF-type and the
PF-type termed “Amplitude III + PF” in Fig. 13 attained an enhanced speed over
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the entire range of oscillatory frequency. It is estimated that a speed increase of
33.34 ± 11.18 % was obtained in the “Amplitude III + PF” by contrast with the
“Amplitude I”, while a speed profit of 5.22 ± 2.85 % was even earned relative to the
“Amplitude III”. The induced speed increase in the “Amplitude III + PF” implies
the cooperative capability of control surfaces in achieving a higher speed. The

Fig. 11 Comparative oscillatory signals for the BCF-type swimming. a Oscillatory sequence of
J1–J4 in the body wave-based control. b Oscillatory angles of J1–J4 in the CPG-based control

112 J. Yu and M. Tan



Fig. 12 Stability comparison of the CPG-based control method against the fish body wave
method in the BCF-type swimming
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maximum swimming speed of 0.71 m/s (equivalent to 1.04 BL/s) was obtained at a
higher frequency of 3.5 Hz.

At the same time, the robotic fish could swim forward or backward by flapping
the pectoral fins reciprocally and fleetingly, i.e., perform labriform swimming. As
shown in Fig. 14, the speed of the PF-type swimming also rose over the plotted
frequency region, but with a relatively low value compared to the BCF-type
swimming. This suggests the body shape of the developed robotic fish is more
appropriate to carangiform swimming rather than labriform swimming as far as
speed is concerned. Notice also that some speed difference (positive or negative)
could be detected in the same oscillatory frequency for the PF-type forward and
backward swimming, but the difference was not so significant. Despite the same
oscillatory frequencies and amplitudes being adopted, entirely consistent results
were hard to obtain primarily due to differences of anterior–posterior body shape.

The third experiment concerned the exploration of the turning maneuvers. The
dependence of the obtained turning radius and angular speed on the angular bias is
summarized in Table 3, where the angular bias was superposed on the rhythmically
oscillated body joints (J1 and J2) to induce turns. According to the experimental
data, increasing the angular bias will shorten the turning radius (represented by
body length independent of body size, BL for short) and achieve a larger angular
speed (represented by rad/s) simultaneously. Statistical analysis showed that, the
turning radius was decreased by 17.13 ± 4.95 % whereas the angular speed was
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Table 3 Turning performance characterized by angular bias in different gaits at 2 Hz

Angular bias (º) 15 30 45

BCF Turning radius (BL) 0.84 ± 0.03 0.62 ± 0.03 0.23 ± 0.04

Angular speed (rad/s) 0.65 ± 0.04 0.87 ± 0.02 1.58 ± 0.07

BCF + PF Turning radius (BL) 0.74 ± 0.03 0.51 ± 0.03 0.18 ± 0.02

Angular speed (rad/s) 0.87 ± 0.04 0.97 ± 0.04 1.78 ± 0.05
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increased by 19.33 ± 12.58 % in the coordinated BCF + PF turns (where the left and
right pectoral fins oscillate out of phase), compared with the BCF turns. Overall, the
coordinated BCF + PF turning mode performed better than the BCF turning mode.

In another braking testing with an initial speed of around 0.4 m/s (equivalent to
0.59 BL), the robotic fish stopped in 2.3 s with a cooperative operation of the
pectoral fins, the dorsal fin, and the pelvic fin (typically holding the fins vertical to
the main axis plane), whereas a longer 5.2 s were needed to halt the fish without any
braking measure. This experiment partly highlighted the need for coordinated
control surfaces in rapid brake.

5.3 Discussion

As a specific biomimetics branch, robotic fish has grown rapidly in recent years. As
yet, the obtained swimming performance is inferior to that of the biological
counterpart. There are a variety of reasons for this discrepancy. First, although
biological system is a useful source of inspiration, how to transfer the advantages of
biological fish to robotic fish still remains unsolved. Second, how to integrate
hydrodynamic advantages of free swimming into a fishlike mechatronic system
needs to be synthetically tackled. Third, using soft robotics-related single joint or
multi-joint to better replicate fishlike swimming necessitates innovative mechanism
and actuator design [29]. Fourth, CPGs are a suitable paradigm to solve the problem
of locomotion control of robots with multiple joints or DOFs. However, in the
absence of higher control commands or sensory feedback, the CPG controller will
be unable to adapt itself to uncertain and ever-changing environments. So how to
include rich sensory feedback in the control loop of the CPGs so as to realize
reactive locomotor patterns is a potential topic for future research. In addition, the
applicability of robotic fish as a mobile sensing platform or a specific vehicle should
be better demonstrated via common marine tasks.

6 Conclusions and Future Work

This chapter has described an overall design and control for fish-inspired swimming
simulation and robotic implementation. Within the systematic framework taking
account of hydrodynamic characteristics, mechatronic constraints, and biological
control model, the detailed design procedures for multi-joint robotic fish have been
summed up. Both body wave-based control and CPG-based control are proposed
and compared on a robotic fish with multiple control surfaces, in terms of oscil-
latory signals and swimming stability. In particular, a bidirectional swimming data
exchange has been well integrated into the DFS, enabling fish swimming data
generation and testing. Accompanying with this software platform, various robotic
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fish and applicable control framework have been developed and tested. The
obtained results have demonstrated relatively satisfactory swimming performance.

In the future work, much more effort should be devoted to breaking through the
performance bottlenecks and tuning characteristic parameters in a relatively opti-
mum fashion. To this end, we should continue to learn from fish and advance
comprehensive hydrodynamic design and control for high-performance aquatic
robots.
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Research on Robotic Fish Propelled
by Oscillating Pectoral Fins

Yueri Cai, Shusheng Bi and Hongwei Ma

Abstract Swimming mode utilizing oscillating pectoral fins possess characteristics
of high efficiency, high stability, high maneuverability, and higher swimming
velocity compared with other swimming modes of fish. Broad application prospect
and important research value are shown by robotic fish propelled by oscillating
pectoral fins. The research on bionic fish of this kind has become a hot pot. In this
chapter, structure characteristics and pectoral fin motion deformation during
oscillation of the nature sample, cownose ray, are analyzed. Main structure
parameters of the sample cownose ray and simple mathematical model of oscil-
lating movement of the pectoral fin are obtained. Finally, a robotic fish propelled by
oscillating pectoral foils featuring with organic combination of form bionic and
function bionic is developed.

Keywords Biomimetics � Robotic fish � Pectoral fin � Oscillating propulsion �
Cownose ray

1 Introduction

The ocean covers most areas of the planet and possesses abundant mineral
resources and species resources. Plenty of attention has been paid on the devel-
opment and utilization of ocean resources. Underwater robots attract much attention
because of their great potential value in marine military strategy, marine mineral
exploration, marine biological research, and other civilian areas.
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As the key technology of underwater robots, underwater propulsion technology
has been the focus of research institutions around the world. Most of the traditional
underwater robots with rudder steering control are driven by propeller. The larger
thrust and faster speed can be obtained. But there are also many disadvantages. For
example, the effect of fluid disturbance is significant. The maneuverability of
underwater robot is poor at low speed. It is difficult to further improve the pro-
pulsion efficiency. Recently, the research attention has been shifted from cruising
speed to autonomy, stability, and concealment in the complex environment [1, 2].
Given the functional limitations of traditional underwater robots, the exploration of
new underwater propulsion is badly needed.

With millions of years’ nature selection and evolution, aquatic animals have
developed prefect body shapes and efficient modes for underwater locomotion
[3–7], which inspires researchers to design different novel mechanical structures,
especially the ability that fish obtain thrust by utilizing fluid. Fish owns advantages
in speed, efficiency, and maneuverability, which make fish ideal objects in the
studies of improving propulsion performance of the existing underwater vehicles
and the development of new underwater vehicle with high efficiency, high
maneuverability, and less environmental disturbance [8–12].

Fish locomotion can be generally classified into two categories based on their
physiological structures and propulsion mechanisms: Body and/or Caudal Fins
(BCF) mode and Median and/or Paired Fins (MPF) mode [13–16]. The BCF mode
performs better in acceleration and velocity, while the MPF mode has better
maneuverability and can achieve more stable movement with low noise [15]. In the
future, the robotic fish belonging to the MPF mode can be expected to be used in
underwater detection, water monitoring, investigation, etc., especially in complex
water conditions.

2 Literature Review

This part contains two parts: the research on oscillating pectoral fins and the
development of bionic robotic fish propelled by pectoral fins. For the researches on
oscillating pectoral fins, the innovation points are focused on the structure and new
materials applications. The research object is to explore the pectoral fin propulsion
mechanism by the construction and experimental study of various bionic pectoral
fins. The design optimizations of bionic pectoral fins are carried out. Finally, the
feasibility of bionic fish based on nature sample’s structure and motion features is
verified.

In the aspect of the construction of bionic fish, the robotic prototypes developed
have achieved the basic swimming functions. The research emphasis is still on the
measurements of the related function parameters. Consequently, the simple remote
control mode is generally adopted. Several prototypes are installed sensors in order
to realize the autonomous swimming. The swimming performance of these proto-
types should further be improved.
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2.1 Research State of Flexible Oscillating Pectoral Fin Units

Fish belonging to MPF mode use the paired flexible pectoral fins as the main thrust
source for their driving. The constructions and tests of oscillating pectoral fins are
foundation for the research on bionic fish. Researchers from several countries have
carried out related studies on the construction and propulsion performance of
oscillating pectoral fins. The research achievements can be references for the
development of robotic fish.

In 2002, Renee Boileau from University of British Columbia built a two-
dimensional oscillating pectoral fin test platform to explore the applications of
Rajiform motion mode on the underwater propulsion. The platform was built by the
structure and motion parameters of Gymnura micrura. The SMA (Shape Memory
Alloy) was used as the actuator [17]. From Fig. 1, the pectoral fin made of polyester
film consisted of 11 SMA rods skeleton. The length and width are 460 and 420 mm,
respectively. The SMA rods were driven according to a certain phase difference in
order to form kinematic wave along the pectoral fin. But no obvious thrust was
obtained in the test. The reason is that the SMA rods are not connected with the
pectoral fin reasonably. The bionic pectoral fin could not achieve desired defor-
mation as G. micrura.

In 2005, Clark from Princeton University extracted the main structural features
of cownose ray’s pectoral fin. The experimental apparatus was developed to study
the thrust and vortex structures generated by oscillating pectoral fins, as shown in
Fig. 2 [18]. The tridimensional bionic pectoral fin was fabricated by the integral
pouring. Four rigid rods distributed along the chordwise direction were driven by
crank–rocker mechanism with a certain phase difference. The kinematic wave was
transmitted along the bionic pectoral fin. The experiments for thrust tests were

Fig. 1 The oscillating pectoral fin developed by University of British Columbia
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carried out in water tank. The flow velocity was 0.11 m/s and corresponding
Reynolds number (based on the average chord length of bionic pectoral fin) was
11,400. The thrust coefficient increased with the rise of the Strouhal number. The
maximum propulsion efficiency tested was about 40 %. The way of vortex
observation played an important role in the study on the bionic pectoral fin. The
feasibility of bionic propulsion utilizing the oscillating pectoral fin mode was
verified by the test results.

In 2006, Brower from TUFTS University built an integrated pectoral fin struc-
ture according to the structure and motion characteristics of manta ray’s pectoral fin
[19]. The metal rigid skeleton was embedded into the bionic pectoral fin. The
pectoral fin was made of PVC plastic and driven by pneumatic components, as
shown in Fig. 3. As a result of the high density and larger stiffness of PVC material,
the deformation generated by pneumatic mechanism was so little that the

Fig. 2 The experimental
apparatus of bionic pectoral
fin developed by Princeton
University

Fig. 3 The bionic pectoral fin
developed by Tufts University
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corresponding thrust did not drive the bionic pectoral fin. However, the way of
making the integrated pectoral fin could be a reference for the construction of bionic
pectoral fin.

In the same year, Moored from University of Virginia designed the bionic
pectoral fin based on tensegrity structure. Then the structure of pectoral fin was
optimized. The simulation results showed that the bionic pectoral fin utilizing in-
tensegrity structure could achieve similar deformation as manta ray’s pectoral rays
[20]. The biomimetic pectoral fin was fabricated. The servo was chosen as actua-
tors, as shown in Fig. 4.

Since 2006, researchers from Robotics Institute of Beihang University used
flexible rubber sheet as fin surface material. The carbon fiber rods were chosen as the
leading edge of pectoral fin. The bionic pectoral fin was fabricated. The hydrostatic
thrust tests were carried out through the designed platform, as shown in Fig. 5
[21, 22]. The results showed that the thrust can be generated by the pectoral fin
utilizing the sinusoidal motion. The thrust increased with the rise of oscillating
frequency and amplitude. The maximum thrust was 0.85 N when oscillating fre-
quency is 0.8 Hz and the oscillating amplitude is 40°. A biomimetic fish utilizing this
kind of bionic fin was developed, and the swimming experiments proved that the
bionic pectoral fin could generate sufficient thrust for locomotion of the robotic fish.

In 2009, Tomokazu Nakamura from Kitakyushu University built the test device
of bionic pectoral fin, as shown in Fig. 6. The fluid simulation for flexible oscil-
lating pectoral was carried out through the finite element method [23]. Hydrostatic
thrust experimental results showed that the pectoral fin with width of 0.24 m could
generate thrust with the maximum value of 0.38 N and lift with the maximum value
of 20 N. The twisting torque with the value of 1.6–1.7 Nm was generated through
differential motion of paired pectoral fin. So the drive mode with pectoral fin was
proved to have high maneuverability.

Fig. 4 The bionic pectoral fin
based on tensegrity structure

Research on Robotic Fish … 123



2.2 Research State of Robotic Fish Propelled by Oscillating
Pectoral Fins

Pectoral fins were usually utilized to balance body, control direction, and improve
turning maneuverability in the early research stage of bionic fish. With the devel-
opment of bionics and biology, much more attention had been paid to the MPF
mode. Most robotic fish developed could only realize swimming function, but not
equipped with practical application ability. According to the degree of structural
flexibility, the bionic fish developed could be divided into the following three
categories:

Fig. 5 The bionic pectoral fin
imitating manta ray

Fig. 6 The test platform
of the bionic pectoral fin
imitating manta ray
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(1) The rigid body combined with simplified flexible pectoral fins. Such type of
bionic fish simplified the body structure of nature sample to a great extent, espe-
cially the structure of pectoral fin. The motion features were only retained. The
complex three-dimensional structure of pectoral fin was ignored in order to achieve
the most important goal, the underwater propulsion. The middle body of prototype
was rigid, and the fin surface was usually designed by membrane or platy flexible
material. The leading edge of pectoral fin was usually made of the rigid or flexible
material and it played a driving role.

Typical prototype was developed by Japanese researchers in 2004. This proto-
type was the first robotic fish propelled by oscillating pectoral fin, as shown in
Fig. 7 [24]. The flexible material was used in fabricating the pectoral fins. The fin
bones were made of hardened steel belt. The rigid dual four-bar linkage drove the
leading edge of the pectoral fin and the oscillating motion of the pectoral fin was
obtained. The length of the prototype was 0.65 m, the wingspan was 0.5 m, and the
weight was 0.64 kg. The motion direction of the prototype was controlled by the tail
rudder. The diving depth was about 1.5 m, the duration was half an hour, and its
leakproofness was good. The maximum swimming velocity was about 0.6 m/s. The
right yaw phenomenon in a straight line movement was shown because the thrust
generated on each side of the pectoral fins were slightly different.

From 2005, the researchers from Robotics Institute, Beihang University have
been devoting their efforts to the research on the robotic fish propelled by oscil-
lating pectoral fins. Cownose ray was chosen as the bionic object. Based on the
biology researches and movement observation of cownose ray, five generations of
robotic fish named Robo-ray I-V were developed from the simple functional bionic
to combination of the functional bionic and morphological bionic, as shown in
Fig. 8.

The first generation of Robo-ray I is shown in Fig. 8a. The length of the pro-
totype was 0.5 m, the wingspan was 0.6 m, and the displacement was 3.4 kg. The
designed operation depth was 3 m, and the maximum swimming speed was 0.7 m/s.
The material of the middle flat body was fiberglass. The material of pectoral fin’s
leading edge was carbon fiber rod. It was bonded with flexible silicone rubber sheet
to constitute the oscillating pectoral fin. The two pectoral fins were driven by only
one motor. The tail rudder was used to achieve heaving and turning motion [25].

Fig. 7 The first robotic fish propelled by oscillating pectoral fins. a Prototype, b drive mechanism,
c tail unit
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The second generation of Robo-ray II is shown in Fig. 8b. The length of the
prototype was 0.7 m, the wingspan was 0.98 m, and the displacement was 7 kg. The
designed operation depth was 8 m and the maximum swimming speed was 0.9 m/s.
The structure of the pectoral fin was similar to Robo-ray I. However, the leading
edge of the pectoral fin was designed more reasonably. The fin surface was more
similar to the projective plane of cownose ray. Moreover, each of the pectoral fin
was driven by an independent DC motor, which improved the controllability and
turning mobility of the prototype [26].

The third generation of Robo-ray III is shown in Fig. 8c. The length of the
prototype was 0.4 m, the wingspan was 0.62 m, and the displacement was 3.2 kg.
The designed operation depth was 8 m, and the maximum swimming speed was
0.6 m/s. The Robo-ray III was designed with the original design method. However,
it was integrated with the attitude sensor, depth sensor, and obstacle avoidance
sensor. These sensors were mainly used to carry out the related study, including the
autonomous movement of the robotic fish, the attitude control, autonomous obstacle
avoidance, and path planning [21].

The fourth generation of Robo-ray IV is shown in Fig. 8d. The length of the
prototype was 0.5 m, the wingspan was 0.67 m, the maximum swimming speed was
about 0.4 m/s, and the maximum operation depth was 8 m. Compared with the
previous generations utilizing the single fin ray structure and passive deformation of
pectoral fins, the three-dimensional shape design and multi-fin rays structure were
used in Robo-ray IV. Moreover, the deformation of pectoral fin could be controlled
by multi-fin drive mechanism. The combination of functional bionic and morpho-
logical bionic was achieved in the fourth-generation robotic fish [22, 27].

The fifth generation of Robo-ray V is shown in Fig. 8e. The length of the
prototype was 0.46 m, the wingspan was 0.83 m, the maximum swimming speed
was about 0.48 m/s, and its maximum dive depth was 8 m. The controllable active
deformation of the pectoral fin and passive flexible deformation were combined in
the Robo-ray V. The combination of functional bionics and morphological bionics
was achieved better.

Fig. 8 The bionic fish imitating cownose ray developed by Beihang University. a Robo-ray I,
b Robo-ray II, c Robo-ray III, d Robo-ray IV, e Robo-ray V
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In 2010, the robotic fish imitating manta ray was developed by Harbin Institute
of Technology. The robotic fish was propelled by SMA (Shape Memory Alloy), as
shown in Fig. 9 [28]. Based on the characteristics of SMA, the high stability and the
propulsion without noise were achieved. The maximum speed was 0.079 m/s, and
the minimum turning radius was 0.118 m.

In 2011, the robotic fish imitating manta ray, respectively, developed by
Princeton University (USA) and University of Virginia (USA) were reported
in Science [29]. The oscillating pectoral fins with tensegrity mechanism were
used in the prototype developed by University of Virginia (Fig. 10). The prototype
developed by Princeton University is shown in Fig. 11. The body was made by 3D
printing, and both sides of pectoral fins were driven by dual fin rays.

(2) Rigid skeleton combined with complex flexible deformation pectoral fin. The
internal driving skeleton was made of rigid material or material with flexible

Fig. 9 The bionic fish
propelled by SMA developed
by Harbin Institute of
Technology

Fig. 10 The bionic fish
developed by University of
Virginia
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property. The pectoral fins were made of flexible waterproof or water-permeable
material. The external structure of the prototype was similar to nature sample and it
had ability to achieve more complex motion. The combination of functional bionics
and morphological bionics was partially achieved.

A typical prototype was Aqua_ray developed by Festo Company (Germany) in
2007, as shown in Fig. 12 [30]. The internal skeleton was built by the composite
material with certain flexibility. The plastic material with fiberglass was used to
build flexible skin. The length of the prototype was 0.615 m, the wingspan was
0.96 m, the displacement was 10 kg, and the maximum forward swimming speed
was 0.5 m/s. The duration could reach 30 min. This prototype was used to expand
the application range of pneumatic muscle actuator belonging to Festo Company.

In 2008, the robotic fish imitating cownose ray was developed in National
University of Defense Technology (China), as shown in Fig. 13 [31]. The prototype
structure was flat. The structure was divided into two parts: middle cabin and
pectoral fins. The eight actuators and the corresponding transmission mechanism

Fig. 11 The bionic fish
developed by Princeton
University

Fig. 12 Aqua_ray
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were mounted in middle cabin which was rigid. The triangular pectoral fin was
composed of multi-fin rays and flexible fin surface. The weight of the prototype was
1 kg, the length was 0.3 m, and the wingspan was 0.5 m. The actuators could
control the pectoral fins to oscillate in a certain phase difference. The kinematic
wave was transmitted along the pectoral fin. The number of kinematic wave was
0.4. Forward thrust could be obtained in this mode. The maximum swimming speed
of the robotic fish was 0.13 m/s, the backward speed was 0.15 m/s, and the pivot
turning could be achieved with 8 s.

Since 2009, Nanyang Technological University (Singapore) had cooperated with
National University of Defense Technology (China), and carried out the related
study on the robotic fish imitating manta ray. The latest prototype RoMan-II is
shown in Fig. 14 [32]. Both sides of its pectoral fins were driven by three inde-
pendent groups of rigid fin rays. Bionic swimming bladder was used to achieve the
depth control of the robotic fish. The maximum swimming speed of the prototype
was 0.3 m/s. The minimum turning radius was 0.1 m, and 4 kg load could be carried.

In 2012, based on the research of skeletal structure of cownose ray’s pectoral fin
and the numerical calculations, ten groups of fin rays were used to build an
oscillating pectoral fin skeleton by the University of Virginia (USA), as shown in
Fig. 15b [33]. Elastic O-rings were used to connect the fin rays, which imitated the
conjunctive tissue between the fin rays of cownose ray’s pectoral fin. Each fin ray
was composed of different number of artificial segments. The segments were

Fig. 13 The cownose ray-I
developed by NUDT (China)

Fig. 14 The robotic fish
imitating manta ray
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designed to be hinge-jointed together in series using stainless steel axle bolts, and
all artificial segments were made by 3D printing technology. The oscillating pec-
toral fins’ skeleton was embedded in the silicone rubber casting structure, which
constituted a three-dimensional flexible oscillating pectoral fin (Fig. 15a). The
oscillating pectoral fin was driven by ten groups of servos, and had chordwise and
spanwise flexible deformation property. The structure of the oscillating pectoral fin
was closer to the pectoral fin structure of cownose ray. However, there were many
servos. The complex control strategy was needed.

(3) A full flexible body meant that the whole body was made of full flexible
materials. According to the deformation demands of oscillating pectoral fin and
structure characteristics of cownose ray, the flexible distribution of the body was
designed. The design of the prototype was close to the combination of the func-
tional bionics and morphological bionics. It was difficult to achieve self-propelled
function of this kind of prototype. But it was more effective to explore the influence
of the structure characteristics of cownose ray on the propulsion performance.

Typical prototype was Manta Robot developed by Osaka University (Japan), as
shown in Fig. 16 [34, 35]. Since 2005, Osaka University had studied comparatively
the pectoral fins with symmetric and asymmetric stiffness. The differences were
analyzed in the propulsion performance. On the basis of studying on the passive
and active flexible pectoral fin, a pneumatic rubber actuator was successfully
designed in 2007. The actuator was applied to the fabrication of a bionic fish, the
Manta Robot. It was driven by pneumatic cavity and designed with the silicone
rubber. The prototype was propelled by an external gas source. The length of the
prototype was 0.15 m, the wingspan was 0.17 m, and the maximum swimming
speed was 0.1 m/s. The prototype can achieve oscillating motion similar to manta
ray. However, the driving source of the prototype was installed externally.
Meanwhile, there was no load space of the prototype. It was difficult to realize the
self-control and long-distance swimming.

Fig. 15 The bionic pectoral fin developed by University of Virginia (USA). a Underwater test,
b structure of internal skeleton
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2.3 Analysis of Research State on the Robotic Fish Propelled
by Oscillating Pectoral Fins

The researches on the robotic fish propelled by oscillating pectoral fins are carried
out later than other kinds of robotic fish. The oscillating motion and the structure of
nature sample were simplified in most of the researches on the oscillating pectoral
fin units and bionic prototype. The goal is to verify the self-driven or basic
swimming functions of the bionic fish developed. However, the related researches
on the key parameters which can affect propulsion performance are less. There is a
certain gap between the robotic fish utilizing oscillating pectoral fins and its nature
sample in speed, maneuverability, and efficiency. Research status of pectoral fin
units and bionic fish are analyzed, as follows:
(1) Bionic degree
Functional bionics is given priority. The robotic fish propelled by oscillating pec-
toral fins are designed with simplification of the complex structure features and
locomotion features of nature samples. Simplified sheet-like pectoral fins with
passive flexible fin surface’s deformation only realize propulsion function. The
pectoral fins with controllable active deformation are significant for the propulsion
performance [36]. Bionic pectoral fins with simplified structures only achieve a
lower degree of imitation.
(2) Drive form
In addition to utilizing SMA or pneumatic artificial muscle as drive source, the
robotic fish are mostly propelled by servo motors. This leads to higher motion
noise. The complex transmission mechanism constrains the performance of the
robotic fish. The driving and transmission mechanisms are rigid and isolated.
Therefore, the desired combination of rigidity and flexibility mechanism are not
realized. It results in flexible movement lack of pectoral fins and reducing of the

Fig. 16 Manta Robot
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drag reduction performance and the maneuverability of the robotic fish [37]. Fish
have very smooth composite flexible deformation in the swimming process, which
plays a crucial role in high-speed and high-efficient propulsion. In the study of
robotic fish, the use of flexible mechanism and flexible material allows the robotic
fish produce compliant deformation and effectively reduce the resistance and
transmission noise [38, 39]. Flexible mechanisms and flexible materials will play a
great role in improving the performance of the future robotic fish.
(3) Control method
The cable-based control and wireless remote control are two main methods. The
two methods limit the controllable movement range of the robotic fish. Meanwhile,
the autonomous underwater movement with multiple sensors is not stable because
of the complexity of the underwater environment. As for the future research work,
the robotic fish propelled by oscillating pectoral fins must be guaranteed to have
enough space for sensors and autonomous navigation system in order to meet the
actual needs of autonomous swimming.
(4) Research on propulsion mechanism
The research on propulsion mechanism of swimming mode utilizing caudal fin has
become increasingly mature. There are better mathematical models and analysis
results of related hydrodynamic observation. But for swimming mode utilizing
oscillating pectoral fins, the related theory is still lacking.
(5) Analysis of typical characteristics
Researches on typical characteristics of pectoral fin utilizing oscillating motion are
few, including the general relationship between the structure and motion parameters
of oscillating pectoral fins and propulsion performance, the relationship between
distribution of spanwise and chordwise flexibility and propulsion performance, and
the ground effect which can improve the propulsive efficiency of the kind of robotic
fish. The empirical formulas derived from such typical characteristics can provide
references for designing the robotic fish propelled by pectoral fin.

3 Analysis of the Bionic Structure and Motions
of Cownose Ray

3.1 Introduction

The analysis of the structure and the motion characteristics of cownose ray is the
basis to realize the combination of function bionic and the structure bionic. Based
on the structure characteristics from the previous research of the biology and
anatomy results of Myliobatidae, the structure characteristics of cownose ray are
obtained, including the cross section shape of pectoral fin and internal skeleton
structure. Meanwhile, the pectoral fin’s motion law and the key parameters of the
amplitude, frequency, and kinematic wave passing on the pectoral fin are obtained,
which are derived from video analysis of free-swimming cownose ray in an
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aquarium. Finally, the structure characteristics and the simplified motion model of
cownose ray guiding the bionic design of robotic fish are obtained.

3.2 The Structure Characteristics of the Cownose Ray

The structure characteristics of the cownose ray mainly include the shape, size,
internal skeleton, and muscle. These characteristics can provide guidance for the
design of robotic fish. Cownose ray is a kind of cartilaginous fish, which is char-
acterized by streamlined flat body, high aspect ratio pectoral fins, and wing-like
planform at top view, as shown in Fig. 17. According to the structure characteristics
and the motion function, the body of the cownose ray can be mainly divided into
the following parts: the left pectoral fin, the right pectoral fin, the tail fins, and the
central body. The left and right pectoral fins produce the main thrust. The tail fins
play a major role in adjusting stability and mobility. The central body mainly
remains rigid, but it bends a little in high maneuvering movements.

The pectoral fin of the cownose ray mainly consists of the internal skeleton,
dorsal abductor, ventral abductor epidermis, etc. [41–43]. The special bone struc-
ture of the pectoral fin is the key factor to achieve large amplitude, strongly
deformed oscillating movements. The skeleton of the pectoral fin consists of the fin
base and the fin rays, as shown in Fig. 18.

Fin base includes the propterygium, metapterygium, and mesopterygium, which
supports the body. The combination of the fin base and scapula constitute the head
cavity and abdominal cavity. So the pectoral fins cannot rotate around the scapula.
All fin rays of pectoral fin are radiated from the fin base to the pectoral fin edge and
the angles between the fin base and fin rays are about 10°–90°. Each fin ray is

Fig. 17 Top view of
cownose ray (modified from
Ref. [40])
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comprised of a number of radials, which are connected by tendons and joints. This
unique configuration allows great flexibility in the radial direction of the whole
pectoral fin. During the oscillation, the dorsal abductor and ventral abductor
alternate contraction and stretch to drive the radials to form the oscillations of the
entire pectoral fin [42].

The bone structures have a lot in common among the fish propelled by oscil-
lating pectoral fins. There are cross bracings between the fin rays, which connect the
adjacent radials along the chordwise direction (see the red triangle zone in Fig. 19).
At the edge of the pectoral fin, there are no links between the fin rays, but there are
gaps between them. As shown in Fig. 18, fin ray A is joined to fin ray B by a
cartilaginous extension (CB) and the radial A1 is joined to the radial A2 by the
calcification j1. This makes sure a close connection between the fin rays, which can
enhance the stiffness and reduce the flexibility in the chordwise direction. But
Myliobatidae propelled by undulating pectoral fins has no such organization
between the adjacent radials, which ensures better flexibility and larger deformation
in the chordwise direction.

Fig. 18 Skeletal structure of
cownose ray’s pectoral fin

Fig. 19 Skelton flexibilty distribution of Gymnura marmorata (modified from Ref. [44])
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According to the biological structure researches on the oscillating pectoral fins of
Myliobatidae, the following characteristics of the oscillating pectoral fins can be
summed up:

(1) The pectoral fin consists of a lot of radials, which connect one to another into a
fin ray along the spanwise direction and are radially distributed from the fin
base to the pectoral fin edge. So the oscillating pectoral fin has good spanwise
deformation capacity.

(2) There are cross connections between the adjacent fin rays, which enhance the
stiffness of the pectoral fin and reduce the deformation ability along the
chordwise direction. So there is no more than 0.5 propulsion wave passing on
the pectoral fin in normal forward swimming. This feature is the most fun-
damental structure difference between the oscillating pectoral fins and the
undulating pectoral fins.

(3) Near the front and root of the pectoral fin, the calcification of the radial
junctions is the most obvious and the rigidity is the largest. It makes sure that
the pectoral fin can withstand the fluid load and actively control the defor-
mation along the chordwise and spanwise direction driven by the muscle. Near
the pectoral fin trailing edge and the tip, there are gaps between the adjacent
fin rays. The rigidity is the smallest and the flexibility is the largest in this area.
It ensures that the pectoral fin can form passive deformation obviously under
the action of the fluid, in order to facilitate the transmission of the kinematic
waves. Thus the complex deformation in the oscillating pectoral fin is the
result of the active and passive deformation together.

In summary, the design of the robotic fish should base on the biological structure
of the prototype, and the previous researches are significant to guide the design of
the oscillating pectoral fins.

3.3 The Kinematic Analysis of the Cownose Ray

The cownose ray swims in flexible ways in different environments, such as cruise,
acceleration, pitching, and yawing. It swims in the normal cruise state with better
repeatability and stability for most of time. Therefore, the cruise state is chosen for
the kinematic analysis in this section. The kinematic analysis of the cownose ray
focuses on the pectoral fin motion, which can be equivalent to the pass of kinematic
waves along the pectoral fin [44]. The kinematic analysis includes fin’s flap motion
procedure, the shape of kinematic waves, the wave’s frequency, amplitude, and the
wave number in the pectoral fin during cruise. A simplified mathematical model is
established according to the kinematic analysis of the cownose ray’s pectoral fin.
Tail fins also play a regulatory role on the pitching stability in the swimming
process of the cownose ray. So the motion of the tail fin is also analyzed.
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3.3.1 The Analysis Method

First, the locomotion videos of cownose ray were obtained in aquarium. Second, the
leading edge and trailing edge were extracted from different views of the videos.
Then, the procedure of fin’s flapping and the locomotion of specific points on the
edges is analyzed.

The coordinate system set for the analysis in this section is shown in Fig. 20. The
origin is set on the root point of the leading edge where there is no obvious
deformation during linear cruise motion, the x-axis is perpendicular to the middle
chordwise cross section along spanwise direction, the y-axis is with the body axis,
and the z-axis is determined by the right-hand rule. The maximum vertical dis-
placement of the fin tip in all of the video frames analyzed is set as the unit 1, which
makes the motion displacement in different video frames comparable, even if the
amplitudes are different.

3.3.2 Flapping Procedure of the Pectoral Fin

Leading edge and trailing edge deformations during flapping of the pectoral fin are
extracted from some proper video frames, such as the typical frames of a linear
swimming cownose ray seen from the lateral view, as shown in Fig. 21. The leading
edge and trailing edge motion curve seen from lateral view at different moment at
time intervals of 1/5 s is shown in Fig. 22.

During downstroke, the basal of leading edge begins to move downward first,
and then the distal part is pulled after it. At the end of the stroke when the distal part
is still moving downward toward its maximum position, the basal is already moving
upward. Similarly, the basal pulls the distal part upward during upstroke. This case
is not obvious for the trailing edge seen from Fig. 22. The trailing edges are not
coincident at different moments. There are two reasons: the cownose ray pitches
during the cruise, its trailing part of the pectoral fin is very flexible to form large
passive deformation. It can be obtained from Fig. 22 that the upstroke amplitude of
the pectoral fin can reach 0.5 times of the whole fin length and 2 times of the

Fig. 20 Coordinate system
definition
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downstroke amplitude. It means that the pectoral fin flapping of cownose ray has
the spatial asymmetry.

Trailing edge deformations during flapping of the pectoral fin are extracted from
some proper video frames, such as the typical frames of a linear swimming cow-
nosed ray seen from the back view, typically as shown in Fig. 23.

Fig. 21 Typical video frames of the cownose ray seen from the lateral view
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Fig. 22 Pectoral fin profiles of a cownose ray during the flapping in lateral view. a Downstroke,
b upstroke
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The profiles of the extracted trailing edge contours are integrated on the same
graph, as shown in Fig. 24. During the downstroke, the fin tip starts to move down,
but the fin root remains in upward movement, as shown in Fig. 24a. The upstroke
process is opposite, as shown in Fig. 24b. From Fig. 24, it can be seen that the basal
of trailing edge always lags behind in phase during the flapping motion.

Fig. 23 Typical video frames of the cownose ray seen from the back view
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Fig. 24 Pectoral fin profiles of a cownose ray during the flapping in back view. a Downstroke,
b upstroke
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By analyzing cownose ray’s flapping movement, the following results can be
achieved: locomotion of the pectoral fins is equivalent to the pass of kinematic
wave front to back, parallel to the chordwise direction; the vertical amplitude of
upstroke is large, about half the body length; the flap motion is not symmetric by
the horizontal plane, for the amplitude above horizontal plane is about twice as
much as that below horizontal plane.

3.3.3 The Kinematic Wave Number

The number of kinematic waves presented on the pectoral fin is defined as the value
of the wavelength divided by the length of the fin base. Videos that are seen from a
direction perpendicular to the leading edge or trailing edge reflect their actual shape
considering the refraction of water. The length of the leading edge and trailing edge
is assumed to be constant in the analysis, if the video frames are properly chosen.
Therefore, the phase lag between the middle points on the edges and the fin tip can
be obtained. Furthermore, the number of kinematic waves can be calculated.

As shown in Fig. 25, the middle point on the leading edge has phase lead for 0.1
waves than fin tip; the middle point has phase lag for 0.07 waves, close to that in the
leading edge. The phase difference is not obvious at maximum upper position in the
trailing edge, which probably results from the lower velocity at the position and arc
shape of the trailing edge. The data of the leading edge are valid for computing the
number of waves. According to the definition, the number of kinematic waves in
pectoral fins is about 0.4, coincident with the result in Ref. [31].

Finally, the conclusions are:

1. Pectoral fin’s locomotion of the cownose ray is equivalent to the pass of
oscillating motion wave from front to back.

2. The number of kinematic waves presented on pectoral fins is about 0.4.

Fig. 25 Vertical displacement curve of the middle points on the pectoral fin leading edge and
trailing edge and the fin tip of a sample cownose ray [45]. a Leading edge condition, b trailing
edge condition
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4 Design and Optimization of Drive Mechanism

4.1 Introduction

Based on the structure bionic, the mechanical system of robotic fish is designed to
the combination of internal skeleton (similar to the fin rays of cownose ray) and
external flexible skin (similar to the epidermal tissue of cownose ray). Then the
appropriate actuator is chosen to drive the internal skeleton. The internal skeleton
includes eight drive mechanisms. The deformation of the flexible skin is controlled
by the drive mechanisms in order to realize the flexible movement of the robotic
fish. Lastly, the drive mechanisms are designed and optimized according to the
results of bionic research.

4.2 Driving Mechanism Design

Analyzing locomotion of cownose ray, it is concluded that locomotion of pectoral
fins is equivalent to the oscillating wave passing from front to back. Shape of the
profile can be approximated by cubic function y ¼ aðtÞx3. To realize the locomo-
tion, mechanism with three revolution joints is set as shown in Fig. 26a. However,
the mechanism needs three actuating motors making it difficult to control; the
mechanism is heavy; the worst point, the mechanism needs inner space of pectoral
fins severely. To conquer these disadvantages, two-stage rocker–slide mechanism is
designed, as shown in Fig. 26b. The novel mechanism needs only one actuating
motor. Although it cannot perform as good as the mechanism driven by three
motors in mimicking the profile of cownose ray, it is enough for the design of
robotic fish. The structure of this novel mechanism is shown in Fig. 27a. All the
link rods are made of aluminum except the distal rod, which is made of carbon fiber
to provide elasticity. The mechanism in Fig. 27b was tested initially, in which the
mechanism oscillated smoothly.

Several fin rays are required to mimic the kinematic wave passing on pectoral
fins. Three groups of the fin ray mechanism are enough for a flapping pectoral fin,
as there are only 0.4 waves presented on the pectoral fin. The pectoral fin of

Fig. 26 Drive mechanism of multi-fin (where arrows are required actuators) [45]. a Mechanism
with three revolution joints, b two-stage rocker–slide mechanism
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cownose ray is approximate to a triangle, so the joint number of each fin ray is
different. There are 2, 3, 1 joints for the fin rays from front to back, respectively,
and driving mechanisms for tail fins are designed on both sides symmetrically, as
shown in Fig. 28.

4.3 Optimization Design

Key dimensions of drive mechanisms are required to be optimized to mimic the
locomotion of cownose ray to higher extent. The optimization parameters include
the distance between fin rays and dimensions of the two-stage rocker–slide
mechanism.

4.3.1 Optimization of Distance Between Fin Rays

The distance between fin rays is an important factor that affects the extent of
mimicking the locomotion of cownose ray. So it is necessary to optimize the
distance to minimize the error. The number of waves is about 0.4, obtained by

Fig. 27 Structure of the two-stage rocker–slide mechanism. aModel in CAD, b actual mechanism

Fig. 28 Fin rays with
different joint number are
designed
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dividing the length of the fin base by the wavelength. The number of control points
is 5 besides 2 point on the fin base. x1; x2; x3 illustrate the positions of fin rays. As
shown in Fig. 29, the dashed area surrounded by the aim curve and the actual
polyline is the target to estimate the fitting extent. The object function is the sum of
dashed areas during a period which is discretized to 80 time points, that is:

Error ¼
X80
i¼1

jErrorij ¼
X80
i¼1

jSaimi � Sij ð1Þ

where, Saimi is the integral of the aim curve; Si is the integral of the polyline. Mark
f ðx; iÞ as the aim curve at time i, then:

f ðx; iÞ ¼ sinð0:8pxþ 2pi
80

Þ ð2Þ

Saimi ¼
Z1

0

f ðx; iÞdx ð3Þ

Si ¼ 1
2 ðf ð0; iÞ þ f ðx1; iÞÞy1 þ 1

2 ðf ðx1; iÞ þ f ðx2; iÞÞðx2 � x1Þ
þ 1

2 ðf ðx2; iÞ þ f ðx3; iÞÞðx3 � x2Þ þ 1
2 ðf ðx3; iÞ þ f ð1; iÞÞð1� x3Þ ð4Þ

The constraint condition is:

0\x1\x2\x3\1 ð5Þ

The object is to minimize the value of object function (1). Uniting (1–5), opti-
mized result is obtained with the initial values 0.2, 0.4, 0.6 for x1; x2; x3 : x1 ¼
0:2683; x2 ¼ 0:5000; x3 ¼ 0:7317.

Fig. 29 Dashed area is used
to estimate the fitting extent
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4.3.2 Dimension Optimization of the Pectoral Fin Ray Mechanism

As discussed before, during cruise the locomotion of cownose ray can be
approximated by cubic function y ¼ aðtÞx3, and the real shape of span section can
be approximated by the three link rods of the mechanism, as shown in Fig. 30.

Similar to the optimization of the distance between fin rays above, a period is
discretized to 80 time points, the object function is the sum of the error between the
aim curve and the actual shape of span section, that is:

Error ¼
X80
i¼1

jErrorij ¼
X80
i¼1

jSaimi � Sij ð6Þ

where, Saimi is the integral of the aim curve at time i; Si is the integral of the actual
polyline at time i shown in Fig. 30, then:

Saimi ¼
ZxtðiÞ

0

aðiÞx3dx ð7Þ

Si ¼ 1
2
x1ðiÞy1ðiÞ þ 1

2
y1ðiÞ þ y2ðiÞ½ � x2ðiÞ � x1ðiÞ½ � þ 1

2
y2ðiÞ þ y3ðiÞ½ � x3ðiÞ � x2ðiÞ½ �

ð8Þ

where, xtðiÞ is the horizontal coordinate of the tip of ideal curve; ðx1ðiÞ; y1ðiÞÞ,
ðx2ðiÞ; y2ðiÞÞ, ðx3ðiÞ; y3ðiÞÞ are coordinates of the three revolution joints. As shown
in Fig. 30, l1, l2, l3 are the length of the link rods, and h1ðiÞ, h2ðiÞ, h3ðiÞ are the
angle of the link rods at time i, so:

x1ðiÞ ¼ l1 cos h1ðiÞ ð9Þ

Fig. 30 Optimization of
dimensions of fin rays
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y1ðiÞ ¼ l1 sin h1ðiÞ ð10Þ

x2ðiÞ ¼ x1ðiÞ þ l2 cos½h1ðiÞ þ h2ðiÞ� ð11Þ

y2ðiÞ ¼ y1ðiÞ þ l2 sin½h1ðiÞ þ h2ðiÞ� ð12Þ

x3ðiÞ ¼ x2ðiÞ þ l3 cos½h1ðiÞ þ h2ðiÞ þ h3ðiÞ� ð13Þ

y3ðiÞ ¼ y2ðiÞ þ l3 sin½h1ðiÞ þ h2ðiÞ þ h3ðiÞ� ð14Þ

It is assumed that the length of span profile during locomotion is a constant L:

ZxtðiÞ

0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ ½3aðiÞx2�2

q
dx ¼ L ð15Þ

To decrease the number of optimizing parameters, all the revolution joints are
restricted in the aim curve when it is at the maximum upper position. Thus, the
maximum angle of the three joints hm1; hm2; hm3 can be obtained, and:

lb1 ¼ l1 sin hm2= sinðhm1 þ hm2Þ ð16Þ

lb2 ¼ l2 sin hm3= sinðhm2 þ hm3Þ ð17Þ

where, lb1 and lb2 were defined in Fig. 30. At time i, the first revolution joint is
restricted in the aim curve to simplify the optimization, that is:

y1ðiÞ ¼ aðiÞx1ðiÞ ð18Þ

Uniting (9), (10), and (18), the angle of the first joint h1ðiÞ can be obtained, then:

ls1ðiÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
l12 þ lb12 � 2l1lb1 cos h1ðiÞ

q
ð19Þ

h2ðiÞ ¼ arcsin½lb1 sin h1ðiÞ=ls1� ð20Þ

ls2ðiÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
l22 þ lb22 � 2l2lb2 cos h2ðiÞ

q
ð21Þ

h3ðiÞ ¼ arcsin½lb2 sin h2ðiÞ=ls2� ð22Þ

where, ls1ðiÞ and ls2ðiÞ are defined in Fig. 30.
Uniting (6–22), the value of object function can be acquired based on the length

of the three link rods. The result of the optimization is l1 ¼ 96:6667, l2 ¼ 96:6667,
l3 ¼ 96:6667 with the initial values 90, 90, 90 for l1; l2; l3.
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5 Design of the Bionic Fish

5.1 Introduction

The multi-fin ray mechanism and external flexible skin are the typical features of
this robotic fish. After the design idea of driving mechanism is proposed, the
engineering fulfillment of robotic prototype is completed, including its mechanical
and electrical systems. The initial testing results show that some aspects of design
are undesired, and then some improved design is implemented aiming at solving
these problems raised.

5.2 Mechanical Design

The mechanical structure of the bionic fish with oscillating paired pectoral fins
contains two main parts. One is the inside skeleton including the three fin rays on
each lateral side and two at the back of the middle control case. The other part is the
flexible soft body with distributed flexibility to meet the flapping motion require-
ments of the inside skeleton.

5.2.1 Internal Skeleton

The structure of fin rays is designed and machined according to the optimization
results. Figure 31 shows the inside skeleton of all fin rays at maximum upper
amplitude, which shows the ability that the pectoral fin can realize the desired
oscillating movement.

The two-stage slide–rocker mechanism is shown in Fig. 32. The linkages III of
all fin rays are made of carbon fiber plates featuring flexibility with thickness of
1 mm. For the fin rays with only one linkage, the whole fin ray is made of carbon
fiber. Research results show that the moderate flexibility of the fish in nature greatly
benefits its propulsion efficiency.

5.2.2 Flexible Skin

Research results show that the body flexibility of the fish in nature greatly benefits
its propulsion, such as reducing resistance, lowering noise, and increasing effi-
ciency. The flexible body is made of two-component silicon rubber with out-
standing elasticity and anti-tear properties. Some small changes are made to meet
the machining and assembly requirements, and to make the body a streamlined
shape. The plane body shape, the body size including the length and span, and the
shape of the chordwise sections are all designed according to the biology and
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anatomy results. The mold and pouring process of the outer flexible body are shown
in Fig. 33. Chordwise sections of the flexible body are simplified to series of airfoil
shapes (NACA0015), as shown in Fig. 34. The average wall thickness changes
gradually from 10 mm at the fin base to 3 mm at the fin tip, which is obtained from

Fig. 31 Internal skeleton of robotic fish with control and driving units [45]

Fig. 32 Photo of middle fin
ray optimized without the
servo waterproof cover [45]
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pouring experiments, except for the much thicker middle part with a V-type inside
polyline, which is designed for the fixation between the middle control case and the
flexible body.

5.3 Control Method

A commercial wireless remote control method is employed. The control diagram is
shown in Fig. 35. Actual tests indicate that when the water depth is no deeper than
2 m, the wireless product can provide effective control signals. Each pectoral fin ray
is driven by a high-torque servo, with a typical peak current of 2 A. Considering
stability, two lithium batteries are used. One with capacity of 20 Ah is utilized to
supply the servos, and the other with capacity of 3 Ah is for the wireless receiver
and control circuits. The prototype has at least 1 h endurance time based on the
battery capacity.

Fig. 33 Mold and pouring of the flexible body [45]. a before pouring, b after pouring

Fig. 34 The design of fish skin with chordwise NACA series sections from fin base to tip
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Servos used for the pectoral fins and the tail part are controlled through different
methods. The two servos in the tail are controlled directly by the radio receiver.
Each of the three servos for one pectoral fin is controlled by the microcontroller
STM32F103VE. The phase difference between the fin rays is programmed ahead,
aiming to realize 0.4 times the wave passing on the pectoral fin. The amplitude and
frequency of the flapping motion are directed by signals from the wireless remote
controller.

5.4 Bionic Prototype

All the electrical components, including the control circuits, batteries, and the
wireless radio receiver, are sealed in the middle control case. The servos used are all
sealed separately by a plastic shell and connected to the control case with water-
proof cables. The inside skeleton was submerged in a 1.5 m depth water tank to
verify its waterproof performance. For a 36 h test, there was no leakage condition.

Assembly of the bionic prototype is easy. The inside skeleton is put into one half
of the flexible body, with the switch button and the LED light for the working state
left outside through pinholes, as shown in Fig. 36a. In the same way, the other half
of the flexible body is put on the inside skeleton, as shown in Fig. 36b. The gap
between the two flexible half-bodied is bonded by the same liquid silicon rubber as
the body itself. Some counterweight blocks are bonded with the waterproof shells
of the servos to make the bionic fish suspend in water with a horizontal attitude
when the bionic fish is in the stationary state.

Fig. 35 Control diagram of the bionic fish
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A photo of the final bionic prototype filled with the inside skeleton and control
parts is shown in Fig. 36c. It has a body length of 0.46 m, wingspan of 0.71 m, and
weight of 5.31 kg after counterbalancing, which is similar to a mature cownose ray
in nature.

6 Testing of the Bionic Fish

In order to verify whether the bionic fish can realize the desired flapping motion and
kinematic wave transmission on its pectoral fin, we analyze the motion of bionic
prototype. The preliminary experiments consist mainly of motion analysis and the
underwater attitude observation of bionic fish. A FastCam 1280 PCI high-speed
camera is used to record their motions. A sampling frequency of 125 frames and a
shutter time of 1/500 s are employed.

The prototype is put on a stand and held stationary by a fixed frame, as shown
Fig. 37. The water depth is 0.5 m. Parameter settings of the high-speed camera are
the same as used in the observation of the inside skeleton. Profiles during the down-
flapping period of the leading edge from the front view are obtained, as shown in

Fig. 36 Assembly process of the inside skeleton and the outer flexible body and the final bionic
prototype [45]

Fig. 37 Motion analysis of the bionic prototype using the high-speed camera [45]
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Figs. 38 and 39 separately. All the lengths utilized are nondimensionalized by
dividing the maximum amplitude of the pectoral fin, employing the same method as
in analyzing motion of the cownose ray.

According to the profiles, passing waves from the head to tail and from the
middle chord to the fin tip are obtained by the bionic prototype. The flapping
amplitude of the prototype is smaller than the cownose ray in nature, as shown in
Figs. 22 and 24, which is mainly caused by the elasticity of flexible body and
hydrodynamic resistance of water. Deformation of the trailing edge is not as much
as expected. However, an effective and positive attack angle can be observed,
attributed to the differential motion of the fin rays.

A preliminary swim test of the bionic fish is carried out in a water tank. The water
tank is 3 m in length, 2 m in width, and the water depth is 0.5 m. The swimming
velocity of bionic fish can reach 0.26 m/s, which is 0.55 times of body length per
second. The effect of swimming is not good. The reason is that the practical oscil-
lating amplitude of pectoral fin cannot reach the given amplitude, which is mainly
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Fig. 38 Pectoral fin profiles
of the bionic fish during the
downstroke cycle in lateral
view
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caused by the elasticity of flexible body and hydrodynamic resistance of water.
Images of the bionic fish swimming in the water tank are shown in Fig. 40.

7 The Improved Prototype

With regard to the improved prototype, the key aspect is to overcome the contradiction
from separating the rigidity and flexibility of the skin. First, the flexibility of skin is
increased to a large extent to release the motion resistance of fin rays caused by skin.
Seen from the experiments, the skin made of poured silicon rubber cannot meet our
needs. Polyurethane fiber is chosen as the skin material. The elastic deformation
capability of this material is about 200 %, which means slighter resistance.

Second, chordwise supporting frames are designed, which is set on the mobile
fin linkages inside the skin to preserve the shape of pectoral fin. The mold and
pouring process of the supporting frames are shown in Fig. 41. The frames are
utilized to resist the hydraulic pressure and realize smooth deformation of the skin.

Fig. 40 Video snapshots of the fish robot swimming in a water tank [45]

Fig. 41 The mould of
chordwise supporting silicon
rubber rib
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One of the advantages of permeable skin is avoiding instability of robotic fish
caused by the hydraulic pressure. The skin made of polyurethane fiber is just the
right option. Meanwhile, it leads to the loss of the outer waterproof defense, so the
waterproofness of electrical case and servo module must be considered carefully.
As shown in Fig. 42, the improved middle housing is made of brazed aluminum
frames with a thickness of 2.5 mm, which is utilized to improve the waterproofness.

Displacement of the robotic fish reduced to 2.5 kg in permeable design, whereas
the weight of the prototype is 4.2 kg. We use cystosepiment with density of 20 kg/
m3 to increase buoyancy. They are incised according to the cross profile of cownose
ray. The cystosepiment for buoyancy satisfies two requirements, increasing dis-
placement and maintaining the body shape. The robotic fish prototype with per-
meable skin is shown in Fig. 43.

Fig. 42 The improved inside skeleton of robotic fish

Fig. 43 The bionic robotic
fish in external view
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8 Underwater Experiments of the Robotic Fish

8.1 Introduction

A series of underwater experiments are carried out to verify the effectiveness of the
robotic fish design, including swimming experiments and thrust tests. The purpose
of the swimming experiments is to test the movement performance of the robotic
fish and obtain the performance parameters, including the maximum swimming
speed, the turning radius, and the endurance time. Then the effectiveness of the
robotic fish design is verified through the movement state. The thrust tests are
carried out to study the change rule of thrust produced by the robotic fish on the
different motion parameters (frequency, amplitude, difference, etc.). The mecha-
nism of thrust is also studied preliminarily to verify the validity of the design. The
thrust experiments provide the theoretical basis for the performance improvement
of robotic fish.

8.2 Swimming Experiments

Swimming experiments can intuitively show the performance of the robotic fish. The
basic motions of the robotic fish are realized by remote control, including cruise,
turning, diving and surfacing, and backward motion. The performance parameters of
the robotic fish are measured, including the maximum speed, the minimum turning
radius, the cruise duration. The tests of the swimming speed of the robotic fish are
conducted in Beihang University’s natatorium, as shown in Fig. 44.

The borders of the black ceramics at the bottom of swimming pool are used as
references, and boundary distance is 225 mm. The time which the robotic fish takes

Fig. 44 The swimming speed
test of the robotic fish
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through the boundary distance is recorded. Then the actual swimming speed is
obtained. According to the tests, the maximum speed of the robotic fish is obtained
in which the frequency is 0.6 Hz, the oscillating amplitude is 20°, and the phase
difference is 1/10 wave length. The maximum swimming speed is 0.3 m/s.

Using symmetrical flapping motion, the turning radius of the robotic fish is zero.
In this case, the kinematic wave of the lateral pectoral fin passes backward, the
phase difference of the adjacent fin rays is 1/10 wave length, and the forward thrust
is produced. Meanwhile, the kinematic wave of the interior pectoral fin passes
forward, the phase difference of the adjacent fin rays is 1/10 wave length, and the
backward thrust is produced. It is concluded that the robotic fish is equipped with
good mobility when the shapes of the pectoral fins are actively controlled by the
multi-fin ray driving mechanism.

The backward thrust is produced when the kinematic waves presented on the
pectoral fins on both sides pass forward, and the robotic fish will swim backward.
According to the tests, the maximum backward speed of the robotic fish is obtained
when the frequency is 0.6 Hz, the oscillating amplitude is 20°, and the phase
difference is 1/10 wave length. The maximum speed is 0.2 m/s. In nature, the
cownose ray has no backward motion. Thus the robotic fish is equipped with
the backward motion when the shapes of the pectoral fins are actively controlled by
the multi-fin ray driving mechanism.

Experiments show that the various kinds of motion including the cruise, turning,
diving and surfacing, and backward motion are realized by the robotic fish. It is
concluded that the robotic fish is equipped with good performance capability. In the
swimming process, the robotic fish performs good pitching maneuverability too.
The diving and surfacing motions of the robotic fish are realized by controlling the
angle of caudal fin.

8.3 Thrust Experiments

The purpose of this experiment is to get the driving forces generated by the robotic
fish in different motion state (cruise, turning, etc.) and different motion parameters
(flapping frequency and amplitude, the phase difference between the fin rays). As
shown in Fig. 45, the experiments are carried out in a 2 m × 3 m water tank, and the
water depth is 0.6 m. The distance between the extreme position of the pectoral fin
and the bottom of water tank is ensured as 0.1 m when the robotic fish is installed.
The coordinate system is established in Fig. 45. The thrust direction is along x-axis,
the yaw direction is along y-axis, and the lift direction is along z-axis.

Six-axis force sensor Smart 300 is the core component in the experiment. The
main parameters are shown in Table 1.

The forces closely affect performances of the robotic fish are the thrust Fx and
torqueMz. The thrust Fx is closely related to the swimming speed, and the torqueMz

is closely related to the turning movement. Therefore, the thrust Fx and the torque
Mz are analyzed in detail here. In the experiments, the testing time of each motion
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modes is longer than five full flapping cycles. In the analysis process, three full
flapping cycles in the middle are chosen as the object. The up–down symmetric
flapping motion is employed in the experiments.

1. Cruising
The cruising movements with different frequency and amplitude are carried out

to study the performance of the robotic fish with different control parameters. The
frequency utilized varies from 0.3 to 0.6 Hz, at 0.1 Hz intervals. The amplitude
utilized varies from 5° to 20°, at 3° intervals. The phase difference is fixed at 1/10
wavelength. Analysis of the experimental data is focused on the thrust Fx, and the
experimental data is shown in Table 2.

Seen from Table 2, the average thrust increases with the increment of the fre-
quency and the amplitude. The change rule of the maximum thrust is similar to the
change rule of average thrust. The maximum thrust is obtained in frequency 0.6 Hz,
amplitude 20°. The change curve between thrust Fx and time is shown in Fig. 46. In
the symmetric flapping motion, the value of the average thrust is 3.21 N, and the
value of the maximum thrust is 20.48 N. In the swimming experiments, the max-
imum speed is also obtained in these motion parameters.

From Fig. 46, it can be seen that the change period of the thrust is the same as the
flapping period. The negative thrust is produced during the flapping, which reduces
the propulsive efficiency. The reason might be that the shape of the pectoral fin is

Fig. 45 Experiment device
and the definition of the
coordinate system

Table 1 Main parameters of
six-axis force sensor

Parameters Range

Fz ±50 N

Fx ±10 N

Fy ±10 N

Mx ±3 Nm

My ±3 Nm

Mz ±1 Nm
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actively controlled by three fin rays without considering the role of water on the
deformation of the pectoral fin. The robotic fish should be improved in the future.

In the study on the relationship between phase difference and thrust, frequency is
set as 0.5 Hz, and the amplitude is set as 20°. The wavelength utilized varies from
6/80 to 10/80, at 2/80 of wavelength intervals, as shown as in Table 3. From
Table 3, it can be seen that the robotic fish obtains the maximum thrust in which the
10/80 of wavelength is used, that is the number of kinematic wave is 0.4.

2. Turning
In the turning condition, the lateral pectoral fin with the maximum amplitude is

controlled by the remote control, and the kinematic wave of the lateral pectoral fin
passes backward. The turn mode can be divided into four modes according to the

Table 2 The thrust data in the cruising (unit: N)

Frequency
(Hz)

Amplitude

5° 8° 11°

Average Maximum Average Maximum Average Maximum

0.3 −0.10 1.63 −0.03 2.53 0.39 4.06

0.4 0.11 2.96 0.38 5.15 0.70 7.65

0.5 0.25 4.85 0.73 9.38 1.15 13.06

0.6 0.30 8.63 0.99 13.09 1.42 15.08

Frequency
(Hz)

Amplitude

14° 17° 20°

Average Maximum Average Maximum Average Maximum

0.3 0.90 6.83 0.96 8.65 1.36 11.11

0.4 1.05 9.94 1.78 13.25 1.95 14.02

0.5 1.93 13.42 2.29 15.22 2.96 16.92

0.6 2.07 17.28 2.87 18.64 3.21 20.48

Fig. 46 The change curve of
thrust with time-varying
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motion of the interior pectoral fin. The flapping amplitude is half of the lateral
pectoral fin, and the kinematic wave of the lateral pectoral fin passes backward
(mode 1). The flapping amplitude of the interior pectoral fin is zero (mode 2). The
flapping amplitude is half of the lateral pectoral fin, and the kinematic wave of the
lateral pectoral fin passes forward (mode 3). The flapping amplitude is the same
with the lateral pectoral fin, and the kinematic wave of the lateral pectoral fin passes
forward (mode 4). In the mode 4, the robotic fish is equipped with the minimum
turning radius. The turning radius is zero in the swimming experiment.

In the hydrostatic thrust test, the turning torque is measured in mode 4. In the test
process, the frequency is set as 0.5 Hz, the amplitude is set as 20°, and the phase
difference is 1/10 of wavelength. The measured value of torque Mz is 0.3 Nm, the
maximum value is 1.36 Nm. The change curve between torque Mz and time is
shown in Fig. 47. It can be seen that the change curve of the torque has two peaks in
each flapping period. The negative torque is produced when the pectoral fin is in the
extreme position. Thus, improving the pectoral fin motion in the extreme position is
significant for the performance improvement of the robotic fish.

9 Conclusion

Based on the research on cownose ray, the robotic fish propelled by oscillating
pectoral fins is designed according to the requirements of functional bionics and
morphology bionics in this chapter. The swimming experiments show that the

Table 3 The thrust data with different phase difference

Phase difference
(wavelength)

6/80 8/80 10/80

Average Maximum Average Maximum Average Maximum

Thrust (N) 2.91 15.58 2.96 16.92 2.31 14.61

Fig. 47 The change curve of
torque with time-varying in
mode 4
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motion effect of the robotic fish fulfills the design objectives. The key features of
the bionic underwater propulsion with pectoral fin can be realized, and the
mechanical design is rational. The conclusions are as follows:

1. The motion analysis of the pectoral fin of the robotic fish shows that it can
achieve the approximate motion as cownose ray, which also proves that the
simplified kinematic model is practical.

2. Multi-fin ray driving mechanism realizes the spanwise section flapping motion
of the cownose ray. The kinematic wave length and direction in the robotic
fish’s pectoral fin can be actively controlled in order to ensure the maneuver-
ability (especially in the excellent turning performance). The functional bionics
is truly realized.

3. The design of the permeable flexible skin and the silicon rubber supporting ribs
solve the problems caused by the deformation resistance of the pouring skin.
The similar streamline shape as the cownose ray is obtained. The morphology
bionics is realized to some extent. Pitching stability is a key problem in the
pectoral fin propulsion mode, but the developed robotic fish can swim with no
obvious pitching motion in the experiments, which is closely benefited from the
three-dimensional shape design.

But there are still some problems need to be solved about the robotic fish, the
follow-up studies need to be explored further:

1. The thrust tests show that the robotic fish produces negative thrust in about half
a cycle time. So finding the primary cause of this phenomenon is an important
way to improve the propulsion performance of the kind of robotic fish.

2. The control parameters of the robotic fish’s fin rays are given in advance. But it
is not like cownose ray that can realize the real-time control of pectoral fin
motions according to the variation of the surrounding environments. So real-
izing the same bionic closed-loop control is a deeper question for the robotic fish
development in future.
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Soft-Body Robot Fish

Pablo Valdivia y Alvarado and Kamal Youcef-Toumi

Abstract New mechanism paradigms are needed to improve robot performance
and resilience in harsh environments. Soft continuous mechanisms can be simpler
and more robust than the stiff-discrete assemblies traditionally found in robotics.
Herein, a methodology to design underactuated soft robots is presented and its
application to fish-like robots is outlined. The principle is simple, a flexible vis-
coelastic continuous body is designed with the appropriate material heterogeneity
such that dominant modes of vibration match desired body motions. Design
examples are given for different fish-like robots and actuation units. Fabrication
techniques and testing procedures are presented along with locomotion perfor-
mance. The approach is general and can be applied to bodies with more complex
target kinematics and offers a promising alternative for mobile robots.

1 The Need for New Robot Bodies

Many field applications would benefit from unmanned systems that can function
and survive for extended periods of time in harsh and unstructured liquid envi-
ronments. Oceans are a prime example, marine environments are extremely
unforgiving on hardware. All marine-bound equipment requires periodic mainte-
nance which limits deployment cycle times. Environment complexity and
deployment scale add further challenges. As a result, autonomous marine robots
require excellent locomotion efficiency, mechanical robustness, and maneuver-
ability to survive and successfully accomplish mission goals.
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Biology is inspiring a wide range of promising locomotion approaches that could
potentially address these requirements. However, new hardware paradigms are
needed to take full advantage of these approaches. Bio-inspired locomotion requires
mechanisms with large numbers of degrees of freedom (DOF) to efficiently transfer
momentum to a liquid environment. This poses significant problems as the added
mechanical complexity can prevent long-term deployments. If mechanical trans-
missions are not properly sealed and protected from the environment, corrosion and
biofouling can quickly degrade components and prevent long-term deployments.
Simplicity and mechanical robustness are key for prolonging hardware survival.

1.1 Rigid and Discrete Versus Soft and Continuous

Traditional robot bodies are rigid and discrete, mechanisms consist of assemblies of
gears, pulleys, cables, linkages, etc. As a result, the complexity of mechanical
transmissions increases with required DOFs. This can be detrimental to the
mechanical robustness of a robot as the probabilities of failure increase with
mechanism part count.

In contrast, the natural dynamics of a soft flexible body can be exploited to
reduce mechanism complexity. The modes of vibration of a structure depend on
geometry, material properties, and excitation (i.e., forces being applied). Hence, a
structure can be designed such that the dominant modes of vibration match desired
body motions when a reduced number of actuation inputs is applied. If successful,
such a mechanism is in principle simple and robust as it only consists of a flexible
body and an excitation source. To illustrate this idea, Fig. 1 shows the differences
between the traditional approach of designing a fish robot and the proposed

(a) (b)

Fig. 1 Traditional discrete-stiff mechanism versus underactuated soft body continuous mecha-
nism approach for a robotic fish: a The body undulations needed for locomotion are traditionally
replicated using manipulator-like mechanisms with actuators driving each DOF directly or through
pulleys, linkages, or geared transmissions; b in contrast, a soft body can be manufactured with the
appropriate material heterogeneity such that its dominant modes of vibration match the required
body motions when excited by a reduced number of actuators
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underactuated soft body approach. The body undulations required for fish-like
locomotion are traditionally replicated using manipulator-like mechanisms with
actuators driving each DOF directly or through transmissions involving pulleys,
cables, linkages, and gears. Alternatively, a soft body can be manufactured with a
material heterogeneity such that its natural dynamic response matches desired body
motions. In addition, a continuous soft body provides better protection from the
environment for delicate components as all mechanisms are encapsulated and
protected inside the body.

1.2 Previous Work

The basic principles of the underactuated soft body approach, applied to fish-like
robots, were first proposed by Valdivia y Alvarado and Youcef-Toumi in [28, 29],
and subsequently formalized in [21, 30]. The approach relies on two principles:
using soft bodies instead of traditional stiff mechanisms, and allowing passive
mechanism dynamics achieve target motions. Earlier work in the areas of manu-
facturing, passive robotic mechanisms, and biomimetics enabled crucial tools and
principles for developing the approach.

Fabricating heterogeneous mechanisms traditionally involves assembling differ-
ent discrete components and addressing issues related to fastening, sealing, and wear
due to friction. Additive prototyping ideas such as shape deposition manufacturing
[18] enabled simultaneous fabrication and assembly of components and mechanisms
with complex geometries and heterogeneous materials. The tools and techniques
developed allowed the manufacture of complex continuum structures and marked a
shift away from the lumped-parameter type mechanisms prevalent in automation.

The control of dynamic systems benefits from the knowledge of the physics
governing the problem. The idea of exploiting mechanism and environment
dynamics to achieve control goals was famously explored by Mcgeer on passive
dynamic walkers [17]. Kubow and Full [14] studied similar concepts on cockroach
legs. Having the dynamic system play a role in control is a very powerful tool that
enables simplification of both mechanism and overall control requirements.

Finally, animal locomotion has provided inspiration for mobile robot design and
control in many different areas. Applications in liquid environments sparked interest
on fish-like locomotion given its perceived high efficiency. The work by Barrett
et al. [4] inspired the development of fish-like robots to understand the hydrody-
namics involved in fish locomotion and to develop new mobile robot platforms.
Work on fish-like robots has benefited from many different approaches, and as a
result they represent an ideal platform to test underactuated soft robot ideas.

Herein, the main points of the underactuated soft body approach are presented
along with representative performance measurements. Several practical consider-
ations are discussed and suggestions for further work are presented. With advances
in the fields of material synthesis and actuation new and exciting applications of
these ideas are emerging.

Soft-Body Robot Fish 163



2 Design Methodology

The main goal of the design methodology is to identify the proper material het-
erogeneity needed in a soft body to achieve modes of vibration that match desired
body motions. The methodology consists of five steps:

(i) Model desired body or appendage kinematics. Derive models of the motions
required to achieve the desired locomotion performance. As seen in Fig. 2,
these motions can involve only a section of the body, in the case of an
appendage, or the entire body.

(ii) Model soft body dynamics. Derive continuum mechanics models of the
dynamics (vibrations) in a flexible viscoelastic body. The models usually
involve a system of partial differential equations and their complexity is
determined by the assumptions regarding geometry and deformation.

(iii) Plug in desired kinematics into dynamic models. The approach does not
attempt to find the system response by solving the dynamic equations. The
desired solutions, the motions of interest, are the kinematic equations found in
(i). Kinematic models can be plugged into the dynamic equations and
boundary conditions transforming a set of partial differential equations into a
set of algebraic and trigonometric equations.

(iv) Use appropriate constraints to solve the system of equations. For locomotion
in fluid environments maintaining neutral buoyancy is important and char-
acteristic geometrical features must also be conserved to achieve the hydro-
dynamics of interest. These constraints narrow the choices on the density of
the materials used and body geometry.

Fig. 2 Design methodology:
the body or appendage
dynamics of a biological
creature is of interest to
improve the locomotion
performance of man-made
vehicles, the kinematics of
interest and the dynamics of a
flexible body are modeled, the
desired motions (e.g., h1ðxÞ,
h2ðyÞ) are inserted into a
dynamic model to solve for
the required material
distributions
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(v) Solve for model parameters. Finally, an actuation distribution (number,
location, magnitude, and frequency) is prescribed and the system of equations
is solved using the desired constraints. The model parameters solved for are
the material properties of the continuum: modulus and viscosity distributions.

The design methodology is set up as an inverse problem. Rather than solving for
the response of a dynamic system (e.g., soft flexible body), model parameters that
can enable desired system responses are identified.

To illustrate the approach, in the remainder of this section the design method-
ology is applied to the design of carangiform (e.g., bass) and thunniform (e.g.,
tunas) robotic fish. According to the classification of fish swimming modes by
Breder [5], carangiform and thunniform fish use mostly tail and caudal fin motions
for propulsion. Earlier studies focused on these swimming modes due to their
presumed high hydrodynamic efficiencies [4].

2.1 Modeling Body Kinematics

Figure 3 shows the outline of a fish-like viscoelastic body of length l moving at an
average speed U. Body motions are described with respect to a Cartesian ðx; y; zÞ
reference frame attached to the body frontal end. Carangiform and thunniform fish
swim by propagating traveling waves along the length of their bodies. The body
traveling wave moves down the body at a speed V and has a wavelength k. Barrett

E,µ,

dx

Fig. 3 Fish model: Top and side views of a fish-like body of length l moving forward at an
average speed U. Lateral body motions hðx; tÞ in the body frame of reference take the form of
traveling waves with a constant wavelength k. A concentrated moment of magnitude M and
actuation frequency X located at a distance x ¼ a excites body motions. The free body diagram of
a section of the body shows relevant forces
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et al. [4] proposed a simple model for the body center line lateral deflections h of
the form: hðx; tÞ ¼ HðxÞ sinðxt � jxÞ, where HðxÞ ¼ c1xþ c2x2 is an amplitude
envelope, x is the caudal fin flapping frequency, and j ¼ 2p=k is the wave number.
Valdivia y Alvarado [21] proposed a slightly different model using HðxÞ ¼
a1 þ a2xþ a3x2 instead, which could be used to describe both carangiform and
thunnifrom swimming modes (values for a1, a2, and a3 depend on fish swimming
mode). These models are reasonable approximations of fish kinematics in the body
frame of reference. For analysis in an inertial reference frame rigid body motions
(rotations hrðtÞx and translations htðtÞ) must be added [15]. The kinematics can then
be modeled as,

hðx; tÞ ¼ HðxÞ sinðxt � jxÞ þ htðtÞ þ hrðtÞx; ð1Þ

ht and hr can be found using the problem boundary conditions. To facilitate cal-
culations, in this study the definition of the amplitude envelope used is modified to
HðxÞ ¼ c1 cosðc2xÞ þ c3 (values for c1, c2, and c3 also depend on fish swimming
mode). All relevant model parameters are listed in Table 1 along with their defi-
nitions. Values for the parameters in Eq. (1) for both fish swimming modes are
listed in Table 2 (ci values are given only for carangiform swimming mode).
Figure 4 shows the center line body planar kinematics described by Eq. (1) at four
different times, t ¼ fs=4; s=2; 3s=4; sg, during the tail flapping period s. The
amplitude envelope HðxÞ is shown as dashed black lines. Outlines of the body
during the same times are shown in the upper portion of the figure.

2.2 Modeling Body Dynamics

Figure 3 also shows the forces acting on a section of the fish-like viscoelastic body
as it is actuated to move by a concentrated moment Ma. The body is assumed to
have an elliptical cross section with major and minor radii RðxÞ and rðxÞ, respec-
tively. For simplicity, bending is assumed to be the dominant deformation mode.
Hence, when the concentrated moment is located at a distance x ¼ a from the body
front end, Ma ¼ d

0 ðx� aÞM sinðXtÞ, the dynamics governing body lateral vibra-
tions, hðx; tÞ, are given by [21],

@2

@x2
EI

@2h
@x2

þ lI
@2h
@t@x2

� �
¼ �L� qA

@2h
@t2

þ d
0 ðx� aÞM sinðXtÞ ; ð2Þ

where E, l, and q are the modulus of elasticity, the viscosity, and the density of the
materials along the flexible body. A ¼ pRðxÞrðxÞ and I ¼ p

4 RðxÞrðxÞ3 are the local
cross-sectional area and the second moment of area of the fish-like body. In this
analysis, E and l are assumed to be functions of x only, and q is assumed to be
constant throughout the body length. The hydrodynamic force L acting on the body
surface is approximated by the added mass effects [21],
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Table 1 Model parameters

Parameter Definition Units

A Cross-sectional area at x m2ð Þ
a Location of concentrated actuation moment mð Þ
a1; a2; a3 Variables defining the amplitude envelope mð Þ; �ð Þ; m�1ð Þ
b Body depth at x mð Þ
b Added mass coefficient �ð Þ
Cd Body drag coefficient �ð Þ
c1; c2; c3 Alternative variables to define amplitude envelope mð Þ; rad/mð Þ; mð Þ
E Body modulus of elasticity (a function of x only) N/m2

� �
e Body strain �ð Þ
g Forward propulsive efficiency �ð Þ
H Amplitude enveloped mð Þ
Hl Caudal fin peak-to-peak flapping amplitude mð Þ
h Body lateral deflections (a function of x and t) mð Þ
I Second moment of area at x m4ð Þ
i Current consumed by all actuators Að Þ
j Wave number, j ¼ 2p=k rad/mð Þ
L Hydrodynamic force normal to the body surface Nð Þ
l Body length mð Þ
k Wavelength of body traveling wave mð Þ
Ma Concentrated actuation moment Nmð Þ
M Magnitude of concentrated actuation moment Nmð Þ
m Added mass (a function of x only) kgð Þ
l Body viscosity (a function of x only) Pa sð Þ
X Frequency of actuation moment rad/sð Þ
x Caudal fin flapping frequency rad/sð Þ
R Body cross section major radius (a function of x only) mð Þ
r Body cross section minor radius (a function of x only) mð Þ
q Body density (assumed to be constant) kg/m3

� �
qf Density of liquid medium kg/m3

� �
T Forward propulsive force (thrust) Nð Þ
t Time sð Þ
s Caudal fin flapping period sð Þ
U Average forward swimming speed m/sð Þ
V Backward propagating speed of traveling wave m/sð Þ
v Voltage input to all actuators Vð Þ

Table 2 Parameters for the two proposed kinematic models

Swimming
mode

j a1 a2 a3 c1 c2 c3

Carangiform 7
l

0:004xl
2p � 0:02x

2p
0:04x
2pl

cos�1ð0:13l�1Þ�p
7l=10

p� c10:3l 1þ 0:2l

Thunniform 9
l

0:02l �0:12 0:2
l
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L � m
@2h
@t2

ð3Þ

where m ¼ 1
4 bpb

2qf is the added mass of a cross section at x, b is a geometry
dependent constant, b ¼ 2RðxÞ is the body depth at x, and qf is the density of the
fluid medium. Equation (2) assumes that the constitutive relations for the visco-
elastic body materials are of the form,

r ¼ Eeþ l
@e
@t

: ð4Þ

where r and e are stress and corresponding strain of the materials. Since the fish-
like body is moving freely in a liquid medium both shear and moments at the body
ends (x ¼ 0 and x ¼ l) must be zero. The corresponding boundary conditions can
be defined as [21],

EI @
2h

@x2 þ lI @2h
@t@x2 �Ma

h i
x¼0

¼ 0

EI @
2h

@x2 þ lI @2h
@t@x2 �Ma

h i
x¼l

¼ 0

@
@x EI @

2h
@x2 þ lI @2h

@t@x2 �Ma

� �h i
x¼0

¼ 0

@
@x EI @

2h
@x2 þ lI @2h

@t@x2 �Ma

� �h i
x¼l

¼ 0

ð5Þ

Internal components (batteries, actuators, sensors, etc.) have different densities.
To account for the effects of embedded hardware a simple modification in the main
dynamic equations is needed. In the case of a fish-like body, Eq. (2) can be
modified to,

t
4

t
2

t
3

4
t
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0.4

0.0
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0.4

x l

h
l

0.2

Fig. 4 Fish-like body kinematics as described in Eq. (1). Body center line is shown at four
different times during the swimming cycle. Dashed black lines show the amplitude envelope HðxÞ.
Outlines of a fish-like body during the same cycle times are also shown
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@2

@x2
EI

@2h
@x2

þ lI
@2h
@t@x2

� �
¼ �L� qAþ

Xn
i¼0

dðx� xmiÞmi

 !
@2h
@t2

þ d0ðx� aÞM sinðXtÞ ð6Þ

where the summation term accounts for the lumped masses, mi, of n embedded
component, located at distances xmi along the body. Figure 5 shows a modified
body model example with two concentrated masses; m1 and m2.

The dynamic models in Eqs. (2) and (6) account for bending deformations only.
However, shear and inertia terms can have large contributions and should be
included when implementing body motions involving large curvature variations.
Timoshenko and Cosserat beam models are examples of more detailed dynamic
descriptions that account for these terms and can enhance the analysis accuracy [2,
20]. Cosserat theory can also be used for more complex three-dimensional
kinematics.

2.3 Problem Constraints

Material and geometrical constraints must also be imposed. To facilitate depth
control, the body should have a constant density q close to the density of the liquid
medium qf ,

q � qf : ð7Þ

It is also important for the body geometry to maintain particular features that
enable characteristic fish hydrodynamics. In particular, carangiform body features
include a streamlined front end, a large concentration of volume and mass toward
the front of the body immediately behind the nose, a tapering peduncle region, and
a high aspect ratio caudal fin. Thunniform bodies present a more streamlined body

xm1

xm2

l

Fig. 5 Batteries and other components can be modeled as lumped masses inside a flexible body.
The example in the figure shows two regions of concentrated mass as two gray circles. Their
contributions to the dynamic behavior is described by Eq. (6)
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with a thinner peduncle and a higher aspect ratio caudal fin with a lunate shape. For
carangiform and thunniform swimmers, geometrical features can be modeled using
the following expressions for the major and minor body cross-sectional radii [21],

RðxÞ ¼ R1 sinðR2xÞ þ R3ðeR4x � 1Þ
rðxÞ ¼ r1 sinðr2xÞ þ r3 sinðr4xÞ

ð8Þ

Values for the parameters Ri and ri, for both carangiform and tunniform bodies,
are listed in Table 3. Example geometries for both body types, as defined by Eq. (8),
are shown in Fig. 6. Pectoral, dorsal, and anal fins are omitted for now as the
analysis concerns forward motion which is achieved primarily through body and
caudal fin motions.

2.4 Solving the Inverse Problem

The design objective is to find the material distributions along a viscoelastic body
such that its forced vibrations match required body motions. In the case presented
here, the desired forward swimming fish kinematics, described in Eq. (1), are

Table 3 Body geometry parameters

Swimming mode R1 R2 R3 R4 r1 r2 r3 r4
Carangiform 0:14l 2p

1:6l
0:00008l 2p

1:1l
0:045l 2p

1:25l
0:06l 2

l

Thunniform 0:1l 2p
1:57l

0:00008l 2p
0:81l

0:055l 2p
1:25l

0:08l 2
l

Fig. 6 a Fish body geometry for a carangiform model based on Eq. (8). b Fish body geometry for
a thunniform model based on Eq. (8). Thunniform geometry has a more streamlined profile with a
thinner peduncle and a higher aspect ratio caudal fin
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plugged in Eqs. (2), (3), and (5), which describe the dynamics governing the
motions of the body. Equation (2) is used rather than Eq. (6) for simplicity but the
approach to solving the problem is the same.

Assuming the system is linear, the frequency of body oscillations should match
the actuation frequency, thus X ¼ x. After integrating Eq. (2) twice, it can be
rewritten as,

cosðxtÞ½EIc3 þ lIxc4� þ sinðxtÞ½EIc4 � lIxc3 � uðx� aÞM�
¼ cosðxtÞS1 þ sinðxtÞS2

ð9Þ

where uðx� aÞ is a unit step function and c3, c4, S1, and S2 are given by,

c3 ¼
@2H
@x2

� Hj2
� �

cosðjxÞ � 2
@H
@x

j sinðjxÞ

c4 ¼
@2H
@x2

� Hj2
� �

sinðjxÞ � 2
@H
@x

j cosðjxÞ

S1 ¼
Z l

0

Z l

0
½ðqAþ mÞHx2 cosðjxÞ�dxdx

S2 ¼
Z l

0

Z l

0
½ðqAþ mÞHx2 sinðjxÞ�dxdx

ð10Þ

Expressions for EðxÞ and lðxÞ are found for a particular design frequency, xd ,
by solving the trigonometric relation in Eq. (9),

EðxÞ ¼ S1c3 þ S2c4 þ uðx� aÞMc4
Iðc23 þ c24Þ

lðxÞ ¼ S1c4 � S2c3 � uðx� aÞMc3
Ixðc23 þ c24Þ

ð11Þ

Solution examples for a carangiform body shape of length l ¼ 1m and forward
swimming kinematics as defined in Table 3 (with x ¼ xd ¼ 17 rad s�1) are shown
in Fig. 7. Both EðxÞ and lðxÞ are affected by changes in the amplitude M and
location a of the actuation and need not always have positive values. When the
actuation is a single concentrated moment, the required modulus of elasticity
reaches a maximum close to the caudal peduncle region (x� 0:75l). For a given
magnitude M, moving the actuation location a toward the front of the body ensures
that EðxÞ remains positive until x� 0:8l. Increasing a creates a negative-valued
region around x� 0:35l (see Fig. 7a). For a given actuation location, increasing the
moment amplitude increases peak values (see Fig. 7b). In all scenarios, EðxÞ dis-
plays a negative region at the caudal end, x[ 0:85l.

With the same actuation, the required viscosity is negative for most of the frontal
part of the body and reaches a positive maximum in the caudal fin region at
x� 0:9l. Moving the actuation location toward the front of the body increases the
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negative region (see Fig. 7c). Increasing actuation amplitude increases the values of
positive (x� 0:9l) and negative (x� 0:3l) peaks (see Fig. 7d).

Materials displaying negative modulus of elasticity and negative viscosity are
physically realizable, but are more challenging to manufacture. Instead, the analysis
of Eq. (11) can provide guidelines for the actuation distributions that would yield
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Fig. 7 Required modulus E and viscosity l distributions along the length of a carangiform body
of length l ¼ 1m undergoing forward swimming motions as defined by Eq. (1) and the parameters
in Table 3 (x ¼ xd ¼ 17 rad s�1). Distributions are continuous and differentiable. a Effects of
actuator location a½m� on EðxÞ. b Effects of actuation magnitude M½N� on EðxÞ. c Effects of
actuator location a½m� on lðxÞ. d Effects of actuation magnitude M½N� on lðxÞ

Fig. 8 Bounds for actuation distribution to achieve positive material distributions. Blue region
satisfies the condition E� 0, and red region satisfies the condition l� 0. Overlapping regions
satisfy both conditions and can be used to guide the selection of an actuation distribution MaðxÞ
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positive values for both EðxÞ and lðxÞ. Figure 8 shows actuation bounds that would
guarantee both EðxÞ and lðxÞ are positive. The bounds are found by solving the
system of inequalities E� 0, l� 0. The region in blue represents the actuation
distribution that would ensure E� 0 for x 2 ½0; l� and the region in red represents the
actuation distribution that would ensure l� 0 for x 2 ½0; l�. The overlapping regions
satisfy both conditions and can guide the construction of an actuation distribution.

This example shows a simple implementation of the soft underactuated robot design
methodology. Practical issues regarding proper manufacturing are addressed in Sect. 4.

2.5 Optimization

The problem of solving for material and actuation properties can also be set as a
constrained optimization. Minimizing the number of actuators, actuation amplitude,
or energy consumption, and maximizing efficiency, swimming speed, or thrust are
all feasible. Initial work in this area of optimization can be found in [21]. In this
study details of this approach are omitted, but the performance models presented in
Sect. 5 are linked to body kinematics and can hence be used to solve for material
and actuation properties. This particular approach will be presented in more detail
in future studies.

3 Soft Body Fish Designs

Prototyping and actuating a soft viscoelastic fish-like body with the required material
property distributions EðxÞ and lðxÞ described by Eq. (11) present several challenges.
A mechanical implementation of concentrated moments and forces can be achieved
with standard actuation. While the mechanisms used at this stage are not entirely soft,
they allow the feasibility of the proposed approach to be tested. Fabrication of the
required continuous material distributions is more challenging and a simple casting
approach that can approximate the required distributions is discussed.

Figure 9 shows two examples of mechanisms used to approximate a concen-
trated moment inside flexible viscoelastic bodies. The torque of a servomotor is
transferred to a plate through a four-bar-linkage type flexure (see Fig. 9a) or a cable
connection (see Fig. 9b). The servo mounting base and the plate are embedded at
different locations inside the flexible body and are made of materials at least one
order of magnitude stiffer than the flexible body continuum. As a result the actu-
ation creates bending in the viscoelastic body about an axis located in between the
servo and the plate. In both cases, the flexure and cable regions need to move
independently of the surrounding body which requires a low shear modulus
material layer (lubrication) surrounding the moving components.

Figures 10 through 13 show designs of soft robot fish inspired by carangiform
and thunniform swimmers. Internal components are fabricated using fusion
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D D

SECTION D-D

C C

SECTION C-C

(a) (b)

Fig. 9 Concentrated moment actuation. A servomotor is mounted to a stiff base embedded within
a viscoelastic body (body not shown in drawings). The motor shaft is connected to a stiff plate,
also embedded inside the flexible body at a distance away from the stiff base. Two designs allow
force transmission from the servomotor to the stiff plate: a Cable/tendon drive. b Four-bar linkage
flexure

Fig. 10 Design for a soft robot fish inspired by a bass. Carangiform-like body with a caudal fin,
two dorsal fins, and one anal fin. Body is powered by a single servo. The design consists of eight
individual components including the viscoelastic body
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deposition manufacturing with ABS and polycarbonate plastics. Designs are sim-
ple, robust, and involve small part numbers compared to traditional bio-inspired
robots. One actuator is sufficient to excite modes of vibration required for forward
locomotion. Figure 10 shows the design of a carangiform type swimmer inspired by
a bass. The design uses a cable-driven actuation unit and only 8 components are
needed including the flexible body. Figure 11 shows the design of a thunniform
type swimmer inspired by a mackerel. The design uses a cable-driven actuation unit
and has two independently driven pectoral fins. The design consists of 16 com-
ponents including the flexible body. Figure 12 shows the design of a thunniform
type swimmer inspired by a shark. The design uses a flexure-driven actuation unit
and has two independently driven pectoral fins. The prototype is fully autonomous
and has power (lithium-ion cells) and a control unit (single board computer)
embedded within the body. The design consists of 16 components including the
flexible body. Figure 13 shows the design of a thunniform type swimmer inspired
by a tuna. The design uses a cable-driven actuation unit and has two independently

Fig. 11 Design for a soft robot fish inspired by a mackerel. Thunniform-like body with two
individually controlled lateral fins, one dorsal fin, one ventral fin, and a high aspect ratio caudal fin.
Body motions are powered by a single servo. The design consists of 16 individual components
including the viscoelastic body
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driven pectoral fins. The prototype is fully autonomous and has power (lithium-ion
cells) and a control unit (single board computer) embedded within the body. The
design consists of 21 components including the flexible body. The robotic mack-
erel, shark, and tuna designs have more streamlined peduncles and higher aspect
ratio caudal fins with inserts to increase flexural rigidity. All prototypes are neu-
trally buoyant and do not use buoyancy control units. The mackerel, shark, and tuna
designs control depth by changing lift forces as they swim forward using indi-
vidually controlled pectoral fins. The fins also enable yaw and pitch turns as well as
limited roll motions. Standard servomotors are used for simplicity but the approach
can also be used with more sophisticated actuation such as electroactive polymers
[3]. Wireless communications are used to update and control autonomous units.

Fig. 12 Design for a soft robot fish inspired by a shark. Thunniform-like body with two
individually controlled lateral fins, one dorsal fin, and a high aspect ratio caudal fin. Body is
powered by a single servo. The design consists of 16 individual components including the
viscoelastic body. Batteries and control unit are embedded inside the body
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4 Fabrication

Continuous material distributions as in Eq. (11) are needed to achieve a flexible
body with the proper modes of vibration. At present, these types of distributions
cannot be easily manufactured via standard or rapid prototyping techniques. The
required material distributions are instead discretized and cast sequentially using
silicone polymers. Given the symmetry of carangiform and thunniform geometries,
a two part mold is often sufficient to cast the body. Pectoral fins can be added
through a secondary casting process. The concept and the steps involved in the
casting process are shown in Fig. 14. A two part mold of the fish-like volume is
machined from a wax block. The molds can also be printed using fused deposition
manufacturing (FDM) or other three-dimensional printing technologies. The
advantage of wax and the plastics used in FDM is that they naturally do not form a
chemical bond to silicone polymers and the application of a thin mold release layer
is enough to facilitate demolding.

Fig. 13 Design for a larger scale soft robot fish inspired by a tuna. Thunniform-like body with two
individually controlled lateral fins, one dorsal fin, and a high aspect ratio caudal fin. Body is
powered by a single servo. The design consists of 21 individual components including the
viscoelastic body. Batteries and control unit are embedded inside the body
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Figure 14a shows a mold half with three molding ports. Previously printed
internal mechanisms and housing components are positioned inside the mold half as
shown in Fig. 14b. The opposite mold half is aligned and the mold is closed
(Fig. 14c). The mold is reoriented to allow proper leveling during the casting
process (Fig. 14d). The discretized material distribution is cast by sections starting
from one end of the body. An appropriate number of ports should be added in a
mold accordingly. Section lengths are controlled through the volume of silicone
polymer poured inside the mold and any excess can be removed after demolding.
Figure 14e shows the mold being opened for material excess removal after casting
the tail section. After excess removal the mold is closed and reoriented to enable

(a)

(b)

(d)(c)

M1

M2

(i)

M3

(e)

(f)(g)(h)

Fig. 14 A two part mold is used for fish-like bodies. Mold components are 3D printed or
machined from wax blocks and material distributions are approximated using casting techniques.
The original modulus and viscosity distributions are discretized in n sections and each section is
casted consecutively using different viscoelastic polymers with matching material properties. The
steps shown are for a thunniform prototype where the flexible body is cast with three different
material regions. Manufacturing steps: a A mold half with three molding ports is prepared for
casting; b internal components are positioned inside the mold half; c opposite mold half is aligned
and the mold is closed; d first material (M1) is poured in and mold is oriented to constrain
material location during curing; e after curing mold is opened to remove any material excess;
f mold is closed, a second material (M2) is poured in and the mold is reoriented for curing; g after
curing mold is opened to remove material excess; h mold is closed, third and last material (M3) is
poured in, and the mold is reoriented for curing; i after final curing the mold is opened and the
prototype is ready
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casting of the following section as shown in Fig. 14f. Newly cast silicone sections
form a chemical bond with previously cast sections provided common surfaces are
not contaminated during the process. The casting process continues in the same
manner, section by section until the body is complete (Fig. 14g–i). The example
body shown in Fig. 14 only has three discrete sections.

Platinum cure silicone rubbers are used for casting body sections due to the
compatibility of their material properties with required modulus and viscosity
ranges. Silicone rubbers cure at room temperature but the process can also be
accelerated using an oven. Different silicone compounds were characterized using a
dynamic mechanical analyzer [21]. The viscoelastic behavior of silicone polymers
is highly nonlinear but for moderate strains, the constitutive relations governing
stress–strain relations can be reasonably approximated by Eq. (4).

Figure 15 shows four completed prototypes of the designs in Figs. 10 through
13. Different materials can be distinguished by their color and surface appearance.
The body surface in all prototypes is continuous and discontinuity-free as a result of
the casting process. All delicate components are encapsulated inside the bodies and
protected from external environment conditions.

Unfortunately, discretization of the continuous material distributions can lead to
errors in body motions and a decrease in locomotion performance. In addition,
within a discrete section, a single material often cannot satisfy both required
modulus of elasticity and viscosity values. A simple solution is to attempt to match

Fig. 15 Finished prototypes. Clockwise from top left small carangiform body (bass) resulting
from design in Fig. 10, medium-sized thunniform body (mackerel) resulting from design in
Fig. 11, medium-sized thunniform body (shark) resulting from design in Fig. 12, larger sized
thunniform body (tuna) resulting from design in Fig. 13. Different viscoelastic materials appear
with different colors
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the required viscosity first, and correct modulus discrepancies with purely elastic
embedded structures. Future work on material synthesis is crucial as is the capa-
bility to tailor material constitutive relations.

5 Locomotion Performance

Locomotion performance is characterized using three parameters: average forward
swimming speed U, propulsive thrust T , and locomotion efficiency g. Based on
Lighthill’s elongated body theory [15], simple locomotion performance models can
be derived.

The average forward propulsive thrust, T , can be approximated by,

T �mlH
2
l x2 � U2 j2 þ 1

l2

� �� �
ð12Þ

where Hl and ml are the peak-to-peak oscillation amplitude and the added mass at
the caudal fin tip (x ¼ l), respectively. The average swimming speed, U, can be
approximated by,

U�xHl

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ml

qf Cdl2 þ mlH2
l j2 þ 1

l2
� �s

ð13Þ

where Cd is the estimated body drag coefficient. The total propulsive efficiency g is
given by,

g ¼ UT
vi

ð14Þ

where v and i are the voltage supplied and the current consumed by the prototype’s
actuators. The body kinematics can also be approximated by simplifying Eq. (2)
using an order of magnitude analysis. The caudal fin peak-to-peak oscillation
amplitude Hl can be approximated as,

Hl � M

ðl� aÞ2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

EI
ðl�aÞ4 � ðqAþ mlÞx2
� �

þ lIx
ðl�aÞ4
� �r ð15Þ

and the wave number j is given by,

j ¼ 1
l
tan�1

lIx
ðl�aÞ4

EI
ðl�aÞ4 � ðqAþ mlÞx2

0
@

1
A ð16Þ
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Three different experiments were used to test the models in Eqs. (12) through
(16): propulsive force measurements, free-swimming speed measurements, and
free-swimming kinematic analysis. Details of the experimental setup are shown in
Fig. 16. The main testing apparatus consists of a 2 m long, 0.5 m wide, and 0.5 m
deep water tank. The tank was built using transparent acrylic sheets to provide
visibility of its contents from a wide variety of angles. An aluminum frame sur-
rounds the tank and it is used to mount cameras, lighting, and other testing

DETAIL A 
SCALE 1 : 6

(a)

(b)

Fig. 16 Experiment setup: 2m� 0:5m� 0:5m acrylic tank surrounded by aluminum frame.
a A beam support for an air-bearing carriage is mounted along the length of the tank. The carriage
is fitted with a tension–compression load cell for propulsive force measurements. b An overhead
camera is used for the free swimming and body kinematics experiments
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equipment. An aluminum beam can be mounted on top and along the length of the
tank to support a carriage. Prototypes can be mounted to the carriage bottom which
is outfitted with load cells to enable propulsive force measurements. The carriage
frame is fabricated entirely of low-density plastics to minimize inertia and it is
supported by four vacuum preloaded air bearings to minimize friction. To
accommodate the surface finish required to use air bearings in a long test section
two long float glass strips are glued to the upper beam surfaces. The glass surface
finish satisfies the bearings surface roughness requirements. More details of the
carriage design and bearing arrangement can be found in [21].

Measuring propulsive thrust in free swimming is challenging. Propulsive forces
can be estimated using particle image velocimetry (PIV) as in Epps et al. [11], or by
analyzing the vortex wake geometry and kinematics as proposed by Valdivia y
Alvarado [27]. A simple estimate can be obtained by measuring the static forces
generated as a prototype is actuated to move. Prototypes are mounted to the carriage
and held static inside the water tank. A tension–compression load cell arrangement
in the carriage bottom supports a prototype and enables measurements of the forces
generated during forward propulsion (see Fig. 16a). As the prototypes are actuated
to move, the inline forces generated are recorded by the load cell arrangement. All
experimental results in this section are obtained using the small carangiform pro-
totype design shown in Fig. 10. The prototype used had a length l = 0.15 m and an
average density q ¼ 900 kg/m3.

Figure 17 shows measured static thrusts versus caudal fin flapping frequencies
along with the model prediction based on Eq. (12) for a small bass prototype. Static
thrust measurements are an upper bound estimate of free-swimming thrust values at
a given frequency. As expected, the model underestimates measured static thrust
values but is capable of predicting a peak thrust attained at the design frequency
xd ¼ 17ðrad s�1Þ.

Free-swimming velocities and swimming kinematics are recorded inside the
same tank using an overhead camera (see Fig. 16b). Prototypes have three markers
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Fig. 17 Measured static thrust T versus model prediction on a small carangiform prototype. Static
thrust measurements are expected to be larger than free-swimming values at a given frequency.
The model underestimates, as expected, static thrust values but correctly predicts that a peak thrust
is attained at the design frequency xd ¼ 17ðrad s�1Þ
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attached along their dorsal (top) edge: one marker at the frontal tip, a second marker
close to the center of mass, and a third marker at the tip of the caudal fin.
A MATLAB routine is used to post-process footage of the free-swimming runs and
track marker locations. The largest prototype tested inside the tank had a body
length l = 0.3 m so wall effects were negligible. Figure 18a shows a sample image
of the overhead view of a bass prototype during free swimming, a series of
superimposed processed images showing the trajectories of the three markers are
shown in Fig. 18b, and the corresponding marker trajectories versus time are shown
in Fig. 18c. Figure 19a shows measured caudal fin peak-to-peak flapping amplitude
Hl for the same bass prototype, obtained from the trajectory of the marker placed at
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Fig. 18 a Top view of a small carangiform prototype during free swimming. b Superimposed
contours of the prototype body during free swimming. Markers are located at the front tip (blue),
center of mass (green), and caudal fin tip (red). c Trajectories of body markers, with respect to
body average trajectory, plotted versus time. Both wavelength k and wave number j can be
calculated from the phase differential between font tip and caudal fin marker trajectories. Hl is
obtained from the amplitude of the caudal fin marker trajectory
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Fig. 19 a Caudal fin peak-to-peak flapping amplitude Hl measurements and model prediction
versus fin flapping frequency. b Measured wave number j and model prediction versus flapping
frequency
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the caudal fin tip, versus the prediction from Eq. (15). The measured wave number
j, based on the phase between the trajectories of the front and caudal fin markers,
and the prediction from Eq. (16) is shown in Fig. 19b. Average swimming speed U
versus caudal fin flapping frequencies is shown in Fig. 20 along with model pre-
dictions based on Eq. (13).

To measure propulsive efficiency, the voltage v supplied and the current i
consumed by all actuators were recorded. The prototypes used in the experiments
are connected to an external power source. The connection cables are flexible and
thin so as to minimize any interference with the prototype’s natural swimming
motions. The total propulsive efficiency g can be decomposed as,

g ¼ ga � gb � gh ð17Þ

where ga is the actuation efficiency, gb is the body transmission efficiency, and gh is
the hydrodynamic efficiency of swimming motions. ga depends on the actuation
technology and control approach used. gh depends on body motions. gb is the
efficiency at which an underactuated soft body transfers actuation power to the
body–liquid medium interface and it is a key performance parameter to evaluate the
approach. The individual efficiencies are given by [21],

ga ¼
M @h

@x@t ja
vi

ð18Þ

gb ¼
Umx2H2

l 1� U
V

� �
M sinðjaÞ @h@x ja

ð19Þ

gh ¼
1
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Fig. 20 Measured average swimming velocity U versus model prediction on a small carangiform
prototype. The model uses a drag coefficient Cd estimated by towing the unactuated body at
different speeds. The model correctly predicts a peak velocity occurs at the design frequency
xd ¼ 17ðrad s�1Þ
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Figure 21 shows measured and estimated system efficiencies. Predicted values
for gb and gh, and measured values ga versus fin flapping frequency are shown in
Fig. 21a. The body and hydrodynamic efficiencies cannot be easily measured but
model predictions, using measured values for Hl, U, V , and j, provide some
intuition on the mechanism performance. Both predicted body and hydrodynamic
efficiencies display a maximum value at the design frequency xd ¼ 17 rad s�1.
Hydrodynamic efficiencies agree with values estimated by earlier studies. Predicted
body efficiencies are encouraging, at the design frequency the soft body trans-
mission has an efficiency in the order of 50 %. A traditional discrete-stiff mecha-
nism would require a complex transmission and likely result in a much lower body
efficiency. Actuation efficiency is low, as servos are driven to oscillate the constant
change in acceleration draws current whose corresponding power is lost as heat in
the actuator coils. Figure 21b shows model predictions and measurements for the
total system efficiency g. Measured total efficiency agrees with model predictions
and its low values are explained by the low actuation efficiency.

Figure 22 shows snapshots of the wake generated by the prototype captured
using fluorescent dye flow visualizations. Details of the setup and image processing
can be found in [11]. Flow visualization and PIV studies confirmed the existence of
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Fig. 21 a Predicted body efficiency gb, predicted hydrodynamic efficiency gh, and measured
actuator efficiency ga. b Measured total efficiency g against model prediction

Fig. 22 Dye flow visualization of carangiform prototype: a Top view, a single vortex is just shed
into the wake. b Side view, a chain of vortices akin to an inverted von karman street can be seen
streaming from the caudal fin
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a thrust generating wake streaming from the prototype’s caudal fin [11]. Figure 22a
shows a top view of the prototype swimming and a vortex just being released from
the edge of the caudal fin. Figure 22b shows a side view of the prototype swim-
ming. Two vortices can be seen forming a chain emanating from the caudal fin
edge. Due to errors in body kinematics, the wake generated was not exactly an
inverted von karman wake or 2S wake, but rather a series of vortex pairs forming a
wide wake similar to a 2P wake.

Many more prototypes, both carangiform and thunniform, were tested to validate
the design methodology. The results, regardless of scale, confirmed a peak in
performance at the design frequencies. Figure 23 shows average swimming speeds
and static thrusts for several other prototypes. The maximum swimming speed
achieved at a design frequency is Umax � 1BL s�1. Among the prototypes built for
the original study on underactuated soft robot fish, the first failure due to opera-
tional wear occurred after 3 years of regular monthly testing. The failure mode thus
far has only been related to the servomotors used for actuation.

6 Discussion

The design methodology introduced in Sect. 2 was tested using several carangiform
and thunniform prototypes. Sect. 3 presented examples of robots and actuation unit
designs and Sect. 4 described the manufacturing techniques used to fabricate un-
deractuated soft robots. The performance results for a small carangiform design
summarized in Sect. 5 confirm the approach basic claim: the natural dynamics of a
flexible viscoelastic body can be excited by a simple mechanism to replicate
complex bio-inspired locomotion kinematics and performance. In addition, the
efficiencies displayed by the soft body transmissions are high and failure modes are
related to actuation. Body transmissions maintain their mechanical robustness for
extended time periods.

The implementation of the proposed approach on fish-like forward locomotion
kinematics (Eq. 1) highlights several advantages. A continuous flexible body with a
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Fig. 23 a Measured average swimming velocities U for different prototypes. b Measured static
thrusts T for different prototypes
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characteristic heterogeneous material distribution is simple, robust, and protects all
encapsulated delicate components. Mechanism robustness is tied to material
properties and polymer materials present several desirable attributes for operation
within liquid environments. The platinum cure silicones used in this study display
low permeability, ultraviolet and high temperature resistance, as well as corrosion
and biofouling resistance. Furthermore, a continuous body has by definition an
infinite number of DOFs which enable more natural motions.

The experiment results in Sect. 5 confirm that a flexible body can be manu-
factured to display natural dynamics that mimic body motions during fish loco-
motion. The caudal fin oscillation amplitude Hl, wave number j, average
swimming speed U, and propulsive forces T agree qualitatively with model pre-
dictions. A coarse discretization of the required material distributions leads to errors
in body motions which in turn diminish the prototype performance with respect to
real fish.

While these results are encouraging, a soft continuous structure is inherently
more challenging to control because of the large number of DOFs involved.
Furthermore, the choice of underactuation as a means to simplify the mechanism
limits the controllable state space. The proposed approach exploits the natural body
dynamics to achieve low-level control tasks. Actuation does not force the mecha-
nism to track a particular trajectory, the natural dynamics of the mechanism should
match the desired trajectories. As a result, if different behaviors are needed then
new structural dynamics are also required. A solution requires dynamic control of
local material properties. Different approaches can be taken toward achieving
material property control (e.g., using temperature phase changes, granular packing,
etc.) but low power [23] or passive approaches should be favored for mobile robot
applications.

Power sources and actuation still require stiff and rigid components. At present
rechargeable batteries are still the most practical option to power robots. However,
standard battery energy densities are not sufficient to satisfy the requirements for
long range and long-term deployments. Work on different forms of energy trans-
duction and opportunistic use of environmental resources is essential to advance
this area.

Actuation is an area that is closer to having full or partial soft solutions. Work on
various artificial muscle actuators, a term broadly used for actuation mechanisms
that are similar in function to animal muscle, has matured and practical imple-
mentations are closer to being a reality [3].

7 Conclusions

The methodology presented in Sect. 2 was first applied to mobile robots mimicking
carangiform and thunniform fish where target body kinematics (traveling waves)
are restricted to a single plane [21, 28–30]. However, the concept can easily be
applied to more complex kinematics. Valdivia y Alvarado et al., applied the
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methodology to design batoid-like robots (see Fig. 24a) [8, 9, 22, 24, 26] and
salamander-like robots (see Fig. 24b) [25] where required body motions involve
vibrations with components along different planes. In the case of batoids, loco-
motion requires three-dimensional traveling waves along large pectoral fins. In the
case of salamanders, locomotion involves a combination of traveling waves
(swimming) and standing waves coupled with body torsion (walking). The mech-
anisms required to excite body modes are as simple as the resulting robots.

Several groups have also adopted similar approaches to improve mechanical
robustness and test locomotion performance and control ideas. Kruusmaa et al.
(FILOSE project) designed and built robotic fish inspired by the present approach
[1, 10]; Strefling et al. [19] developed a jet-driven fluttering fluid-conveying flexible
tail propulsion mechanism which exploited tail flexibility; Marchese et al. [16]
developed soft fish-like robots to test pneumatic and hydraulic actuation and control
three-dimensional motion; Kopman et al. [13] designed a robotic fish propelled by a
compliant tail. These works along with many others collectively demonstrate the
advantages found by exploiting body flexibility.

(a)

(b)

Fig. 24 a Batoid design: traveling waves with azimuthal and radial components for thrust
vectoring. b Salamander design: torsional mode coupled with body mode to achieve walking and
swimming
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Due to the nature of the approach its application is better suited for periodic
motions where the environment favors inertia forces. Bio-inspired locomotion in
fluids when high Reynolds numbers define the dynamics is an ideal example, but
several applications in manipulation and grasping fit those requirements just as well.

Modeling plays a key role in finding proper material distributions to accomplish
desired body motions. However, a balance must be struck between the model
complexity and practical manufacturing limitations. At present, continuous material
distributions cannot be easily manufactured. A discrete approximation is needed so
that casting or other deposition-based manufacture can be used. Complex models
provide more accurate distributions but simpler models can often be solved ana-
lytically and provide more physical intuition.

The required material distributions are unique to a particular target motion and
actuation setup. Different motions are still possible with a given material distri-
bution but only the original target kinematics are matched accurately. In order to
better adapt to different or changing motion requirements a dynamic control of
material properties at the local level is needed. Using controlled temperature phase
changes as in Cheng et al. [6, 7], jamming as in Kime et al. [12], or small pre-strain
changes with embedded mechanisms as in Valdivia y Alvarado and Bhat [23] can
enable such changes and should be further explored.

The simplicity and robustness of underactuated soft robots is an ideal attribute
and enabling feature for mobile robots targeting long-term deployments in harsh
environments. The examples presented herein use inorganic silicone polymers but
organic and biodegradable compounds can also be used to diminish environmental
concerns when a fleet of soft robots explores an ecosystem. Challenges remaining
include power, actuation, and electronics which still use standard hardware
components.
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iSplash: Realizing Fast Carangiform
Swimming to Outperform a Real Fish

Richard James Clapham and Huosheng Hu

Abstract This paper focuses on the linear swimming motion of Carangiform fish
and presents two novel prototypes: iSplash-I and iSplash-II, which have overcome
some of the previously known challenges, in particular the straight line swimming
speed of robotic fish. The first generation iSplash-I improved the kinematic pattern
by deploying a full-body length swimming motion to coordinate anterior,
mid-body, and posterior displacements. The second generation iSplash-II achieved
consistent untethered stabilized swimming speeds of 11.6 BL/s (i.e., 3.7 m/s), with
a frequency of 20 Hz during the field trials, outperforming real carangiform fish in
terms of average maximum velocity (measured in body lengths/second) and
endurance, the duration that top speed is maintained.

Keywords Robotic fish � Carangiform swimming � Full-Body length � Swimming
speed � Maximum velocity

1 Introduction

To navigate through a marine environment, a robotic vehicle requires mobility to
effectively contend with the physical forces exerted by the surrounding fluid. Live
fish can coordinate their body motions in harmony with the surrounding fluid
generating large transient forces efficiently, as opposed to rigid hull underwater
vehicles (UV) powered by rotary propellers [1–2]. For a man-made vehicle
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to achieve greater locomotive capability there is potential to engineer a structure
that can accurately replicate the wave form of swimming fish.

Bainbridge’s intensive observational studies measured live fish to attain an
average maximum velocity of 10 body lengths/second (BL/s) [3]. A single high
performance of a Cyprinus carpio was noted, achieving the swimming speed of
12.6 BL/s (1.7 m/s) with a distance traveled per tail beat or Swimming number (Sw)
of 0.7. Endurance at the highest velocities is limited, burst speeds can only be
maintained for short durations of approximately one second. Velocities were
measured to decrease to 7 BL/s in 2.5 s of swimming, to 5 BL/s in 10 s, and to
4 BL/s in 20 s.

Although engineers have focused on hydrodynamic mechanisms, currently
published robotic fish are unable to gain the locomotive efficiencies of live fish,
proving a complex challenge. There are two limitations in particular: (i) They
cannot achieve accurate replication of the linear swimming motion as free
swimming robotic fish generate kinematic parameter errors and therefore reduced
propulsion; (ii) They have low force transfer due to the complexity of developing
the power train, limited by mass, volume, force, frequencies, and internal
mechanical losses. Some examples of novel design approaches and their maximum
velocities are Barrett’s hyper-redundant Robotuna, achieving a maximum velocity
of 0.65 body lengths/second (BL/s) (0.7 m/s) [4], Anderson’s VCUUV with
0.5 BL/s (1.2 m/s) [5], Yu’s discrete structure with 0.8 BL/s (0.32 m/s) [6], Essex’s
G9 with 1.02 BL/s (0.5 m/s) [7], Wen’s carangiform with 0.98 BL/s (0.58 m/s) [8],
and Valdivia y Alvarado’s compliant method with 1.1 BL/s (0.32 m/s) [9]. The
straight line speed of current robotic fish, peaking at 1 BL/s, is typically unpractical
for marine-based environments.

In particular the kinematic errors are due to the lateral (FL) and thrust (FT) forces
not being optimized and as a consequence excessive anterior destabilization in the
yaw plane due to the concentration of posterior thrust creates reaction forces around
the center of mass [7, 9]. In turn the anterior creates posterior displacement errors.
As a result the body wave motion along the full length of body has large matching
errors in comparison to the swimming patterns of live fish leading to reduced
performance and high cost of transport.

Research Objectives This research project considered the factors contributing to
the linear swimming speed of current robotic fish and initially proposed four main
objectives: (i) to introduce a new swimming pattern to reduce the kinematic
parameter errors by coordinating transverse displacements along the body length;
(ii) to allow for efficient energy transfer by engineering a mechanism that takes into
account hardware and material constraints so that propulsion is not restricted; (iii) to
develop a prototype to improve stability in the vertical and specifically the
horizontal plane, by optimizing the lateral and thrust forces around the center of
mass; and (iv) to validate the proposed swimming motion by realizing a mechanism
capable of consistent free swimming operation, measuring its achievement in terms
of speed, thrust, and energy consumption over a range of frequencies.

The remainder of the chapter is organized as follows: Sect. 2 presents the design,
construction, and experimental results of the first generation prototype, namely
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iSplash-I, and introduces a new approach to coordinated full-body length
swimming motion. Section 3 describes the new mechanical drive system and
fabrication technique and experimental results of the second generation, iSplash-II.
Finally, a brief conclusion and future work are given in Sect. 4.

2 iSplash-I: A New Robotic Fish with Full-Body
Coordination

2.1 Design Methodology

Traditional Approach Modeling from body and/or caudal fin (BCF) swimmers,
the selected carangiform swimming mode can be identified by the wave length and
amplitude envelope. The Cyprinus carpio (common carp) has been chosen
specifically for its high locomotive performance [3, 10].

We only consider modeling within the confinements of the horizontal plane
where the kinematics of propulsion is commonly reduced to the form of a traveling
wave, concentrated to the posterior, varying in amplitude along the length,
smoothly increasing toward the tail [2]. Present robotic swimmers adopted this
method which limits undulatory motions, typically to <1/2 the body length toward
the posterior and the wave form motion consists of one positive phase and one
negative phase. The commonly adopted model proposed in [4], is in the form of:

ybody x; tð Þ ¼ c1x þ c2x
2

� �
sin kx þ xtð Þ ð1Þ

where ybody is the transverse displacement of the body; x is the displacement along
the main axis starting from the nose of the robotic fish; k = 2π/λ is the wave number;
λ is the body wave length; ω = 2πf is the body wave frequency; c1 is the linear wave
amplitude envelope, and c2 is the quadratic wave. The parameters P = {c1, c2, k, ω}
can be adjusted to achieve the desired posterior swimming pattern.

Proposed Full-Body Swimming Motion Propulsion of carangiform swimming
is associated with the method of added mass [11]. Each propulsive segment of the
traveling wave creates a force against the surrounding water generating momentum.
This causes a reaction force (FR) from water onto the propulsive segment. FR

normal to the propulsive segment is decomposed into the lateral FL component
which can lead to energy loss and anterior destabilization and the thrust FT

component providing propulsion increases in magnitude toward the tail. The overall
magnitude of added mass passing downstream is approximately measured as the
water mass accelerated and its acceleration (Fig. 1).

Therefore, it is proposed that initiating the starting moment of added mass
upstream and optimizing the FL and FT forces around the center of mass would
increase the overall magnitude of thrust contributing to increased forward velocity.
In consideration of this, we designed a novel robotic fish which can operate in two
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swimming patterns: (i) Applying a traditional rigid mid-body and anterior.
Concentrating the undulations and degrees of freedom (DOF) to the posterior end of
the body length which will be described as Mode 1, illustrated in Fig. 2; (ii) Based
on intensive observation and fluid flow assumptions a new full-body carangiform
swimming pattern is introduced. The coordination of anterior, mid-body, and
posterior body motions are proposed in an attempt to reduce kinematic parameter
errors, this will be described as Mode 2, illustrated in Fig. 3.

The models midline and body motion parameters were first established based on
observation and published data from literature providing an initial engineering
reference. The wave form motion first developed for a discrete rigid anterior

Fig. 1 iSplash-I: 1 Anterior joint; 2 Mid-body links; 3 Posterior with thick peduncle;
4 Transmission system; 5 Driven tail plate; 6 Tendons; 7 Compliant fin

Fig. 2 Mode 1: Wave form is confined to the posterior 2/5. Parameters have been determined
from experimental tests. Showing the thrust generation by the method of added mass (Adapted
from Webb [11])
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prototype in [7] can be extended to represent the full-body motions of Mode 2 in
the form:

ybody x; tð Þ ¼ c1xþ c2x
2� �

sin kxþ xtð Þ � c1x sin xtð Þ ð2Þ

The relationships between the defined parameters P = {0.44, 0, 21.6, 8} shown
in Fig. 3 can first be found by evaluating the x location pivot at 0. In the kinematic
pattern of Mode 2, the fraction of body length displaced is equal to the anguilliform
swimming mode but reflects changes in the wave form. The anguilliform swim
pattern is defined by large amplitude undulations propagating from nose to tail. The
newly introduced Mode 2 applies an oscillatory motion to head and mid-body and
pivots the entire body around a single point associated with the carangiform fish
swimming motion [2].

Although this is the first account of applying full-body actuation to a research
prototype fish, mechanisms such as “vortex peg” and “undulating pump” and flow
visualization techniques have been proposed [12, 13] from published biological
studies, indicating a possible fluid body interaction that contributes to propulsive
thrust is generated upstream to the posterior section. The muscle activity in the
anterior has been measured to be low, suggesting that accurate modeling of the
kinematics could be more significant than anterior force in improving energy
transfer.

As previously mentioned, anterior destabilization has been difficult to control
[6, 7, 9], as passive rigid anterior mechanisms recoil around the center of mass. Free
swimming robotic fish have excessive head swing, similar in magnitude to the
posterior which increases drag. The proposed Mode 2 drives the anterior into the
unwanted yaw direction, in an attempt to reduce amplitude errors by optimizing
the FR around the center of mass. It has also been noted in [2], that the morpho-
logical adaptations of reduced depth at the peduncle, increased depth of body
toward the anterior and vertical compression minimize recoil forces.

Fig. 3 Mode 2: Full-body coordination. The kinematic parameters have been determined from
experimental tests
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2.2 Construction Method

Mechanical Design Mechanical structure limitations set a great challenge when
modeling the displacements within the traveling wave. Current methods typically
adopt either a discrete assembly [6, 7] or compliant structure [9] but both are seen to
have limitations. A construction method using structural compliance combined with
a rigid discrete assembly is proposed. The arrangement distributes three actuated
joints and one coupled joint along the axial length shown in Fig. 4.

Mode 1 disregards transverse displacements of links I, II, III whereas Mode 2
actuates all links along the axial length to provide anterior and mid-body transversal
displacements. The development allowed for both Modes of operation to be applied
to the same prototype by adjusting the configuration. Uniform material properties
were chosen for links I–III and stiffness distribution begins at joint 3 and continues
to the tail tip. To provide the undulatory motion a compliant caudal fin is attached to
the link V and is actuated by tendons anchored to the main housing rear bulkhead.
The developed mechanism allows for the expansion of the tendons and material
stiffness of the caudal fin to be adjusted experimentally to provide the targeted
curves during free swimming at various frequencies.

The approximation of a traveling wave using links I–V and turning angles of
joints 1–4 are shown in Fig. 4. Details of the fully discretized body wave fitting
method are given in [6, 7]. The location of joints in the series can be determined by
parameterized fitment to a spatial and time dependent body wave. The discrete

Fig. 4 Link approximation (top); 1 Plan; 2 Profile; 3 Front (bottom)
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construction method can be defined as a series of links or N links. N being the
number of links after joint 1 typically <6 due to structural limitations, more links
reduce curve alignment errors. The aim of the design is to improve complexity of
motion without an increase of structural parts. The link end points are shown in
Fig. 4, it can be seen that the arrangement of links distributed along the length of the
body provides an accurate curve alignment reducing large errors and excrescences
in the outer profile. In addition we have observed that the aerofoil section NACA
(12)520 based on camber, chord, and thickness can be utilized to illustrate the outer
structure profile of Mode 2, which we propose contributes to the fluid flow
interaction.

Power Transmission System The developed transmission system providing
rotary power to linear oscillations is illustrated in Figs. 5 and 6. All actuated links
are directly driven by the five-bearing crankshaft providing an equal power
distribution. The developed mechanical design required high-precision engineering
of the chassis and crankshaft to avoid deadlock and reduce friction. The driven link
amplitudes are determined by the offset cranks, L3 represents one of the discrete
links of the structure. The maximum amplitude of the link length L3 at point P2 is
determined by the predetermined maximum crank offset P1. The coordinates of P1

(P1x, P1y) and P2 (P2x, P2y) can be derived by:

P1x ¼ Aþ B cos h1 þ C cos h2
P1y ¼ B sin h1 þ C sin h2

(
P2x ¼ P1x þ D sin h2
P2y ¼ P1y þ D sin h2

(
ð3Þ

The length of L3 can be derived by L3
2 = P2x

2 + P2y
2 . Assume that ω1 is the angular

velocity of the link L3, and the velocity vector VP2 is perpendicular to L3. We have:

Fig. 5 Power transmission system: 1 Transision plate; 2 Crankshaft; 3 Free end of link and
connecting pivot
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Vp2x ¼ �x1L3 sin h3
Vp2y ¼ x1L3 cos h3

�
ð4Þ

where Vp2x and Vp2y are the decomposed vectors of the velocity vector VP2 = ω1 L1.
Fabrication iSplash-I shown in Fig. 7 was engineered as a morphological

approximation of the common carp. The physical specifications are given in
Table 1. We devised a structurally robust prototype allowing for consistency of
operation at high frequencies, as force has to be applied to the water and reactively,
the opposing force is applied to the vehicle. All structural parts were precision
engineered, hand fitted, and assembled. A consideration of the development took
hardware and material constraints into account, so that geometric and kinematic
parameters are not affected. The hydrostatic streamlined profile was optimized

Fig. 6 Schematic drawing of the tail offset drive crank and linkage

Fig. 7 Inner Structure of iSplash: 1 Steel space frame; 2Mid-body driven plate; 3 External source
cables; 4 Polypropylene caudal fin; 5 Aluminum main bulkhead; 6 Electric motor; 7 Offset
crankshaft
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by favorably positioning the maximum thickness of the cross section, reducing
pressure drag. In [10], the cross section has been measured to be optimal at 0.2 of
the body length. These aspects relate to amount of resistance during forward motion
and were taken into consideration within the design.

Increasing endurance is a desirable feature of a UV. Current robotic fish are still
limited to short operational times as energy losses can be produced in many stages
of the mechanical transfer. Recent designs have found that it is advantageous to
utilize a single electrical motor for actuation [9]. The classical actuator is still the
most effective way of providing power at high frequencies and reduces energy
consumption over multilink discrete assemblies. Mass and volume distribution are
key principles of stability in the horizontal and vertical planes. A single actuator
power transmission system can be positioned in the optimum location. In contrast
multilink servo assemblies are limited as mass and volume are confined to the
posterior (Table 2).

Table 1 Physical parameters of iSplash-I

Parameters Specific value

Body size: m (L × W × H) 0.25 × 0.05 × 0.062

Body mass (Kg) 0.367

Maximum velocity BL/s (m/s) 3.4 (0.88)

No-load maximum frequency (Hz) 8

Actuator Single electric motor

Power supply 12 V Pb external battery supply

Fabrication Low tolerance engineering

Materials Aluminum, mild steel, stainless

Swimming mode Linear locomotion

Tail material Polypropylene

Outer structure and skin material Polystyrene and polypropylene

Caudal fin aspect ratio (AR) 1.73

Table 2 Comparison of test results between Modes 1 and 2

Parameters Mode 1 Mode 2

Reynolds number Re (105) 1.4 1.7

Strouhal number (St) 0.48 0.41

Maximum thrust (N) 0.63 1.17

Consistent maximum velocity BL/s (m/s) 2.2 (0.55) 2.8 (0.70)

Frequency (Hz) 6.1 6.6

Max power consumption air (W) 3.48 3.76

Max power consumption water (W) 5.76 7.68

Swimming number (Sw) 0.36 0.42

Head swing amplitude (m) 0.044 0.018

Tail swing amplitude (m) 0.044 0.044

Test run distance (m) 0.5 0.5
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The body has open-loop stability if the relative position of buoyancy is higher
than the center of mass as the surrounding fluid counterbalances the gravitational
weight [14]. Therefore, the hydrostatic buoyancy level and stability were solved by
adjusting material properties and configuration. Stability was found to be particu-
larly difficult to maintain during free swimming at high frequencies.

Lastly, the inner structure of the prototype is negatively buoyant. A significant
development of the prototype was a watertight skin that allowed unrestricted flexing
of the external surface and provided the volume needed to maintain neutral
buoyancy.

2.3 Experimental Procedure and Results

Field Trials A series of experiments were undertaken in order to verify the
proposed swimming pattern by assessing the locomotive performance of Modes 1
and 2 in terms of speed, thrust, and energy consumption at frequencies in the range
of 2–8 Hz. Experiments were conducted within a 1 m long × 0.5 m wide × 0.25 m
deep test tank. Stabilized free swimming over a distance of 0.5 m was used to
measure speed with a 0.5 m acceleration distance. The prototype had sufficient
space to move without disturbances from side boundaries and the free surface.
Measurements were averaged over many cycles once consistency of operation was
achieved and steady state swimming was obtained.

Although the prototype was measured to have a higher mechanical efficiency
with an oil-filled structure, the developed skin proved inconsistent. Therefore, all
runs were completed actuating the prototype with a water filled structure. This
method attained consistency of operation providing stabilized swimming and
maintaining the required buoyancy within the depth of the testing tank, whilst
gently skimming the bottom surface. Velocity greatly reduced during runs when the
skin detached, the build became negatively buoyant, destabilized, or the cross-
sectional area was increased.

Swimming Pattern Observation Figure 8 shows snapshots of Mode 2 in eight
instances with time intervals of 0.02 s throughout one body cycle. The midline was
tracked at 50 frames per second to provide the amplitude envelopes of the anterior
and posterior for comparison. Good agreement with fish kinematic data is a difficult
task and current free swimming robotic fish have shown excessive head and tail
amplitude errors. When comparing Modes 1 and 2, Mode 2 was found to reduce the
head amplitude by over half from 0.17 (0.044 m) of the body length in Mode 1 to
0.07 (0.018 m). The tail amplitude of the common carp is 0.1 [3, 10], larger values
were found to increase performance. Both Modes 1 and 2 were able to attain
amplitudes of 0.17 (0.044 m). The location of the midline pivot point should be in
the range of 0.15–0.25 of the body length [10]. Mode 2 has a reduced error location
of 0.33 in comparison to 0.5 in Mode 1. Indicating Mode 2 greatly reduces the
kinematic matching errors.
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In addition it was observed that the posterior 2/5 of the body length deforms due
to stiffness distribution providing a smooth transition phase between body and tail.
Although high aspect ratio (AR) caudal fins have been found to produce greater
efficiency [15], in initial testing a low aspect ratio tail provided higher speeds. AR is
calculated using: AR = b2/Sc where b squared is the fin span and Sc is the projected
fin area. AR in this case was 1.73.

Experimental Results Figure 9 shows the average energy consumption in
relationship to driven frequency, comparing both Modes in air and water. This
comparison measured the value of the increased resistance during locomotion due
to the surrounding liquid. Measuring of energy consumption and thrust took many
cycles to average, as the swimming motion produces fluctuating readings within a
single body motion cycle. Both Modes actuating in water resulted in an increase in
energy consumption, i.e., Mode 2 increasing from 3.76 to 7.68 W and Mode 1
increasing from 3.48 to 5.76 W.

As the configurations of robotic fish show various hardware and morphological
properties, the main value of comparison has become speed divided by body length

Fig. 8 Mode 2 during one body cycle, eight instances every 0.02 s
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(BL/s). In this case the body length is measured from nose tip to the most posterior
extremity of the tail.

The relationship between velocity and driven frequency is shown in Fig. 10. The
corresponding values of Modes 1 and 2 during consistent swimming were measured
and compared to current robotic fish. Mode 1 achieved maximum velocity of
2.2 Bl/s (0.55 m/s), at 6.1 Hz. Mode 2 increased maximum velocity to 2.8 BL/s
(0.70 m/s) at 6.6 Hz. Mode 2 has an increased performance in comparison with
current robotic fish which typically peak around 1 BL/s. An initial value of 3.4 BL/s
(0.87 m/s) at 6.8 Hz was recorded by Mode 2 with an oil-filled structure. Sealing the
developed skin when in contact with oil could not be maintained and skin
detachment consistently affected stability and buoyancy, greatly reducing
performance.

Fig. 9 Comparison of
average electrical power
consumption over driven
frequency of both Modes,
actuating in air and water

Fig. 10 Comparison of
average velocities achieved
by both modes, contrasted
against current robotic fish
and the cruising speed of a
real common carp
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We can notice that Mode 2 had an 85 % increase of thrust (Fig. 11) and a 27 %
increase in velocity over Mode 1 whilst consuming only 7.68 W of power at
2.8 BL/s. As the power supply contributes to a significant portion of the total mass,
high energy efficiency is important. The measured low energy consumption indi-
cates that the next generation could carry its own power supply within a comparable
geometric frame with good endurance.

A prominent parameter for analyzing BCF locomotive performance is the
Strouhal number (St), defined as St = fA/U, where f denotes the frequency,
A denotes the tail amplitude, and U is the average forward velocity. St is considered
optimal within the range of 0.25 < St < 0.40. Mode 1 has a peak St of 0.48 under
the condition of Re = 1.4 × 105 and Mode 2 consistently measured a St = 0.41 and
peaked at a St = 0.34 under a condition of Re = 2.2 × 105. A comparable live fish
was measured in [16], to have a St = 0.34, Re = 2 * 8 × 105. Applying Mode 2
shows a high-performance increase within the St optimal range and achieves the
higher cruising speeds of swimming fish.

A significant relationship between velocity and driven frequency was found. As
higher frequencies were applied velocity increased in both Modes, matching the
reported findings of live fish [3]. From this it can be assumed that a further increase
of frequency applied to this prototype may continue to increase its performance.

3 iSplash-II: Realizing Fast Carangiform Swimming

As previously noted, throughout the field trials iSplash-I was able to replicate the
key swimming properties of real fish. As frequencies were raised the prototype
continued to increase velocity. This matches Bainbridge’s study of swimming fish,
measuring no noticeable change in kinematics after tail oscillations are raised
beyond 5 Hz, indicating that only an altered frequency is required to increase

Fig. 11 Comparison of
average thrust in relationship
to driven frequency achieved
by both Modes
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swimming speed. Hence it was expected, that combining the critical aspects of the
iSplash-I mechanical drive system with frequencies higher than 6.6 Hz may sig-
nificantly increase maximum velocity, iSplash-II was developed.

Figure 12 presents iSplash-II, a prototype 32 cm in length which has achieved
consistent untethered stabilized swimming speeds of 11.6 BL/s (i.e., 3.7 m/s), with
a frequency of 20 Hz. The prototype was developed with a new fabrication tech-
nique and mechanical drive system, effectively transmitting large forces at high
frequencies to obtain high-speed propulsion. The FL and FT forces were optimized
around the center of mass, generating accurate kinematic displacements and
increasing the magnitude of added mass.

Research Objectives This prototype was developed with the aim of achieving
the fastest swimming speeds of real fish with seven main objectives:

(i) to devise a prototype which operates in the two swimming patterns, for
further investigation of the carangiform swimming motion to be conducted;

(ii) to significantly increase force transfer by achieving a high power density
ratio in combination with an efficient mechanical energy transfer;

(iii) to achieve unrestricted high force swimming by realizing a prototype capable
of carrying a high powered energy supply;

(iv) to develop a structurally robust mechanical drive system based on the critical
properties proposed in [17], capable of intensively high frequencies of 20 Hz;

(v) to greatly reduce forward resistance by engineering a streamlined body
considering individual parts’ geometries and alignment throughout the
kinematic cycle;

Fig. 12 iSplash-II: 1 Anterior link; 2 Mid-body transition links; 3 First posterior link; 4 Final
posterior pivot; 5 Primary actuator; 6 Direct drive offset crank; 7 Tendon driven peduncle;
8 Compliant caudal fin
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(vi) to stabilize the free swimming prototype’s unsteady oscillatory motion
during intensively high frequencies to achieve a more efficient force transfer;

(vii) to conduct a series of experiments measuring the prototype’s achievements in
terms of kinematic data, speed, thrust, and energy consumption in relation to
driven frequency.

3.1 Construction Method

Mechanical Design In order to increase the swimming speed a new mechanical
drive system was required, able to effectively transmit large forces at intensively
high tail oscillation frequencies. In consideration of this, a feasible design structure
to fit the linear swimming patterns of both modes was developed. Although a power
train utilizing a single motor with continuous rotation is more complex to develop
without large internal mechanical loss [4], it is still advantageous in comparison to
multilink servos or smart materials, which are limited by force, frequency, volume,
and mass distribution [6–8]. Therefore a single actuator was deployed, as shown
in Fig. 13.

Fig. 13 Power transmission system: 1 Offset crank; 2 Posterior link
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As the build required a high power density ratio, the structural arrangement was
governed by the dimensions of the large electrical motor 83 mm long × 50 mm
diameter. This required a slight increase in body length from 250 mm to 320 mm
and a significant adjustment to the link structure to take the mass of the actuator into
consideration, removing the coupled mid-body joint and the associated discrete
linkages. The discrete construction method, defined as a series of links or N links,
aims to achieve accurate midline kinematic parameters whilst minimizing com-
plexity of the mechanical drive and linkages. The sequence of links can generate the
required swimming motion by locating the joints to the spatial and time-dependent
body wave. The fully discretized body wave fitting method is given in [6, 7].

The assembly of iSplash-II is illustrated in Fig. 14, showing the four joints
distributed along the axial length. Three rigid links are coupled to a compliant
fourth link and caudal fin with stiffness distribution, devised to generate a smooth
body to tail transition phase of the posterior undulations. The developed modular
build allowed for both Modes of operation to be applied to the same prototype by
adjusting the configuration. Links III and IV are actuated to generate the posterior
kinematics of operational Mode 1, Mode 2 actuates all links along the axial length
to provide anterior, mid, and posterior body displacements.

It was proposed in [17], that the outer profile of the coordinated full-body
swimming pattern, represented by the aerofoil section NACA (12)520 aids the fluid
flow interaction, producing greater locomotive speeds. In consideration of the
simplified link assembly and estimated center of mass, the head and tail amplitudes
were increased. As can be seen in Fig. 15, the approximation of a traveling wave

Fig. 14 Link approximation, illustrating accurate kinematic matching

Fig. 15 Schematic drawing of the offset drive crank and linkages
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using link end points I–IV and turning angles of joints 1–3 of the reduced link
arrangement provides an accurate curve alignment agreeable with the form of (2),
therefore reducing errors and excrescences in the outer profile and achieving
accuracy with the required aerofoil section.

Power Transmission System The leading tail discrete link III is directly driven
by the single bearing crankshaft attached to the output shaft of the primary actuator,
increasing power distribution to the posterior. As link III is actuated, link IV is
passively displaced. This final posterior linkage IV, coupled to the compliant caudal
fin is anchored by four expandable tendons attached to the main chassis rear
bulkhead, crossing through linkage III. The anterior link I is transmitted motion by
paired linkages fixed at points P5 and P6, located at the top and bottom of the main
chassis. The developed mechanical design required precision fitment of the chassis,
crankshaft, cantilevers, and linkages to reduce internal mechanical losses, avoid
deadlock, and reduce friction.

Illustrated in Figs. 13, 14, and 15 is the developed power train transmitting
rotary power to linear oscillating links. All driven link amplitudes are determined
by the single offset crank. L3 represents the leading tail discrete link of the structure.

The maximum amplitude of the link length L3 and L1 at point P2 and P4,
respectively, are determined by the predetermined maximum crank offset P1. The
coordinates of P1 (P1x, P1y), P2 (P2x, P2y), P3 (P3x, P3y), and P4 (P4x, P4y) can be
derived by:

P1x ¼ Aþ B

P1y ¼ ðAþ BÞ tan h1

(
P2x ¼ P1x þ C cos h1
P2y ¼ P1y þ C sin h1

(
ð5Þ

P3x ¼ �F cos h1
P3y ¼ �F sin h1

(
P4x ¼ �ðL2 þ DÞ
P4y ¼ �P3yD=E

(
ð6Þ

The length of L1 can be derived by L1
2 = P4x

2 + P4y
2 . Assume that ω1 is the angular

velocity of the link L1, and the velocity vector VP4 is perpendicular to L1. We have:

Vp4x ¼ �x L1sin h3
Vp4y ¼ x L1cos h3

(
ð7Þ

where Vp4x and Vp4y are the decomposed vectors of the velocity vector VP4 = ω1 L1.
Fabrication The prototype iSplash-II is shown in Fig. 16 with the physical

specifications given in Table 3. The entire body was digital modeled and formed
using 3D printing techniques, at layers of 0.09 mm in PLA filament. This method
produced precise 3D structural geometries of the individual segments and prede-
termining alignment tolerances throughout the complete kinematic cycle. It was a
key challenge to develop a high power density build, small in size with high
structural strength. The individual printed parts were optimized for robustness
through physical strength tests and computational stress analysis, highlighting
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initial areas of weakness. These parts were reprinted many times in order to realize
high frequency actuation. As PLA filament has a low melting point softening at
approximately 60 °C, material wear at the pivots and actuated surfaces was reduced
by acetal bushes and inserts, at the cost of additional weight.

It was necessary for the body size to be compact, as increasing the build geo-
metric magnitude will increase the resistance during forward motion and therefore
the power consumption required [4–17]. An accurate approximation of the
streamlined body shape of the common carp was achieved within the horizontal
plane illustrated in Fig. 13. The maximum thickness of the cross section is mea-
sured optimal at 0.2 of the body length [10] and was favorably positioned therefore
reducing pressure drag.

The static stability in the horizontal and vertical planes is affected by material
density distribution. For linear locomotive research open-loop stability is beneficial,
this was achieved by the relative position of buoyancy being higher than the center

Fig. 16 iSplash-II

Table 3 Physical parameters
of iSplash-II

Parameters Specific value

Body size: m (L × W × H) 0.32 × 0.048 × 0.112

Body mass (Kg) 0.835

Actuator Single electric motor

Actuator mass (Kg) 0.63

Power supply 11.1 V onboard LiPo battery

Manufacturing technique 3D Printing

Materials PLA filament, acetal,
stainless

Primary swimming mode Linear locomotion

Additional maneuverability Vertical plane

Additional control surfaces Pectoral fins

Caudal fin material Polypropylene

Thickness of caudal fin
(mm)

2.3

Caudal fin aspect ratio (AR) 1.6
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of mass, as the surrounding fluid counterbalances the gravitational weight [14]. The
short body length greatly increased the difficulty in achieving open-loop stability as
the finest weight change in structure of individual pieces distributed across the
assembly dramatically affected stability and buoyancy. This was solved by
collaborating the individual parts of the modular build by adjusting the geometries
and the inner structure’s weight to strength configuration.

The prototype was designed with increased stability in roll and pitch as the large
mass of the electric motor, 0.6 kg, 75 % of the total mass, was positioned low
within the structure. To achieve a short body length, contain the embedded system
and 11.1 V LiPo power supply and counteract the large mass of the primary
actuator the build volume was increased vertically. This aided stability, as the
lightweight PLA material and increased height positioned the center of buoyancy at
the top of the prototype.

Mobility within the vertical plane was achieved to maintain a stable mid-tank
trajectory during free swimming. Two rigid morphological approximations of
pectoral fins were developed and positioned at the leading bulk head of the main
chassis, actuated by a single servo motor. A cross beam anchored on both sides of
the centralized motor was formed to link, support, and actuate the control surfaces.
The addition of pectoral fins required a compact mechanism to be devised due to
the very restrictive space available.

3.2 Experimental Procedures and Results

Field Trials A series of experiments, identical to the first generation were
conducted in order to verify the prototype by evaluating the locomotive perfor-
mance of Modes 1 and 2 in terms of kinematic parameters, speed, force, and energy
consumption at frequencies within the range of 5–20 Hz. In comparison to the tests
of the first prototype the number of cycles was required to be raised to increase the
accuracy of data. Measurements were taken once consistency of operation was
achieved and stabilized free swimming was obtained. The test results are summa-
rized in Table 4. Experiments were conducted within a test tank, 5 m long × 2 m
wide × 1.5 m deep. Free swimming between two fixed points at a distance of 4 m
was used to evaluate maximum speed. The prototype had sufficient space to move
without disturbances from side boundaries and the free surface, capable of
consistent untethered swimming at mid-height of the tank aided by adjusting the
angle of pectoral fins during swimming.

Locomotion at high speeds was unachievable without extensive stability opti-
mization. Once achieved, an accurate straight line trajectory was possible.
A thorough description of the improvements undertaken on the mechanical
structure and the extent of the intensive destabilization are beyond the scope of this
chapter. In addition, the devised mechanical drive system was found to be very
robust, showing no signs of structural failure throughout the field trials whilst
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actuating at intensively high frequencies over long periods and accidentally hitting
the walls of the test tank.

Swimming Pattern Observation The frame sequence of Mode 2 in eight
instances, at time intervals of 0.006 s throughout one complete body cycle at 19 Hz
is illustrated in Fig. 17. The obtained midline was tracked at 50 frames per second
and is plotted against the desired amplitude envelopes of the anterior and posterior
for comparison. When observing the midline of Mode 2, it can be seen that the
desired full-body coordination presented in [17] was not achieved. As previously
described in Section III–A the build required a simplified link structure due to
power density constraints. Although the estimated midline curve alignment tested
during stationary actuation was accurate, the excessive mass of the primary actuator
held the main chassis (the entire length of link II) fixed in line with the forward
heading and no single pivot point was obtained. Consequently, the swimming
motion during locomotion was found to produce matching errors over the full-body
in comparison to the desired swimming pattern of iSplash-I.

Comparing both Modes, taking into consideration that the mid-body was held
rigid, the anterior amplitude of Mode 2 was measured to be 0.04 (0.013 m) of the
body length, equivalent to the common carp, whereas Mode 1 was found to gen-
erate <0.01 (0.003 m) head amplitude. In addition, the large centralized mass
arrangement and increased depth of body effectively minimized recoil forces and
aided the stability of the posterior, allowing for accurate posterior amplitude and
large thrust forces to be generated.

Figure 18 shows that the developed posterior structure can accurately mimic the
undulatory parameters of real fish, as the components of link IV can be adjusted
experimentally to provide the targeted midline during free swimming at various
frequencies. Both Modes were able to generate accurate amplitudes of 0.1 of the
body length and attain large tail amplitudes of 0.2 (0.063 m) which was found to
significantly increase performance. This value is twice the size of the observed

Table 4 Comparison of test results between Modes 1 and 2

Parameters Mode 1 Mode 2

Maximum velocity BL/s (m/s) 11.6 (3.7) 11.6 (3.7)

Acceleration time to maximum velocity (s) 0.6 0.6

Frequency (Hz) 20 20

Reynolds number Re (106) 1.2 1.2

Strouhal number (St) 0.34 0.34

Maximum thrust (N) 9 9

Max power consumption air (W) 120 120

Max power consumption water (W) 120 120

Swimming number (Sw) 0.58 0.58

Head swing amplitude (m) 0.003 0.013

Tail swing amplitude (m) 0.063 0.063

Body length displaced (%) 51 76
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value of the common carp at 0.1 and is increased over the first generation at 0.17.
This generated amplitude is greater than the highly efficient swimming motion of a
dolphin measured at 0.175 [10].

Replicating the form of the first generation the caudal fin was constructed with a
low aspect ratio (AR). Although not yet thoroughly investigated, this tail was
measured to achieve the highest maximum velocity and acceleration during the
initial field trails. AR is defined as: AR = b2/Sc where b squared is the fin span and
Sc is the projected fin area. In this case the AR was 1.6.

Experimental Results In Fig. 18 the average energy economy in relationship to
driven frequency is shown, comparing both operational Modes in air and water. It
can be seen that both Modes actuating in water consumed a maximum 120 W at
20 Hz. This measurement was obtained by a connecting tethered power supply and

Fig. 17 Frame sequence of Mode 2 during one full-body cycle, eight instances every 0.006 s. The
desired midline (─) (illustrated in Fig. 3) and the generated kinematics (illustrated in Fig. 2) from
locomotion at 20 Hz (- -) are shown for comparison. We can see that the prototype achieved an
anterior amplitude value of 0.04 L (0.013 m) and a tail amplitude value of 0.20 L (0.063 m)
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no noticeable increase in energy consumption was measured due to a resistance of
the surrounding liquid. The result of high energy consumption can be significantly
improved as the tests indicated large mechanical gains when actuating the
mechanical drive system without link IV, reducing from a 120 to 70 W con-
sumption. This was a result of pressure increase at higher velocities, as link IV was
actuated; the tendons were required to be tighter to provide the desired posterior
kinematics, putting increased strain on the mechanism. Despite the high energy
consumption, the prototype can maintain an operational time of approximately 10
min at maximum velocity (estimated by video recording multiple runs), far sur-
passing the endurance of live fish, as equivalent burst speeds can only be main-
tained for short times of around one second. We can assume that engineering a
greater mechanically efficient drive of link IV in the next generation may greatly
improve endurance, relating to an estimated reduced energy consumption of
approximately 50 %.

As illustrated in Fig. 19, the developed high power density ratio build can
generate an incredible amount of force of up to 9 N. This can be effectively
transferred in the water, accelerating both Modes to maximum velocity in
approximately 0.6 s. The relationship between velocity (speed divided by body
length) and driven frequency is shown in Fig. 20. The corresponding values of
Modes 1 and 2 during consistent swimming are shown and compared to current
robotic fish. Both operational Modes can achieve an average maximum velocity of
11.6 Bl/s, (i.e., 3.7 m/s) at 20 Hz, increasing performance in comparison with
iSplash-I and current published robotic fish which typically peak around 1 BL/s.
This result also outperforms the average maximum velocity of real fish measured at
10 BL/s. The values illustrated in Fig. 20 shows that applying the operational Mode
2 swimming pattern had no effect on performance due to kinematic alignment
errors, discussed in Section IV–B, therefore it is predicted that the magnitude of
added mass in both modes is equal. Hence, we can estimate that accurately applying

Fig. 18 Comparison of
average electrical power
consumption over driven
frequency of both modes,
actuating in air and water.
No noticeable change was
measured for both modes
during actuation in air
and in water
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the coordinated full-body swimming pattern of iSplash-I may increase speed by a
further 27 %.

A prominent parameter for analyzing BCF locomotive performance is the
Strouhal number (St), defined as St = fA/U, where f denotes the frequency,
A denotes the tail amplitude, and U is the average forward velocity. St is considered
optimal within the range of 0.25 < St < 0.40 [13]. The measured St = 0.34 under the
condition of Re = 1.2 × 106, in both Modes is within the desired range. The
prototypes Swimming number (Sw) is highly efficient, measuring a Sw of 0.58 in
comparison to the previous build with a Sw of 0.42 and close to the particular
efficient common carp with a Sw of 0.70 [3, 10].

For this research we undertook experiments to gain knowledge if raising driven
frequencies greater than the previous build of 6.6 Hz would continue to increase

Fig. 19 Comparison of
average thrust in relationship
to driven frequency.
Modes 1 and 2 have
equivalent measurements

Fig. 20 Comparison of
average velocities achieved
by both modes, against
robotic and live fish.
Modes 1 and 2 measured
equal velocities
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speed without peak or decline. This was achieved measuring a continued increase in
velocity up to intensively high frequencies of 20 Hz. Mimicking the swimming
properties of real fish, frequency has become the key variable to enhance the linear
locomotive performance of the iSplash platforms.

4 Conclusion and Future Work

This paper describes the development and experimental analysis of iSplash-I and
iSplash-II. The experimental results of the first generation show conclusively that
by coordinating the full-body length of the carangiform swimming motion a 27 %
increase in performance, in terms of linear swimming speed, is gained over the
traditional posterior confined wave form. The introduced full-body swimming
motion can coordinate anterior, mid-body, and posterior displacements, and is able
to reduce the kinematic errors seen in existing free swimming robotic fish. iSplash-I
achieved a maximum velocity of 3.4 BL/s and consistently achieved a velocity of
2.8 BL/s at 6.6 Hz with a low energy consumption of 7.68 W.

A few points can be made to account for the increase in speed: The magnitude of
propulsive force was increased by initiating the starting moment of added mass
upstream; the developed structural arrangement allowed for smooth transition of
flow along the length of body; anterior and/or mid-body vortices were formed,
coordinated, and propagated downstream; lateral and thrust forces were optimized
around the center of mass; a reduction in drag resistance due to reduced anterior
amplitude errors. These points can be clarified in future experimental analysis
utilizing visualization techniques which accurately measure the surrounding fluid
flow. During the field trials the first generation prototype was found to increase its
velocity as increased frequencies were applied in either swimming pattern, which
indicated, that higher swimming speeds may be gained by raising frequency further.

The second generation was developed to realize the fastest speeds of live fish. A
high-performance prototype was developed, robust, compact, naturally buoyant,
carrying its own power supply, with a high power density and able to effectively
transmit large forces at intensively high tail oscillation frequencies for untethered
high-speed propulsion. Although the desired kinematics over the full-body could
not be attained due to the power density requirements (with the primary actuator
75 % of the total mass), the devised assembly was able to reduce the recoil around
the center of mass, therefore generating an effective propulsive mechanism. As a
result, large posterior forces and tail amplitudes 0.2 of the body length (with smooth
generated undulations from mid-body to tail tip) were attained. The prototype was
able to accelerate to steady state swimming in an approximate time of 0.6 s,
maintain an endurance at maximum speed for approximately 10 min (greater than
the measurement of real fish of approximately one second), realize a highly efficient
stride rate (Sw), and attain high tail oscillatory frequencies without early peak,
decline, or mechanical failure.
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iSplash-II, a 32 cm untethered carangiform swimmer, 0.835 kg, formed in PLA
filament, consistently achieved a maximum velocity of 11.6 BL/s (i.e., 3.7 m/s) at
20 Hz with a stride rate of 0.58 and a force production of 9 N. The prototype is
capable of outperforming the recorded average maximum velocity of real fish
measured in BL/s, attaining speeds adequate for real world environments.

Future Work Our future research will focus on the following aspects:
(i) continue to raise driven frequency to achieve greater speeds over the fastest real
fish. As the build showed no signs of failure an initial aim of 40 Hz can be made;
(ii) to accurately emulate the kinematic parameters of the full-body swimming
motion of the first generation, indicating that maximum velocity may increase a
further 27 %; (iii) to replace the drive mechanism of link IV, to significantly
improve the energy consumption; (iv) to optimize the tail amplitude, shape, 3D
deformation, and magnitude; (v) to apply the behavioral technique of burst and
coast, as live fish generating 10 BL/s at the burst stage reduce the cost of transport
by approximately 50 % [18]; (vi) to develop mobility within the horizontal plane
with estimated turning diameter of <1 L
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IPMC-Actuated Robotic Fish

Zheng Chen, Hilary Bart-Smith and Xiaobo Tan

Abstract Excellent swimmers, such as tuna, rays, and goldfish, take advantage of
their flexible fins, compliant bodies, and swimming bladders to achieve fast, highly
maneuverable, and energy-efficient locomotion. Ionic polymer-metal composites
(IPMCs) present attractive opportunities for implementation in flexible underwater
propulsion systems due to their intrinsic compliancy and underwater actuation
capability. IPMCs can also perform as lightweight and compact catalysts for water
electrolysis, which can be used to generate gas for buoyancy control. In this
chapter, the potential of IPMCs in underwater propulsion is explored, including
caudal fin propulsion, pectoral fin propulsion, and buoyancy control. Enabling
technologies, including fabrication methods, modeling and control strategies, and
design approaches, are developed for creating bio-inspired robots using IPMC as
artificial muscle and buoyancy engine. Three types of underwater robots have been
developed to evaluate their performance. First, a robotic fish propelled by an IPMC
caudal fin is developed to evaluate its caudal fin propulsion. Second, a bio-inspired
robotic cownose ray propelled by two IPMC actuated pectoral fins is demonstrated
to evaluate its pectoral fin propulsion. Third, a buoyancy control device enabled by
IPMC-enhanced electrolysis is developed to explore its buoyancy control
performance.
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1 Introduction

Nature has produced a plethora of aquatic animals that have developed unique
swimming techniques to locomote in oceans, lakes, and rivers. Recent research
suggests that the high performance observed in tuna, batoid rays, and goldfish, takes
advantage of their flexible fins, compliant body, and swimming bladders, to achieve
fast, maneuverable, and energy-efficient locomotion. Recent years have witnessed
significant efforts in the development of bio-inspired underwater robots that mimic
aquatic animals, such as robotic fish [4, 20, 22, 23, 26, 36, 49], robotic jelly fish
[37, 52, 54], and robotic rays [15, 19, 53]. In most of these examples, traditional
electric motors were used to generate the flapping and heaving motions observed in
nature. However, electric motor-driven propulsion has the following disadvantages:
(1) they are too bulky for small-scale robots; (2) they generate unfavorable acoustic
noise, which makes the robots detectable and unfriendly to marine life; (3) last but
most important, electric motors cannot generate compliant actuation without force
feedback control, which limits its propulsion efficiency. If force feedback control is
included, extra sensors and complicated control strategies are needed, greatly
increasing the size and complexity of the robots.

Compliant underwater propulsion [44] requires a compliant actuator coupled
with a compliant structure [3, 18, 21, 50] to mimic the musculoskeletal structures in
biology [27]. To achieve such propulsion, studies have been focused on electro-
active polymers (EAPs) to achieve the large deformations demonstrated in nature
[6]. Due to their similarities to biological muscles, EAPs are often called artificial
muscles [6]. EAPs can be divided into two categories: ionic EAPs and dielectric
EAPs. Dielectric EAPs can generate large deformation with large force [11, 39, 48].
However, they require high actuation voltage (typically higher than 1 kV), which
limits their applications in underwater propulsion. Ionic polymer-metal composites
(IPMCs) are an important category of ionic EAPs due to their compliancy and
underwater actuation capability [46]. An IPMC consists of an ion exchange
membrane coated with noble metal electrodes, such as gold or platinum.
Application of a small voltage (<2 V) to the IPMC leads to cation transport to the
cathode side, which introduces swelling effect on the cathode side and shrinking
effect on the anode side. Eventually, the IPMC bends to the anode side and thus
realize the actuation effect. Figure 1 shows the actuation mechanism of IPMC. An
IPMC strip (0.5 cm wide, 2 cm long, 0.2 mm thick) can generate more than 10 % of
strain, up to 10–20 MPa stress, with about 20 mW power consumption [45].
Bennett and Leo, who worked with Nafion–platinum IPMC, compared water and
ionic liquid as electrolyte and reported the cycle life being 103 for the former and
3� 105 for the latter [7]. IPMCs offer excellent opportunities for underwater
applications due to their actuation capabilities, compliance, and low weight.
Moreover, when the applied voltage is higher than 1.48 V, due to water electrolysis,
hydrogen and oxygen gases are generated at the cathode and anode sides, respec-
tively [33], as shown in Fig. 1. This has implications in buoyancy control applica-
tions. Compared to other existing buoyancy control approaches, the IPMC-enabled
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buoyancy control enables us to design a compact, lightweight, stealthy, and energy-
efficient buoyancy control device [51].

In this chapter, we will present three key technologies for creating IPMC-
enabled bio-inspired robots, including (1) a physics-based and control-oriented
modeling approach that can capture the intrinsic actuation dynamics of IPMC and
the hydrodynamics of robotic fish; (2) a fabrication technology for creating IPMC
actuating membranes capable of generating 3D kinematic motions; and (3) an
IPMC-enabled buoyancy control scheme that can achieve depth control. Based on
the modeling approach, Chen et al. [13] developed a model of robotic fish propelled
by an IPMC caudal fin. Based on the fabrication technology, Chen et al. [15]
developed a small-size and free swimming robotic Cownose ray propelled by two
pectoral fins. Based on the buoyancy control, Um et al. [51] developed a compact
and energy-efficient depth control device for bio-inspired robots. These results are
briefly summarized below.

• Modeling of Robotic fish propelled by an IPMC caudal fin

Significant effort has been devoted toward IPMC-powered underwater robots. A
robotic fish propelled by an IPMC caudal fin was developed in Tan’s group at
Michigan State University, shown in Fig. 2 [13]. Inspired by biological fish fins,
where passive, collagenous membranes are driven by muscle-controlled fin rays
[26], a passive, plastic fin was attached to the tip of IPMC to enhance propulsion.

Fig. 1 Actuation mechanism of IPMC (cross-sectional view)
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The fish was designed to be fully autonomous and serve as a mobile, aquatic
sensing platform. It consists of a rigid body and an IPMC caudal fin.

An accurate model is desirable for both optimal design [56] and control simu-
lations [57] of an underwater robot. For instance, Boyer et al. [9] presented a
dynamic model for three-dimensional (3D) eel-like robot. Morgansen et al. [36]
investigated geometric methods for modeling and control of free-swimming and
rigid fin-actuated underwater vehicles. There have been limited studies related to
modeling of flexible fins. A finite-element method was adopted by Yim et al. [55] to
model the motion of an IPMC actuator underwater, where an empirical RC circuit
was used to predict the bending moment of IPMC under actuation. The added-mass
effect due to acceleration of surrounding water was ignored in modeling hydro-
dynamic interactions, and the authors presented only simulation results. Modeling
of IPMC actuators in underwater operations was also studied by Brunetto et al. [10].
However, the actuation dynamics of IPMC was represented by a frequency-
dependent coupling term, which was essentially the empirical frequency response
and did not capture the fundamental physics of IPMC. Furthermore, the experi-
mental results presented by Brunetto et al. [10] were limited to a clamped IPMC
beam in water, and no attempt was made to validate the model on a free-swimming
robot. Porfiri and co-workers investigated the hydrodynamics of an IPMC beam
using numerical computation [1] and digital particle image velocimetry (DPIV)
measurements [40]. Although their work was very interesting, it was limited to a
clamped IPMC beam only and the actuation dynamics of IPMC was not considered.
Further studies carried out by Porfiri and co-workers considered free-swimming of
IPMC actuated robotic fish [5]. However, the actuation dynamics of IPMC was
simplified as an RC circuit, which cannot fully capture the ion transportation
dynamics and distributed surface resistance effect in IPMC.

In Sect. 2, we will present a model for IPMC-propelled robotic fish that captures
the intrinsic actuation physics of IPMC, and the complex hydrodynamic interac-
tions between IPMC and fluid, and is validated in experiments on a free-swimming
robotic fish prototype. The proposed model incorporates the interactions of the
passive fin with both the IPMC actuator and the fluid, allowing us to simultaneously
capture the passive fin’s role in boosting propulsion and its loading effect on the

Fig. 2 Robotic fish propelled
by an IPMC caudal fin. ©
2009 IEEE. Reprinted, with
permission, from [13]

222 Z. Chen et al.



IPMC beam. The model is used to predict the cruising speed of robotic fish, given a
periodic actuation voltage to the IPMC fin.

• Robotic Cownose ray propelled by two IPMC pectoral fins

The cownose ray (Rhinoptera bonasus, shown in Fig. 3) demonstrates excellent
swimming capabilities, generating highly efficient thrust via flapping of dorsally
flattened pectoral fins [42]. Many efforts have been directed towards building a bio-
inspired pectoral fin structure to mimic the swimming behavior of the ray, such as
electric motor-actuated rigid plates [34] and tensegrity structures [35]. Due to size
limitations of the electric motors and tensegrity structures, they are not suitable for
small-scale robots (of the order of 5–10 cm) [20, 41, 49]. A bio-inspired actuating
material, which is lightweight, compliant, resilient, and capable of generating 3D
deformation with low power consumption, is highly desirable in constructing a free
swimming and small-scale robotic cownose ray.

Traditional IPMC can only generate bending motion. In the propulsion mech-
anism of rays, 3D kinematic motions on the pectoral fin play an important role in
generating highly efficient propulsion and maneuvering [42]. In order to obtain an
actuating membrane capable of generating 3D deformation, lithography-based and
surface machining-based approaches have been employed to pattern the electrodes
of the IPMC to create active and passive areas in a Nafion membrane [14, 38]. By
individually controlling the bending of each active area, 3D deformations of the
membrane have been demonstrated. However, the stiffness of the Nafion in the
passive area limited its capability of generating twisting motions. Punning et al.
[41] developed pectoral fins for ray-like underwater robot by assembling separated
IPMC beams with a latex foil. But their robot did not achieve free swimming
capability because of high power consumption and low propulsion efficiency.

In Sect. 3, a bio-inspired and free swimming robotic cownose ray propelled by
artificial pectoral fins will be presented. The pectoral fin consists of one IPMC as
artificial muscle in the leading edge and a passive PDMS membrane in the trailing
edge. The body matches the morphology of a cownose ray (through computer axial
tomography scans). The fin has been characterized by some key factors as related to

Fig. 3 Atlantic cownose ray
(courtesy of www.
elasmodiver.com) [15]. ©
2011 by ASME. Reproduced
by permission of ASME. All
rights reserved
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the function of the robot: tip deflection, twist angle, and power consumption. The
overall shape of the fin mimics that of the biology. Experimental results have shown
that the robot (shown in Fig. 4) is capable of free swimming [15].

• Buoyancy control device with IPMC enhanced water electrolysis

3D maneuvering, such as diving and ascending, are more difficult to achieve and
control in underwater devices. A simple and energy-efficient depth control method
is critical in the design of 3D maneuverable underwater robots. The most common
method utilized in mechanical systems is a servomotor to control the volume of a
piston-cylinder system containing compressed air [19]. This usually yields reliable
results with relatively fast response time. However, due to the limitations in scaling
the servo motor, this method is not feasible for implementation in small devices. In
order to build more compact and efficient depth control devices, researchers have
turned to biology for inspiration.

Nature has evolved many novel and effective depth control mechanisms suitable
for a variety of environments. For example, sperm whales (Fig. 5a) achieve

Fig. 4 Robotic cownose ray
propelled by two IPMC
pectoral fins [15]. © 2011 by
ASME. Reproduced by
permission of ASME. All
rights reserved

Fig. 5 Depth control in biology (courtesy of www.elasmodiver.com). © 2011 IEEE. Reprinted,
with permission, from [51]. a Sperm whale (Physeter macrocephalus), b fancy goldfish (Carassius
auratus)
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buoyancy control by using their spermaceti oil. An adult sperm whale contains
about 4 tons of spermaceti oils in their spermaceti organ, which represents
approximately 8 % of its total mass [47]. The spermaceti oil has a low melting point
and its density depends largely on the temperature of the oil. By manipulating the
arterial blood flow through the spermaceti organ, the sperm whales can regulate the
temperature of the oil and are thus able to control their buoyancy. There have been
recent demonstrations of buoyancy control concepts that manipulate the tempera-
ture to change the density of oil [47] or wax [32]. However, the response times are
slow (of the order of 10 min), and it is inefficient for small devices because a
constant power must be supplied to maintain the temperature of the oil while
cruising at a certain depth.

Akle et al. [2] developed a bio-inspired and compact buoyancy engine by dis-
placing sodium and cathium ions out of seawater inside, which changes the water
density. However, it has been demonstrated that the volume change rate was very
low. Rayfinned fish, such as that depicted in Fig. 5b, change the buoyancy of their
body using a swim bladder [8]. Expansion of the bladder results in increased
volume, thus making the body more positively buoyant and vice versa. Inspiration
for the buoyancy control device presented in this chapter comes from these ray-
finned fish.

In Sect. 4, a buoyancy control device using IPMC-enhanced water electrolysis
will be presented (shown in Fig. 6). Electrolysis is used to generate gases in order to
displace water and increase buoyancy. A novel depth control device using elec-
trolysis has been designed and built. The device design incorporates an artificial
bladder where the volume of gas generated by electrolysis is controlled via a
solenoid valve, thus changing the device’s buoyancy. A set of gold electrodes,
separated by an IPMC film, is used as a lightweight and compact electrolysis
generator. Tests demonstrate the feasibility of this approach for depth control.

Fig. 6 Buoyancy control
device enabled by IPMC
enhanced water electrolysis
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2 Robotic Fish Propelled by an IPMC Caudal Fin and Its
Modeling

Based on the elongated-body propulsion theory of Lighthill [29, 30] the steady-state
velocity of a swimming fish is related to the bending displacement and the slope of
the tail end. The key of the modeling work is then to derive the motion of the hybrid
tail under IPMC actuation and hydrodynamic interactions. Modeling of the hybrid
tail starts with a fourth-order partial differential equation (PDE) that can capture the
beam dynamics of IPMC in fluid. It incorporates the hydrodynamic force acting on
the IPMC beam and the driving force introduced by actuation of IPMC. A mode-
summation method is employed to obtain the solution to the PDE. The distributed
bending moment generated by an actuation input is obtained using a physical, yet
compact, model that captures the internal ion dynamics of IPMC [12]. In order to
evaluate the actuation-induced generalized forces for the mode equations, we
decompose the distributed moment into a distributed force along the length and a
concentrated bending moment at the beam end, which would generate the same
bending moment along the length. The model is then extended to capture the
interactions between the IPMC and the passive fin. The hydrodynamic force acting
on the passive fin is replaced by a concentrated moment and the force acting at the
tip of IPMC actuator, which can be incorporated into the beam dynamics to obtain
an analytical expression for the motion of hybrid tail. Finally, a speed model can be
derived based on the Lighthill theory and actuation model of the IPMC hybrid tail.

In this section, we first review Lighthill’s theory on elongated body propulsion.
IPMC beam dynamics in fluid is discussed next, considering general force and
moment inputs. This is followed by detailed consideration of actuation-induced
bending moment in the model, as well as the load contribution to the IPMC beam
from the passive fin. Then, the model for computing the speed of IPMC-propelled
robotic fish is obtained by merging Lighthill’s theory and the hybrid tail dynamics.
Finally, the speed model was validated through experiment. Most of the modeling
work in this section was published in Chen et al. [13].

2.1 Lighthill Theory

A body is considered elongated if its cross-sectional area changes slowly along its
length. The robotic fish described in Sect. 1 is thus elongated and Lighthill’s theory
[29] applies. Suppose that the tail is bending periodically with the bending dis-
placement at z denoted by w(z, t). See Fig. 7 for notation [13]. At the steady state,
the fish will achieve a periodic, forward motion with some mean speed U. In the
discussion here, the word “mean” refers to the average over one period. The mean
thrust T produced by the tail can be calculated as
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�T ¼ m
2

@w z; tð Þ
@t

� �2

� U2 @w z; tð Þ
@z

� �2
 !" #

z¼L

ð1Þ

where z = L1 denotes the end of tail, �ð Þ denotes the mean value, and m is the virtual
mass density at z = L1, expressed as

m ¼ 1
4
pS2cqwb ð2Þ

where Sc is the width of the tail at the end z = L1, ρw is the fluid density, and β is a
nondimensional parameter close to 1. Equation (1) indicates that the mean thrust
depends only on the lateral velocity (∂w/∂t) and the slope (∂w/∂z) at the tail end. A
cruising fish, under inviscid flow conditions, will experience a drag force FD as

FD ¼ CDqwU
2S

2
ð3Þ

where S is the wetted surface area and CD is the drag coefficient. At the steady state,
the mean thrust T is balanced by the drag FD, from which one can solve the cruising
speed U as

Fig. 7 Definition of variables
in the robotic fish [13]. ©
2009 IEEE. Reprinted, with
permission, from [13]
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Since the speed of the fish is related to the lateral velocity and the slope of the
trailing edge, one needs to fully understand the actuation dynamics of the tail.

2.2 IPMC Beam Dynamics in Fluid

In order to obtain the full actuation model of IPMC, we start with a fourth-order
PDE for the dynamic deflection function w(z, t) [17] as

YI
@4w z; tð Þ

@z4
þ C

@w z; tð Þ
@t

þ qmA
@2w z; tð Þ

@t2
¼ f z; tð Þ ð5Þ

where Y, I, C, ρm, and A denote the effective Young’s modulus, the area moment of
inertia, the internal damping ratio, the density, and the cross-sectional area of the
IPMC beam, respectively, and f(z, t) is the distributed force density acting on the
beam.

Converting (5) into the Laplace domain, we obtain

YI
@4w z; sð Þ

@z4
þ Csw z; sð Þ þ qmAs

2w z; sð Þ ¼ F z; sð Þ ð6Þ

The force on the beam consists of two components, the hydrodynamic force
Fhydro from water and the driving force Fdrive due to the actuation of IPMC

F z; sð Þ ¼ Fhydro z; sð Þ þ Fdrive z; sð Þ: ð7Þ

The hydrodynamic force acting on the IPMC beam can be expressed as [43]

Fhydro z; sð Þ ¼ �qw
p
4
W2s2C1 xð Þw z; sð Þ; 0� z� L ð8Þ

where W is the width of the IPMC beam, Γ1(ω) is the hydrodynamic function for
the IPMC beam subject to an oscillation with radial frequency ω, and ρw is the
density of fluid. The hydrodynamic function for a rectangular beam can be repre-
sented as [43].

C1 xð Þ ¼ X Reð Þ 1þ 4iK1 �i
ffiffiffiffiffiffi
iRe

pð Þffiffiffiffiffiffi
iRe

p
K0 �i

ffiffiffiffiffiffi
iRe

pð Þ
� �

ð9Þ

228 Z. Chen et al.



where the Reynolds number Re of a vibrated beam in water is given as

Re ¼ qwW
2x

4g
:

K0 and K1 are modified Bessel functions of the third type, Ω(Re) is the correction
function associated with the rectangular beam cross section [43], and η is the
viscosity of fluid. With (7) and (8), the beam dynamics Eq. (6) can be written as

YI
@4w z; sð Þ

@z4
þ Csw z; sð Þ þ lm þ mdC1ð Þs2w z; sð Þ ¼ Fdrive z; sð Þ; ð10Þ

where md = ρw (π/4)W2 is the added mass and μm = ρmA is the mass of IPMC per
unit length. Under harmonic oscillation with frequency ω, we can denote

lv ¼ lm þ md Re C1ð Þ ð11Þ

Cv ¼ C � mdxIm C1ð Þ ð12Þ

where μv is the equivalent mass of IPMC per unit length in water and Cv is the
equivalent damping coefficient of IPMC in water. Re(·) and Im(·) are the functions
that get the real part and the imaginary part from a complex value, respectively.
Equation (12) means that the damping of IPMC vibration in water includes both the
internal damping in IPMC and the frequency-dependent external damping caused
by fluid. With (11) and (12), (10) can be written as [10]

YI
@4w z; sð Þ

@z4
þ Csw z; sð Þ þ lvs

2w z; sð Þ ¼ Fdrive z; sð Þ ð13Þ

According to the mode analysis method, we can express the solution to (13) as
the sum of different modes [31] as

w z; sð Þ ¼
X1
i¼1

ui zð Þqi sð Þ ð14Þ

where φi(z) is the beam shape for the ith mode and qi(s) is the corresponding
generalized coordinate. The mode shape φi(z) takes the form

ui zð Þ ¼ cosh kizð Þ � cos kizð Þ � bi sinh kizð Þ � sin kizð Þð Þ ð15Þ

where λi can be obtained by solving

1þ cos kiLð Þ cosh kiLð Þ ¼ 0 ð16Þ

IPMC-Actuated Robotic Fish 229



and

bi ¼
sinh kiLð Þ � sin kiLð Þ
cosh kiLð Þ þ cos kiLð Þ ð17Þ

The generalized coordinate qi(s) can be represented as

qi sð Þ ¼ fi sð ÞQi sð Þ ð18Þ

where fi(s) is the generalized force

Qi sð Þ ¼ 1
s2 þ 2nixisþ x2

i
ð19Þ

and the natural frequency ωi and the damping ratio ξi for the ith mode are

xi ¼ C2
i

L2

ffiffiffiffiffiffiffiffiffiffiffiffiffi
YI

lv xið Þ

s
ð20Þ

ni ¼
Cv xið Þ

2lv xið Þxi
ð21Þ

and Ci = λiL. Noting that Γ1 (ω) is almost a constant value in the frequency region
around ωi, one can consider μv(ωi) as a constant in (20). Therefore, ωi can be
obtained approximately. Then, with ωi, ξi can be obtained from (21). The gen-
eralized force fi(s) is obtained from Fdrive as

fi sð Þ ¼ 1
Mi

ZL
0

Fdrive z; sð Þ/i zð Þdz ð22Þ

where Mi is the generalized mass

Mi sð Þ ¼
Z L

0
lvu

2
i zð Þdz ¼ lvL ð23Þ

The next step is to derive the generalized force fi(s) from the moment generated
by IPMC actuation and from the hydrodynamic force acting on the passive fin but
transmitted to the IPMC beam.
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2.3 Actuation Model of the Tail

Chen and Tan [12] investigated the electrical dynamics of IPMC to obtain the
moment generated within IPMC, but there, the beam dynamics in water was not
considered. In the following, we will incorporate both electrical dynamics and
hydrodynamic interactions into a full-actuation model for IPMC hybrid tail in
water.

With distributed surface resistance, we can relate the actuation-induced bending
moment MIPMC(z, s) at point z to the actuation voltage V(s) by an infinite-dimen-
sional transfer function [12] as

MIPMC z; sð Þ ¼ a0WKke c sð Þ � tanh c sð Þð Þð ÞV sð Þ
sc sð Þ þ K tanh c sð Þð Þð Þ �
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B sð Þp

z
	 


tanh
ffiffiffiffiffiffiffiffiffi
B sð Þp

L
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B sð Þp

z
	 
	 


1þ r2h sð Þ

ð24Þ
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ffiffiffiffiffiffiffiffiffiffiffiffi
sþ K
d

r
; K, F2dC�

keRT
1� C�DVð Þ;

where α0 is an electromechanical coupling constant, d is the ionic diffusivity, R is
the gas constant, F is Faraday’s constant, T is the absolute temperature, C− is the
anion concentration, ΔV is the volumetric change, x is the coordinate defined in the
thickness direction, κe is the effective dielectric constant of the polymer, r1 is the
electrode resistance per unit length in the length direction, r2 is the electrode
resistance per unit length in the thickness direction, and Rp is the through-polymer
resistance per unit length. W, L, and h are the width, length, and half thickness of
the IPMC beam, respectively. We replace the moment MIPMC(z, s) induced by
actuation by three components: a distributed force density Fd(z, s) acting along the
length, a concentrated force Fc(L, s), and a moment M(L, s) acting at the IPMC tip
z = L, where

Fc L; sð Þ ¼ @MIPMC z; sð Þ
@z z¼Lj ; ð25Þ

Fd z; sð Þ ¼ @2MIPMC z; sð Þ
@z2

; ð26Þ

M L; sð Þ ¼ MIPMC L; sð Þ: ð27Þ
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The rationale of this replacement is that these components can generate the same
bending moment as MIPMC(z, s). See Appendix A for the details of this justification.
With (24), it can be verified that Fc(L, s) ≡ 0. Then, the generalized force can be
obtained as [43]

f1i sð Þ ¼ 1
Mi

ZL
0

Fd z; sð Þ/i zð ÞdzþM L; sð Þ/0
i Lð Þ

0
@

1
A: ð28Þ

• With IPMC only

Figure 8 shows that the original moment is replaced by a distributed force density
and a concentrated moment [13]. Note that for the IPMC only case, L1 defined in
Fig. 7 is the same as L defined in Fig. 8. With the aforementioned replacement, we
can derive the models for the IPMC tail-only case.

With (22) and (23), the generalized force (24) can be written as

f1i sð Þ ¼ Hfi sð ÞV sð Þ; ð29Þ

where

Hfi sð Þ ¼ a� b
2Mi

aL þ bL � cL � dL � bi aL � bL þ jcL � jdLð Þð Þ

þ a0WKke c sð Þ � tanh c sð Þð Þð Þ
Mi sc sð Þ þ K tanh c sð Þð Þð Þ

u0
i Lð Þ

1þ r2h sð Þð Þ cosh cLð Þ ;

Fig. 8 Original moment in
(a) is replaced by a distributed
force density and a
concentrated bending moment
in (b). © 2009 IEEE.
Reprinted, with permission,
from [13]
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and

a ¼ a0WKke c sð Þ � tanh c sð Þð Þð Þ
sc sð Þ þ K tanh c sð Þð Þð Þ

B sð Þ
1þ r2h sð Þ ;

b ¼ a tanh
ffiffiffiffiffiffiffiffiffiffiffiffi
B sð ÞL

p� �
; c ¼

ffiffiffiffiffiffiffiffiffi
B sð Þ

p
;

aL ¼ sinh cþ kið ÞLð Þ
cþ ki

; bL ¼ sinh c� kið ÞLð Þ
c� ki

;

cL ¼ sinh cþ jkið ÞLð Þ
cþ jki

; dL ¼ sinh c� jkið ÞLð Þ
c� jki

:

See Chen et al. [13] for detailed derivation.
From (14), one can then get the transfer function H1(L, s) relating w(L, s) to V

(s) as

H1 L; sð Þ ¼ w L; sð Þ
V sð Þ ¼

X1
i¼1

ui Lð ÞHfi sð ÞQi sð Þ: ð30Þ

We can also derive the transfer function H1d(L, s) relating the slope of the beam
∂w(z, s)/∂z at z = L to the input voltage V(s) as

H1d L; sð Þ ¼ @w z; sð Þ=@z z¼Ljð Þ
V sð Þ ¼

X1
i¼1

u0
i Lð ÞHfi sð ÞQi sð Þ: ð31Þ

• With a hybrid tail

From (1) and (2), the tail width Sc at the end has a significant impact on the speed
U. One could increase Sc by simply using a wider IPMC beam. Due to the IPMC
actuation mechanism, however, a too wide beam (i.e., plate) will produce curling
instead of bending motion, and is thus not desirable. Therefore, it has been chosen
to increase the edge width by attaching a passive plastic piece, as illustrated in
Fig. 9. While such a hybrid tail is expected to increase the thrust, one has to also
consider that the extra hydrodynamic force on the passive fin adds to the load of
IPMC, and may reduce the bending amplitude. Therefore, it is necessary to model
these interactions carefully.

The hydrodynamic force acting on the passive fin can be written as [43]

ftail z; sð Þ ¼ � p
4
qws

2b zð Þ2C2 xð Þw z; sð Þ; L0 � z� L1; ð32Þ
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where Γ2(ω) is the hydrodynamic function of the passive fin. Note that the
hydrodynamic force acting on the active IPMC beam has been incorporated in (10),
and therefore, only the hydrodynamic force on the passive fin needs to be con-
sidered here. Since the passive fin used is very light, its inertial mass is negligible
compared to the propelled virtual fluid mass, and is thus ignored in the analysis
here. Considering that the passive fin is rigid compared to IPMC, its width b(z) and
deflection w(z, s) can be expressed as

b zð Þ ¼ b1 � b0
L1 � L0

z� L0ð Þ þ b0; ð33Þ

w z; sð Þ ¼ w L0; sð Þ þ w0 L0; sð Þ z� L0ð Þ; ð34Þ

where b0, b1, L, L0, and L1 are as defined in Fig. 9. Then, one can calculate the
moment introduced by the passive fin: for L0 ≤ z ≤ L1,

Mfin z; sð Þ ¼
ZL1
L0

ftail s; sð Þ s� zð Þds

¼
ZL1
L0

ftail s; sð Þ s� L0ð Þdsþ L0 � zð Þ
ZL1
L0

ftail s; sð Þds; ð35Þ

If we define

Mtail sð Þ ¼
ZL1
L0

ftail s; sð Þ s� L0ð Þds; ð36Þ

Fig. 9 Illustration of an IPMC beam with a passive fin. The lower schematic shows the definitions
of dimensions. © 2009 IEEE. Reprinted, with permission, from [13]
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Ftail sð Þ ¼
ZL1
L0

ftail s; sð Þds: ð37Þ

Then (35) an be written as

Mfin z; sð Þ ¼ Mtail sð Þ þ Ftail L0 � zð Þ: ð38Þ

Figure 10 shows the forces and moments acting on the hybrid tail.

f2i sð Þ ¼ 1
Mi

ZL0
0

Fd z; sð Þui zð Þdzþ ui L0ð ÞFtail sð Þ
0
@

1
A

þ Mtail sð Þ þM L0; sð Þð Þu0
i L0ð Þ

Mi
;

ð39Þ

where Mtail and Ftail are defined in (36) and (37), respectively, Fd(z, s) and M(L0, s)
are defined in (26) and (27), respectively.

Then, the transfer functions relating w(L0, s) to V(s) and that relating to

w0 L0; sð Þ sð Þ¼D @w z; sð Þ=@z z¼L0j to V(s) can be found as

H2 L0; sð Þ ¼ 1þ Fsð ÞAs � BsEs

1þ Csð Þ 1þ Fsð Þ � BsJs
; ð40Þ

H2d L0; sð Þ ¼ 1þ Csð ÞEs � AsJs
1þ Csð Þ 1þ Fsð Þ � BsJs

; ð41Þ

Fig. 10 Forces and moments acting on the hybrid tail. © 2009 IEEE. Reprinted, with permission,
from [13]
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where

As ¼ H1 L0; sð Þ; Es ¼ H1d L0; sð Þ; D ¼ L1 � L0; k ¼ b1 � b0
D

;

Ms ¼ p
4
s2C2 xð Þqw;

Bs ¼
X1
i¼1

ui L0ð ÞQi sð Þ
Mi

Ms u0
i L0ð Þka þ ui L0ð Þkb

� �
;

Cs ¼
X1
i¼1

ui L0ð ÞQi sð Þ
Mi

Ms u0
i L0ð Þkb þ ui L0ð Þkc

� �
;

Fs ¼
X1
i¼1

u0
i L0ð ÞQi sð Þ

Mi
Ms u0

i L0ð Þka þ ui L0ð Þkb
� �

;

Js ¼
X1
i¼1

u0
i L0ð ÞQi sð Þ

Mi
Ms u0

i L0ð Þkb þ ui L0ð Þkc
� �

;

and

ka ¼ k2D5

5
þ 2kb0D4

4
þ b20D

3

3
;

kb ¼ k2D4

4
þ 2kb0D3

3
þ b20D

3

2
;

kc ¼ k2D3

3
þ kb0D

2 þ b20D:

See Chen et al. [13] for the detailed derivation. From (34), (40), and (41), one
can obtain the transfer functions relating the bending displacement and the slope at
z = L1 to the voltage input V(s) as follows:

H3 L1; sð Þ, w L1; sð Þ
V sð Þ ¼ H2 L0; sð Þ þ H2d L0; sð ÞD; ð42Þ

H3d L1; sð Þ, w0 L0; sð Þ
V sð Þ ¼ H2d L0; sð Þ: ð43Þ

2.4 Speed Model of Robotic Fish

Given a voltage input V(t) = Am sin(ωt) to the IPMC actuator, the bending dis-
placement and the slope of the tail at the tip z = L1 can be written as
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w L1; tð Þ ¼ Am H jxð Þj j sin xt þ \H jxð Þð Þ; ð44Þ

@w z; tð Þ
@z z¼L1j ¼ Am Hd jxð Þj j sin xt þ \Hd jxð Þð Þ; ð45Þ

where \ �ð Þ denotes the phase angle, and H(s) and Hd(s) represent H3(L1, s) and H3d

(L1, s), respectively. From (4), one can then obtain the steady-state speed U of the
robotic fish under the actuation voltage V(t) = Am sin(ωt) as

�U ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

mA2
mx

2 H jxð Þj j2
2CDqwSþ mA2

m Hd jxð Þj j2

s
: ð46Þ

One can easily extend (46) to periodic signals of other forms. For instance, the
prototype in Fig. 2 uses square-wave voltage signals for ease of implementation. To
derive the speed U, we can write out the Fourier series of a square wave. Then the
velocity of the fish actuated under a square-wave voltage with amplitude Am can be
obtained as

�U ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m 8x2A2

m=p
2

	 
P1
n¼1;3;5��� H jnxð Þj j2

CDqwSþ m 8A2
m=p

2
	 
P1

n¼1;3;5��� Hd jnxð Þj j2=n2
� �

vuuut : ð47Þ

2.5 Speed Model Validation

In the speed model (47), all the parameters are either dimensions or physical
parameters, which can be either measured or identified. See [13] for the details in
parameter identification. To validate the speed model of the robotic fish, the
velocities of the fish propelled by the IPMC under square-wave voltage inputs with
amplitude 3.3 V and different frequencies were measured. In this experiment, the
robotic fish swam freely in a tank marked with start and finish lines, and a timer
recorded the time it took for the fish to travel the designated range after it reached
the steady state. The capability of the model in predicting cruising speed was
verified for different operating frequencies, for different tail dimensions. The speed
model for a square-wave input [see (47)] was applied to the robotic fish, as
described in Sect. 2. In the simulation of (47), we took the first three terms in each
infinite series, which provided a good approximation to the sum of infinite series.

Four different hybrid tails were investigated, shown in Table 1. The predicted
speeds match the experimental data well, as shown in Fig. 11.

Intuitively, within the actuation bandwidth of IPMC, the achieved speed
increases with the actuation frequency. As the frequency gets relatively high, the
bending amplitude of IPMC decreases. Thus, for each tail, there is an optimal
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frequency under which the fish reaches the highest speed. Both the optimal fre-
quency and the corresponding highest speed depend on the dimensions of both
IPMC and passive fin, which can be predicted by the speed model.

Table 1 Dimensions of four tails (see Fig. 9 for the definitions of dimension variables)

L0 (mm) L (mm) W (mm) b0 (mm) b1 (mm) D (mm)

Tail 1 18 23 15 20 40 40

Tail 2 18 23 15 20 50 30

Tail 3 18 23 20 20 65 25

Tail 4 18 23 20 20 50 30

© 2009 IEEE. Reprinted, with permission, from [13]

Fig. 11 Verification of the speed model for the fish with four different tails. © 2009 IEEE.
Reprinted, with permission, from [13]
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3 Bio-inspired Robotic Cownose Ray Propelled by IPMC
Pectoral Fin

In this section, a PDMS assembly-based fabrication process will be presented first.
The pectoral fin consists of one IPMC in the leading edge and a passive PDMS
membrane in the trailing edge. By applying voltage potential to the IPMC, the
passive PDMS membrane follows the bending of IPMC with a phase delay, which
leads to thrust generation on the fin. The overall shape of the fin mimics that of the
biology. Then a bio-inspired and free swimming robotic cownose ray propelled by
artificial pectoral fins will be presented. The robotic body was designed using
biological data from a cownose ray and printed using a 3D printer. A light and
compact on-board control unit with a lithium ion polymer battery was used for
generating control signal to the IPMC in the pectoral fin. Experimental results
demonstrate that the pectoral fin is capable of generating thrust and the robot is
capable of free swimming. Details of this work were published in Chen et al. [15].

3.1 Fabrication of Artificial Pectoral Fin

The artificial pectoral fin must be able to generate an oscillatory motion with a twist
angle observed in nature, while under hydrodynamic loads. The fin was fabricated
by combining IPMC actuator with a PDMS elastomer in a mold to create a pre-
defined planform shape. The planform design of the pectoral fin is shown in Fig. 12.
The outline shape of the fin mimics that of the biological cownose ray. An IPMC
beam is placed in the leading edge of the fin. The rest of the fin is composed by a
PDMS passive membrane.

The first step in creating the artificial pectoral fin is to fabricate the IPMC
actuator. Many groups have developed different IPMC fabrication processes for
various purposes [16, 24, 25, 46]. In our fabrication method, we primarily follow
the procedure outlined by Kim and Shahinpoor [24] but one important difference in

Fig. 12 Artificial pectoral fin
design [15]. © 2011 by
ASME. Reproduced by
permission of ASME. All
rights reserved
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our method includes multiple platinum plating processes to reduce the surface
resistance of the electrodes [28]. A Nafion (NafionTM N1110, DuPont) membrane
was selected as the ion-exchange membrane in IPMC. After the electroless plating
process, about 6 μm thick platinum electrodes were deposited on the Nafion sur-
faces with good polymer-metal adhesion. The sample was then submerged in a
sodium solution (1 N) for 1 day to exchange H+ with Na+ to enhance the actuation
performance of the IPMC.

The next step was to bond the IPMC with a PDMS elastomer membrane. The
PDMS bonding process is shown in Fig. 13: (a) two Delrin polymer (McMaster)
molds were made using a CNC rapid milling machine (MDX-650, Roland). Each
mold had two concaved areas to house the PDMS passive membrane and the IPMC
actuator in the molding process. The thickness of PDMS membrane was 1 mm and
thickness of IPMC was 280 μm. (b) the IPMC was cut into the shape shown in
Fig. 12. (c) 5 % glass bubbles (Glass bubble K37, 3 M Inc) were added into PDMS
gel (Ecoflex 0030, Smooth-on Inc.) to gain a neutrally buoyant pectoral fin. To
make it visible underwater, blue dye was added into the PDMS gel. (d) the IPMC
and the PDMS gel were then clamped with the molds and the PDMS was cured at
room temperature for 3 h. (e) the IPMC/PDMS artificial pectoral fin (Fig. 14) was
removed from the molds.

The pectoral fin was tested in a water tank. The results suggest that the fin can
generate up to 40 % tip deflection, 10° twisting angle with less than 1 W of power
consumption [15]. Propulsion model for the IPMC-enabled pectoral fin is still under
investigation.

3.2 Design and Test of Robotic Cownose Ray

• On-board Control Circuit

The on-board circuit provided a square wave voltage signal to the IPMC actuator in
the pectoral fin. Figure 15a shows the schematic of the circuit. A 555-timer was

Fig. 13 Fabrication process (cross-section view) [15]. © 2011 by ASME. Reproduced by
permission of ASME. All rights reserved. a Fabricate IPMC, b make a mold, c mix PDMS gel
with glass bubbles, d clamp the mold containing the IPMCs and uncured PDMS, and then cure the
PDMS at room temperature, e remove the mold
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used to generate a frequency tunable square wave. The amplitude of the voltage
signal, Vp, was controlled by an adjustable voltage regulator. An H-bridge driver
was used to draw up to 2 A output peak current. A rechargeable 7.3 V Lithium Ion
Polymer battery (1700 mAh, AA Portable Power Corp) was selected as the power
source for the robot. Figure 15b shows the picture of PCB board and battery.

• Bio-inspired Body Design

The robotic body was designed using Inventor (Autodesk). A set of CT Scan data
from a biological cownose ray was used in the body design. The CT Scan data
provided cross sectional images of the cownose ray’s body. We took 10 cross
sectional images of the center body and lofted them to create a 3-dimensional
robotic body. Since a small scale robot was our interest, the robotic body was scaled
down compared to that of the biological cownose ray. The overall the body

Fig. 15 On-board control unit [15]. © 2011 by ASME. Reproduced by permission of ASME. All
rights reserved. a Schematic of circuit board, b picture of PCB board and battery

Fig. 14 IPMC/PDMS artificial pectoral fin [15]. © 2011 by ASME. Reproduced by permission of
ASME. All rights reserved
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dimensions were 21 cm long, 5 cm wide, and 5 cm thick (Fig. 16). The body
consisted of a top part and a bottom part. In the bottom part, there was a cubic
chamber to house the circuitry. In the top part, there was an O-ring that was used to
seal the chamber to make the circuitry waterproof. Both parts had two gold elec-
trodes that were used to apply electric signals to the IPMCs. The body was printed
using a Fused Deposition Modeling (FDM) machine (uPrint Plus, Dimension). The
fully assembled robot was 21 cm long, 33 cm wide, 5 cm thick, and weighted
119 g. The free-swimming robot is shown in Fig. 4.

• Free Swimming Test

The robot was tested in a water tank (1.5 m wide, 4.7 m long, and 0.9 m deep),
which is shown in Fig. 17. The robot was neutrally buoyant underwater. In the free
swimming test, the operating frequency of the square wave actuation voltage was
tuned at 0.157 Hz and the amplitude was set at 3.3 V.

A digital video camera (VIXIA HG21, Canon) was used to capture the videos of
the swimming robot. Figure 18 shows six snap shots of the swimming robot from
top view. Each snap shot was taken every 5 s. The speed of the robot was extracted
from the movie using the Edge Detection program in the Labview. The swimming
speed shown in Fig. 18 was 0.7 cm/s. Since the body length was 21 cm, the speed in
body length per second was 0.034 BL/s with less than 2 W power consumption.

Fig. 16 Bio-inspired robotic body [15]. © 2011 by ASME. Reproduced by permission of ASME.
All rights reserved
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Fig. 18 Snap shots of the free swimming robot [15]. © 2011 by ASME. Reproduced by
permission of ASME. All rights reserved

Fig. 17 Pictures of the robot in underwater test [15]. © 2011 by ASME. Reproduced by
permission of ASME. All rights reserved
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4 Bio-inspired Buoyancy Control Device Enabled
by IPMC-Enhanced Water Electrolysis

A bio-inspired buoyancy control device powered by IPMC enhanced electrolysis is
developed for the depth of underwater robots. The device consists of a gas chamber
whose volume is controlled by a solenoid valve and a gas generator, thus changing
the device’s buoyancy. An IPMC is used as a catalyst in the gas generator since it is
capable of generating electrolysis with low activation voltage and high energy
efficiency. The activation voltage can be as low as 1.87 V in tap water and the gas
generate rate can reach at 0.135 mL/s with 3.8 W power consumption. A prototype
device has been fabricated with 3D printing technology and demonstrated its depth
control capability with an open loop control. To design a feedback control, a
nonlinear dynamic model is developed to capture the unstable dynamics of the
device. Most of this work was published in Um et al. [51].

4.1 Description of Buoyancy Control Device

The buoyancy control device consists of a gas chamber whose volume is controlled
by electrolysis gas generator and a solenoid valve, thus changing the device’s
buoyancy. A set of gold electrodes, separated by an IPMC film, is used as a
lightweight and compact electrolysis generator. The overall schematic of the device
is shown in Fig. 19. The gas generation mechanism and gas releasing mechanism
will be described as follows.

Fig. 19 Schematic
Illustration of the novel
buoyancy control device. ©
2011 IEEE. Reprinted, with
permission, from [51]
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• Gas Generation Mechanism and Control

When an electric current is applied between positively and negatively charged
electrodes in ionized water, a chemical reaction occurs, in which pure oxygen and
hydrogen gases are produced at the anode and cathode electrodes, respectively.
Most electrolysis experiments are performed in ionic solutions, which are usually
prepared by adding salt, acid, or a base. However, adding electrolytes is not feasible
in this case because the device must be able to generate gas in regular tap water.
Electrolysis in tap water is much slower because of the limited number of ions
present. In order to enhance the electrolysis process, an IPMC is placed directly in
between the electrodes [33].

The mechanism to control the release of gas, and thereby depth, uses a two-way
solenoid valve. When the valve is actuated, the gas formed during electrolysis
escapes from the device and water supersedes. As a result, the density of the device
increases, causing it to become more negatively buoyant. When the valve is closed,
water cannot enter through the bottom opening because the pressure inside the
device is equal to that of outside. Thus the device is able to maintain the same depth
by having a constant buoyant force. In order to travel up or downwards, gas is either
produced or released in a controlled manner.

4.1.1 Fabrication of the Device

The parts were drawn using Autodesk Inventor 2010 and printed using a FDM
machine (uPrint Plus by Dimension). Figure 20 shows the design of the device. The
device can be divided into three chambers. Assembled device is shown in Fig. 6. The
device was approximately 15 cm tall, 6.5 cm in diameter, and had a mass of 114 g.

Fig. 20 Design of the device
using Autodesk. © 2011
IEEE. Reprinted, with
permission, from [51]
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• Bottom Chamber

The bottom chamber encased the gas generator and hold water (Fig. 21). The water
level varied depending on the depth location of the device. When the device was
below the surface, the gas generator was submerged under water to ensure that the
electrolysis can take place to allow the device to float up. The bottom chamber also
had room to secure up to eight metal washers such that the device was initially
about 80–90 % submerged with addition of washers as dead weights.

On the bottom of the chamber, there was a small opening to allow water to enter
or escape the device. This opening ensured that the inside and outside pressures
were kept equal. An IPMC enhanced water electrolysis generator was placed in the
bottom chamber. The size of the IPMC was 2 cm by 3 cm with about 150 μm in
thickness (Fig. 22).

• Middle Seal

The purpose of the middle seal was to provide waterproofing of the electronics in
the top chamber (Fig. 23). The bottom inner surface was concaved to direct the gas
products to the gas chamber.

• Top Chamber

The top chamber was partitioned into a waterproof chamber and a gas chamber. The
waterproof chamber contained all the electronics, 7.4 V Li-ion battery and Solenoid
valve (Fig. 24). The gas chamber contained a mixture of air and gases produced at
the electrodes in the bottom chamber. A tube connected the gas chamber to the
device surroundings via solenoid valve.

Fig. 21 Bottom chamber. © 2011 IEEE. Reprinted, with permission, from [51]
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• On-board Circuit

The on-board circuit provided actuation voltage signals to the electrodes and
solenoid valve (Fig. 25). A rechargeable 7.4 V, 400 mAh AA Portal Power Corp
Lithium Ion Polymer battery was used as a power source and PIC12F508

Fig. 22 IPMC enhanced electrolysis generator. © 2011 IEEE. Reprinted, with permission, from
[51]

Fig. 23 Middle seal. © 2011 IEEE. Reprinted, with permission, from [51]

Fig. 24 Top Chamber with
electronic components and
gas chamber. © 2011 IEEE.
Reprinted, with permission,
from [51]
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microcontroller was used to generate two square wave control signals, S1 and S2. A
square wave was chosen to simplify testing of the open-loop system. Since the
microcontroller draws only 25 mA, two H-bridge drivers were used to provide up to
2 A peak current output to the electrodes and solenoid valve, which draw up to 500
and 80 mA, respectively. A 7.4 V voltage (Vp1), was applied to open the valve. A
voltage regulator set the amplitude of the voltage applied to the electrodes and
microcontroller, Vp2, to 5 V. Mass of the circuitry and the battery were 11.5 and
19.1 g, respectively.

The body of the depth control device is made from acrylonitrile butadiene
styrene (ABS) using a FDM machine. The device contains an on-board electrical
circuit with a microcontroller, rechargeable battery, and artificial bladder (shown in
Fig. 6) [51]. The device has a mass of 114 g and a peak power consumption of
1.2 W. Experimental results using open-loop control show that the device is capable
of controlling its buoyancy efficiently with no noise and low power consumption.
The response times for sinking and rising are approximately 4.67 s and 180 s,
respectively. Applications for this technology include integration into bio-inspired
underwater vehicles. Such vehicles will be able to explore freshwater lakes or rivers
in its natural, unperturbed state. It also has advantages in: easy transport, exploring
hard-to-reach areas, and consuming less power. Furthermore, multiple vehicles can
collect data in a massively parallel manner due to their small size and efficiency.

4.1.2 Experimental Results

• Gas Generation Rate Test

An experiment was set up to measure the gas generation rate at different voltage
levels. Voltages ranging from 2.0 to 6.0 V at 0.5 V intervals were applied to the
electrodes using an Agilent DC Power Supply (Model #E3646A). The hydrogen

Fig. 25 Circuit schematics. © 2011 IEEE. Reprinted, with permission, from [51]. a Schematic of
the circuit, b picture of the printed circuit board and battery
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and oxygen gases generated were collected using water displacement technique
with 50 mL graduated cylinder.

The results (Fig. 26) indicated a fairly strong linear relationship between gases
generated and power consumption. The proportionality constant was approximately
0.032 mL/J. The on-board circuit was set up such that the output voltage was 5 V.
However the actual voltage measured across the electrodes was 4 V due to low
capacity of the battery. At this voltage, the average current and power consumption
based on five trials were 0.3 A and 1.2 W, respectively. The average gas generation
rate was 0.048 mL/s. A linear model predicted 0.040 mL/s at this power so the
model and the result were in a fair agreement.

• Diving Test

The depth control device was tested in a water tank (1.5 m wide, 4.7 m long, and
0.9 m deep). The tank was filled with tap water at a room temperature. A critical
mass was found when the device was about 95 % submerged under water, at which
a slight decrease in buoyancy caused the device to sink. The critical mass of the
device was experimentally found to be 283 g. Because the mass of the device was
114 g, 169 g of metal washers were added to the bottom chamber as dead weights.
This mass was also equal to the payload for this particular device. The micro-
controller was programmed such that there was an initial 3 min delay to allow time
for assembly and fastening of the bolts. After the initial delay, the solenoid valve
turned on for 12 s to allow gas to escape such that the device sunk to the bottom of
the tank. Then the solenoid valve was turned off and 5 V was applied to the
electrode plates for up to 15 min. Gases generated by the electrolysis filled the gas
chamber, which displaced the water inside the bottom chamber. Thus, the device
became more positively buoyant. The time it took to rise back up to the top was
measured. Figure 27 shows the timing of the control signals.

It took approximately 4.7 s for the device to sink to the bottom of the tank and
180 s to rise back up to the top. The power consumption for sinking and rising were
0.5 W and 1.2 W, respectively. Figure 28 shows snapshots of a successful dem-
onstration of the open-loop proof-of-concept depth control device.

Fig. 26 Gas flow rate versus
power consumption. © 2011
IEEE. Reprinted, with
permission, from [51]
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5 Conclusion

In this Chapter, three IPMC-enabled technologies are presented for creating bio-
inspired robotic fish. First, a physics-based and control-oriented modeling approach
has been developed for robotic fish propelled by an IPMC caudal fin. The model
incorporates the actuation dynamics of IPMC and hydrodynamics of robotic fish.
The model can capture the steady-state speed of the fish, which enables real-time
control of the fish. The model is geometrically scalable, which enables optimal
design of the robotic fish.

Fig. 27 Timing of the control signals. © 2011 IEEE. Reprinted, with permission, from [51]

Fig. 28 Snap shots of the device in diving test. © 2011 IEEE. Reprinted, with permission, from
[51]
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Second, a fabrication technology for creating IPMC actuating membrane capable
of generating 3D kinematic motion has been developed. Based on this technology,
artificial pectoral fins were fabricated and a small, free-swimming robotic Cownose
ray was developed. The experimental results show that the robotic Cownose was
able to swim at 0.034 BL/s with less than 2 W power consumption.

Third, a buoyancy control strategy using IPMC-enhanced water electrolysis has
been developed. A compact and power-efficient depth-control device was fabricated
and tested to verify the buoyancy control strategy. This technology can be com-
bined with any free swimming unmanned underwater vehicle.
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Macro-Fiber Composite Actuated
Piezoelectric Robotic Fish

Alper Erturk

Abstract This chapter is centered on fish-like aquatic robotics using flexible
bimorphs made from Macro-Fiber Composite (MFC) piezoelectric laminates.
Bimorph propulsors employing MFCs offer a balance between the actuation force
and velocity response for performance enhancement in bio-inspired swimming, in
addition to noiseless and efficient actuation over a range of frequencies, geometric
scalability, and simple design. The experimental component of this work first
explores the effect of a passive substrate fin extension on the thrust frequency
response of MFCs bimorphs in quiescent water along with measurement proce-
dures. Specifically, it is shown that broadband thrust generation can be achieved in
the presence of a passive substrate extension. The second part of the experiments is
focused on the characterization of an elastically constrained uniform MFC bimorph
propulsor (in-air and underwater) as well as the development of a robotic fish
prototype combining a microcontroller and a printed circuit board amplifier to
generate high actuation voltage for untethered locomotion. A distributed-parameter
electroelastic model including the hydrodynamic effects and actuator dynamics is
coupled with the elongated-body theory for estimating the mean thrust in quiescent
water. For electroelastically nonlinear actuation levels, experimentally obtained
underwater vibration response is coupled with the elongated-body theory to predict
the thrust output. The measured mean thrust levels in quiescent water (on the order
of *10 mN) compare favorably with thrust levels of biological fish. An untethered
robotic fish prototype that employs a single bimorph fin for straight swimming and
turning motions is developed and tested in free locomotion. A swimming speed of
0.3 body length/s (7.5 cm/s swimming speed for 24.3 cm body length) is reported at
5 Hz for a nonoptimized main body-propulsor bimorph combination under a
moderate actuation voltage level.
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1 Introduction

The potential applications for fish-like biomimetic locomotion at different geo-
metric scales range from underwater sensing and exploration for sustainable ecol-
ogy to drug delivery and disease screening in medicine [1–3]. Other than the use of
conventional actuators, such as servomotors and hydraulic actuators employed in
conjunction with various mechanisms [4–13], recently, various smart materials
have been utilized for fish-like robotic fish development, such as Ionic Polymer-
Metal Composites (IPMCs) [14–31], Shape Memory Alloys (SMAs) [32–37], and
magnetostrictive thin films [38–40], among other alternatives [41–43]. In particular,
the IPMC technology [14–31] has received great interest for biomimetic locomotion
primarily due to its low-voltage actuation and large amplitude deflection capabili-
ties. Conventional motor-based actuation involves complex structural design and
provides high swimming speeds (per body length); whereas, the use of smart
materials enables the geometric scalability option along with simple design and
noiseless performance at the expense of reduced swimming speeds.

Piezoelectric materials offer strong electromechanical coupling and actuation
forces, high power density, and their fabrication methods at different scales are well
established [44–47]. These materials exhibit the so-called direct and converse
piezoelectric effects. The direct effect is the process of electric charge development
in response to mechanical deformation, while the converse effect is the mechanical
deformation resulting from an applied electric field in a piezoelectric material. From
the standpoint of multifunctionality, the converse piezoelectric effect can be used
for dynamic actuation in biomimetic locomotion over a range of frequencies, while
the direct piezoelectric effect can be employed for harvesting underwater energy
toward enabling self-powered swimmer-sensor platforms [46]. Similar to IPMCs,
the Macro-Fiber Composite (MFC) piezoelectric actuators (introduced by the
NASA Langley Research Center in the first decade of this century [48–51]) also
exhibit high efficiency in size, reduced energy consumption, and noiseless perfor-
mance. In addition, unlike IPMCs, the MFCs offer large dynamic stresses in
bending actuation as well as high performance for both low-frequency and high-
frequency applications. The MFC technology employs piezoelectric (PZT: lead
zirconate titanate) fibers of rectangular cross-section in epoxy matrix along with
interdigitated electrodes and it leverages the 33-mode of piezoelectricity in bending
actuation, i.e., strain and electric field directions are coincident (Fig. 1). The
composite architecture is embedded in Kapton film which provides substantial
structural robustness and integrity. Furthermore, polyester electrode sheets enable
the option of waterproof applications. With these characteristics, MFC-based
robotic fish can provide both geometric scalability and high performance swim-
ming, as discussed in detail throughout this chapter.

High-voltage input requirement and low-strain output are the two downsides of
piezoelectric transduction limiting the application of previously investigated pie-
zoelectric structures for robotic fish development to use in free locomotion. In order
to overcome the shortage of low strain in piezoelectric robotic configurations prior
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to the MFC technology, various kinematic magnification mechanisms were pro-
posed by others [52–54]. However, the magnification component that is employed
for creating larger vibration amplitudes typically creates energy loss and noise. As
far as the high-input voltage requirement is concerned, research groups have used
tethered configurations to power piezoelectric robotic fish, which restricts the
free (unconstrained) locomotion capability [52–55]. Only recently, an untethered
piezoelectric robotic fish [56] was reported by using an MFC bimorph as the
propulsor with simple electronics and no motion amplification mechanism.

In this chapter, fish-like aquatic robotics using MFC piezoelectric bimorphs is
presented based on our recent work [46, 56]. Focusing on quiescent water condi-
tion, extensive experiments are conducted to measure the thrust generated by MFCs
oscillated under resonant actuation. Performance comparison of two MFC fish
configurations with and without as passive caudal fin extension is presented by
reviewing the work by Erturk and Delporte [46] in detail. In-air and underwater
dynamics of an MFC bimorph cantilever are modeled for linear bending vibrations
under dynamic piezoelectric actuation. The in-air electroelastic model is extended
to obtain an underwater electrohydroelastic model accounting for the hydrodynamic
effects. Underwater dynamics of an elastically constrained bimorph propulsor is
then coupled with Lighthill’s elongated-body theory to predict the thrust output in
quiescent water based on Lighthill’s mean thrust expression. In-air and underwater
experiments are conducted for model validation and for characterizing a bimorph
propulsor. Finally, an untethered robotic fish prototype is reported for straight
swimming and turning motions in free locomotion based on the work by Cen and
Erturk [56].

Fig. 1 a Picture of a single MFC laminate and close-up schematic of the piezoelectric fibers,
epoxy matrix, and interdigitated electrodes; b picture of a bimorph cantilever made from two MFC
laminates (bonded in a vacuum process using high shear strength epoxy) for bending actuation and
close-up view of a small region showing the major components of the composite electromechan-
ical structure
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2 Underwater Thrust Generation Using MFCs and Effect
of a Passive Fin Extension

2.1 Calibration of the Thrust Measurement Setup

Hydrodynamic thrust measurement under piezoelectric actuation is a more involved
task as compared to measurements of the dynamic kinematic variables, such as
velocity and acceleration. The reason is that the thrust output is a one-directional
force resultant achieved during the oscillatory actuation of the piezoelastic structure
at steady state. A 254 mm × 25.4 mm × 6.35 mm aluminum cantilever is combined
with a laser sensor to obtain an elastic transducer for this purpose. The MFC fish
sample with its plexiglass clamp is attached to the tip of the horizontally located
transducer cantilever as shown in Fig. 2a. A set of small masses are then gradually
located at the center of the MFC fish head to emulate the force (thrust) by the help
of the gravity. The resulting deflection is recorded by the laser sensor (Fig. 2b) and
eventually the linear calibration curve shown in Fig. 2c is obtained. Note that the
transducer cantilever responds linearly up to several hundreds of milli-Newtons and
the decoder of the laser sensor is sensitive enough to capture the resulting deflection
amplitudes.

2.2 Underwater Actuation and Thrust Measurement

After the calibration curve of the transducer cantilever is obtained in air, the
transducer cantilever with a clamped MFC fish sample is immersed in water for the
hydrodynamic thrust measurements using the experimental setup shown in Fig. 3a.
It is important to note that the dimensions of the transducer cantilever are such that
its underwater fundamental resonance frequency is sufficiently higher than the
underwater actuation frequencies of interest (this is checked by impact hammer

Fig. 2 a Calibration of the setup to obtain the force-deflection relationship in the presence of an
MFC fish sample and its clamp; b close-up view showing the point of applied calibration loads ðFÞ
at the head of the MFC fish and the point of deflection ðdÞ measurement; c linear calibration curve
with the identified linear stiffness ðF=dÞ value (© IOP Publishing. Reproduced with permission.
All rights reserved)
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testing). Hence, the measurement is in the quasi-static region of the transducer
cantilever in the thrust generation experiments and the tip deflection of the canti-
lever is due to the dynamics of the MFC fish sample only (i.e., there is no inter-
action with the dynamics of the transducer cantilever). In addition, the hydrostatic
pressure distributions on both faces of the transducer cantilever cancel each other so
that the in-air thrust-deflection calibration is valid.

In Fig. 3a, the laser vibrometer pointing from the transverse direction of the
MFC fish sample (Laser A) is employed for extracting the modal frequencies of the
MFC fish sample (in bending) through the tail velocity-to-actuation voltage FRFs.
The second laser vibrometer (Laser B) measures the displacement of the transducer
cantilever (as in Fig. 2a) in the perpendicular direction so that the mean displace-
ment can be converted to thrust using the calibration curve (Fig. 2c).

Harmonic actuation is used for hydrodynamic thrust generation. The frequency
increment used in the time-domain thrust measurements is 0.5 Hz. At each fre-
quency of voltage actuation, three time-domain displacement measurements are
taken (using Laser B in the configuration described by Fig. 3a): Pre-actuation,
actuation, and post-actuation. An example is displayed in Fig. 3b for the thrust
measurement at 6 Hz under the peak-to-peak actuation input of 1050 V. The first
measurement in this scheme is the pre-actuation measurement, which is simply the
laser reading in the absence of piezoelectric actuation (i.e., noise around the origin).
Then, the voltage actuation is started and the data is recorded after the system
reaches its steady state, which is the actuation measurement. Finally, the actuation
is stopped and a last measurement is taken in the absence of any actuation or
transients. This is the post-actuation measurement. The origin is defined as the
average of the pre-actuation and post-actuation measurements. The mean dis-
placement caused by the thrust is the difference between the mean value of the

Fig. 3 a Experimental setup used for underwater thrust measurement after the transducer
cantilever with a clamped MFC fish sample is submerged in water. Laser A is used for obtaining
the transverse tail velocity-to-actuation voltage input FRFs whereas Laser B is used to measure the
mean head displacement during the manual frequency sweep for evaluating the hydrodynamic
thrust; b displacement measurements at the head of the MFC fish sample (in the direction of
positive thrust) during pre-actuation, post-actuation, and actuation (along with the average of the
pre-actuation and post-actuation histories, which defines the averaged origin) (© IOP Publishing.
Reproduced with permission. All rights reserved)
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actuation measurement and the mean value of the averaged origin measurement.
The mean displacement reading is then used in Fig. 2c to give the mean thrust at the
frequency of measurement. Note that the laser signal amplitude is divided by the
refractive index of water (n = 1.333) in the underwater experiments and the validity
of this signal correction is checked through another set of experiments not discussed
here. Another important optical consideration when taking laser measurements
through a transparent but reflective interface (clean glass in this case) is to make
sure that the reflection from the interface is not on the lens.

2.3 The Effect of a Passive Caudal Fin Extension
on the Thrust Frequency Response

Two bimorph fish samples are fabricated using a 0.127-mm-thick aluminum sheet
as the substrate material and MFC piezoelectrics as the active material (MFC-8528-
P1 type from the Smart Material Corporation). The active length and width of the
MFC layers are 85 and 28 mm, respectively. The MFC layers are bonded onto both
faces of the aluminum substructure using high-shear-strength epoxy in a vacuum
bonding process. The active region of each bimorph MFC fish is approximately 0.8-
mm thick. As shown in Fig. 4, one of the two MFC fish configurations has no
caudal fin; whereas, the aluminum substrate of the other bimorph extends outside
the active region to give a passive tapered caudal fin of 35 mm length and 48 mm
maximum width (at the tail tip). Each MFC layer has a free capacitance of 5.7 nF
according to the manufacturer and parallel connection is employed here. Therefore,
a resultant capacitance of 11.4 nF is expected for each unclamped MFC fish sample
based on the technical specifications. The measured clamped capacitance values
(in-air) are 7.4 and 8.6 nF for the configurations without and with a caudal fin,
respectively.

Fig. 4 a Bimorph MFC fish samples without and with a passive caudal fin and b side-view
schematics of the composite bimorph structures (not to scale). Both samples have continuous
aluminum substrates (blue) of the same thickness but different length (© IOP Publishing.
Reproduced with permission. All rights reserved)
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The MFC fish samples are attached to the transducer cantilever for the underwater
thrust measurements. Figure 5a shows the alignment of the transducer cantilever
with a bimorph MFC fish sample attached at its tip. The underwater configurations of
the two MFC fish samples without and with a caudal fin are shown in Fig. 5b. The
thrust measurements are conducted for frequencies below 20 Hz (which cover the
first two bending modes of the MFC fish sample with a passive caudal fin). For the
same harmonic actuation voltage input to each sample (1050 V of peak-to-peak
voltage), Fig. 5c shows the thrust FRFs. The fundamental resonance frequency of the
MFC fish sample with no caudal fin is around 14.5 Hz and the mean thrust at this
frequency is 18 mN. Remarkably, the MFC fish sample with a tapered passive caudal
fin exhibits two peaks in the frequency range of 0–20 Hz with much larger thrust
output. In addition to its fundamental vibration mode around 6 Hz (the first bending
mode), the MFC fish with a passive caudal fin has its second vibration mode around
15 Hz (the second bending mode). The mean thrust readings for the sample with a
passive caudal fin in Fig. 5c are 26 mN at 6 Hz (mode 1) and 28 mN at 15 Hz (mode
2). The mode shapes of this configuration are shown in Fig. 5d. Note that the second
mode shape (at 15 Hz) has a node near the root of the caudal fin, hence an inflection
point close to the head of the MFC fish. It can be concluded from Fig. 5c that the
configuration with a passive caudal fin is a wideband thrust generator with sub-
stantially larger and relatively flat thrust output as compared to the configuration
with no caudal fin for the same dynamic actuation input.

Fig. 5 a Underwater configuration of an MFC fish sample; b two MFC fish configurations
without and with a passive caudal fin; c comparison of thrust frequency response for the same
actuation input (peak-to-peak voltage: 1050 V) showing the substantial advantage of the MFC fish
sample with a caudal fin; d mode shapes of the configuration with a passive caudal
fin (© IOP Publishing. Reproduced with permission. All rights reserved)
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It is worth mentioning that the actuation performance for the second vibration
mode can be improved by optimizing the surface coverage of the piezoelectric
layers. It is known that the second mode shape (in Fig. 5d) has a strain node (which
is simply an inflection point for a thin cantilever) near the root. Therefore, a sig-
nificant portion of the actuation input cancels itself with the present surface cov-
erage of the piezoelectric layers since the strain distributions on two sides of the
strain node are 180° out of phase. Using segmented piezoelectrics (or segmented
electrodes) can improve actuation performance dramatically for swimming with the
second mode shape.

2.4 The Effect of Actuation Voltage on the Thrust Output

Further experiments are conducted with both MFC fish samples to investigate the
dependence of the thrust output on the actuation voltage. The allowable voltage
range of the MFC actuators is −500 to 1500 V and neither of these levels should be
exceeded during the dynamic actuation. Therefore, the maximum peak-to-peak
voltage input level without imposing any DC offset is 1000 V and this level can be
increased up to the peak-to-peak level of 2000 V with sufficient DC offset (i.e.,
using +500 V DC offset with an oscillatory amplitude of 1000 V so that the
maximum is 1500 V and the minimum is −500 V). In this work, the peak-to-peak
voltage levels of 800, 1050, and 1300 V are studied and the resulting thrust fre-
quency response curves are shown in Fig. 6. The thrust output increases mono-
tonically with increasing voltage amplitude at every frequency. For all peak-to-peak
actuation voltage levels shown in Fig. 6, the configuration with a passive caudal fin
results in substantially better thrust generation performance with larger peak thrust
as well as wideband behavior. At the highest actuation voltage level (1300 V peak-
to-peak), mean thrust values of more than 30 mN are achieved over the frequency
range of 4–17 Hz (with the peak values of 40 and 50 mN at the first two resonance
frequencies, respectively). Note that the mass of the configuration with a passive
caudal fin is only 10 g (excluding the mass of its plexiglass clamp head).

3 Piezohydroelastic Modeling of a Uniform MFC Propulsor
Dynamics

3.1 In-Air Dynamics of a Bimorph Propulsor

The linear electroelastic equation of motion for in-air bending vibrations of a thin
bimorph cantilever (Fig. 7) with uniform cross-section under dynamic voltage
actuation is given by
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@4w x; tð Þ

@x4
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@2w x; tð Þ
@t2
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@wðx; tÞ

@t
¼ #

ddðxÞ
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� ddðx� LÞ
dx

� �
vðtÞ ð1Þ

where D is the flexural rigidity of the composite cross-section, m is the mass per
length, c is the damping coefficient, # is the electromechanical coupling term in the
physical coordinates, dðxÞ is the Dirac delta function, vðtÞ is the actuation voltage,
and wðx; tÞ is the deflection of the reference surface in the transverse (z) direction at

Fig. 6 Mean thrust frequency response curves of different peak-to-peak actuation voltage levels
for the configurations a without and b with a passive caudal fin (© IOP Publishing. Reproduced
with permission. All rights reserved)

Fig. 7 Schematic of a uniform cantilevered bimorph propulsor under dynamic voltage actuation
to create bending vibrations (piezoelectric layers can be combined in series or in
parallel) (© IOP Publishing. Reproduced with permission. All rights reserved)
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the longitudinal position x and time t. Here, m and c are altered for underwater
vibrations due to the added mass and damping effects of hydrodynamic loads as
discussed in Sect. 3.2. While the formulation is given for a uniform cross-section
(e.g., the case of no caudal fin extension in the previous section), a similar modeling
approach can easily be used in the case of a two-segment configuration with a
substrate extension as long as the individual segments are uniform.

Separating the space- and time-domain variables and assuming single-mode
(fundamental mode) response yields

wðx; tÞ ffi /ðxÞgðtÞ ð2Þ

where /ðxÞ and gðtÞ are the mass-normalized eigenfunction and the modal coor-
dinate of the fundamental transverse vibration mode for a clamped-free uniform
beam. The mass-normalized eigenfunction for the first mode can be obtained as

/ðxÞ ¼
ffiffiffiffiffiffiffi
1
mL

r
cosh

kx
L
� cos

kx
L

�
� r sinh

kx
L
� sin

kx
L

� ��
ð3Þ

and it satisfies

Z L

0
m/2ðxÞdx ¼ 1;

Z L

0
/ðxÞD d4/ðxÞ

dx4
dx ¼ x2

n;air ð4Þ

Here, k ¼ 1:87510407; r ¼ 0:734095514, L is the length of the bimorph, and
xn;air is the in-air natural frequency:

xn;air ¼ k2
ffiffiffiffiffiffiffiffiffiffi
D

msL4

r
ð5Þ

where ms is the structural mass per length.
For in-air vibrations, the mass per length in Eq. (1) is merely the structural mass

per length:

m ¼ ms ð6Þ

while the in-air damping coefficient is

c ¼ 2msfsxn;air ð7Þ

where fs is the damping ratio which is assumed to be dominated by structural losses
for infinitesimal in-air vibrations.

Following the standard analytical modal analysis procedure [57], i.e., substi-
tuting Eq. (2) into Eq. (1), multiplying the latter by the eigenfunction and inte-
grating the resulting equation over the beam length, one obtains
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yielding

d2gðtÞ
dt2

þ 2fsxn;air
dgðtÞ
dt

þ x2
n;airgðtÞ ¼ hvðtÞ ð9Þ

where h is the electromechanical coupling term in the generalized modal
coordinate g:

h ¼
Z L

0
/ðxÞ# ddðxÞ

dx
� ddðx� LÞ

dx

� �
dx ¼ #

d/ðxÞ
dx

����
x¼L

ð10Þ

If the actuation voltage is assumed to be harmonic of the form

vðtÞ ¼ V0e
jxt ð11Þ

where V0 is the actuation voltage amplitude, x is the actuation frequency (in rad/s),
and j is the unit imaginary number, then the steady-state response for the modal
coordinate is

gðtÞ ¼ hV0ejxt

x2
n;air � x2 þ j2fsxn;airx

ð12Þ

The resulting in-air tip velocity amplitude is therefore

@wðL; tÞ
@t

����
���� ffi /ðLÞ dgðtÞ

dt

����
���� ¼

V0xh/ðLÞ
x2

n;air � x2 þ j2fsxn;airx

�����

����� ð13Þ

from which the tip velocity-to-actuation voltage frequency response function (FRF)
can be extracted. It is important to note that this solution is valid for excitations
around the fundamental natural frequency since higher vibration modes are not used
in Eq. (2). In addition, the foregoing derivation neglects the geometric, material,
and dissipative nonlinearities [58–60] and is strictly valid for linear vibrations only.
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3.2 Underwater Dynamics of a Bimorph Propulsor

Hydrodynamic effects are included to predict the underwater vibrations of the
cantilever based on the previous work by Sader and coworkers [61–63] on atomic
force microscopy cantilevers as a straightforward approach for slender configura-
tions. Similar efforts are due to Brunetto et al. [23], Mbemmo et al. [24], and Aureli
et al. [28] for the underwater dynamics of IPMC propulsors. The following hy-
droelastic formulation [61–63] assumes geometrically small oscillations (relative to
both length and width dimensions) of a uniform cantilever in unbounded fluid.
Moreover, Sader’s theory [61–63] assumes that the length-to-width ratio (L=b) is
large and the accuracy of predictions decay as L and b become comparable [64] due
to nonlinear 3-D hydrodynamic effects.

The added mass per length ma and the hydrodynamic damping ratio fh can be
expressed in terms of the hydrodynamic function C as [61]

ma ¼ pqwb
2

4
Cr ð14Þ

fh ¼
1

2Qh
¼ Ci

2 4ms
pqwb2

þ Cr

� 	 ð15Þ

where qw is the mass density of water, Qh is the quality factor due to hydrodynamic
damping, Cr, and Ci are the real and imaginary parts of hydrodynamic function C,
respectively, and b is the width of the bimorph propulsor. The hydrodynamic
function C can be calculated analytically or numerically. Simplified expressions of
the hydrodynamic function C are available depending on the range of the Reynolds
number [65, 66]. Although the present discussion is given for small oscillations, we
note that particularly hydroelastic nonlinearities can easily be pronounced due to
large amplitude vibrations and for comparable aspect ratios, requiring correction of
the hydrodynamic function [64, 66].

As far as the dissipation mechanisms are concerned, both structural and
hydrodynamic damping effects are taken into account for the total damping ratio
(fw) of underwater vibrations:

fw ¼ fs þ fh ð16Þ

The mass per length and damping coefficient terms in Eq. (1) for underwater
vibrations are

m ¼ mw ¼ ms þ ma ð17Þ

c ¼ 2mfwxn;water ¼ 2mwðfs þ fhÞxn;water ð18Þ
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and the mass-normalized eigenfunction in Eq. (2) satisfies

Z L

0
m/2ðxÞdx ¼ 1;

Z L

0
/ðxÞD d4/ðxÞ

dx4
dx ¼ x2

n;water ð19Þ

Since the underwater mass per length is due to Eq. (17), the underwater natural
frequency xn;water is obtained from the in-air natural frequency xn;air (which is
approximately the in-air resonance frequency for fs � 1) through Chu’s formula [67]
(for large aspect ratio) modified by the real part of the hydrodynamic functionCr [61]:

xn;water ¼ xn;air

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ pqwb2

4ms
Cr

� ��1
s

ð20Þ

where xn;air is given by Eq. (5).
The resulting underwater tip velocity response amplitude is therefore

@wðL; tÞ
@t

����
���� ffi /ðLÞ dgðtÞ

dt

����
���� ¼

V0xh/ðLÞ
x2

n;water � x2 þ j2fwxn;waterx

�����

����� ð21Þ

where h is due to Eq. (10). However, the eigenfuction /ðxÞ in Eqs. (10) and (21) is
now normalized according to Eq. (19) with m given by Eq. (17), i.e., the mass term
in Eq. (3) is due to Eq. (17) for underwater vibrations.

3.3 Hydrodynamic Mean Thrust in Terms of the Underwater
Velocity Response

In most cases of robotic fish thrust estimation [27, 28, 38–40], it becomes necessary
to identify certain calibration factors, such as the drag coefficient, which removes
the possibility of obtaining an a priori estimate of the thrust resultant solely from the
underwater vibration response. Lighthill’s elongated-body theory was used in
previous IPMC-based robotic fish studies to predict the steady-state cruising speed
[24, 27] by equating the thrust expressions from the reactive and resistive methods,
where the drag coefficient was measured by spring scales while pulling the fish with
different velocities. In the present work, Lighthill’s theory [68–71] is employed
alone to estimate the mean thrust in quiescent water as a first approximation. The
mean thrust (T) in Lighthill’s theory is given in the presence of an external relative
free stream of speed U (which is essentially the swimming speed) as

T ¼ 1
2
mv

@w
@t

� �2

� U2 @w
@x

� �2
" #

x¼L

ð22Þ
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where the over-bar stands for the mean value and mv is the virtual mass density at
x ¼ L, expressed as

mv ¼ pqwb
2

4
b ð23Þ

Here, b is a virtual mass coefficient that is close to unity [70] for the wavelength
and body length considered in this work (hence b ffi 1) with slender body
assumption. Once again, aspect ratio effects can alter this term as well [64, 66] due
to hydrodynamic nonlinearities which can be accounted for (by an aspect ratio-
dependent inertia coefficient as in well-known semi-empirical Morison’s equation).

In Eq. (22), we set U ! 0 to approximate quiescent water condition:

T ffi 1
2
mv

@w
@t

� �2
�����
x¼L

¼ pqwb
2

8
@wðL; tÞ

@t

� �2

ð24Þ

where the mean thrust T depends only on the tip velocity and the virtual mass for
quiescent water approximation.

4 Details of the Experimental Setup for Model Validation

4.1 Setup for In-Air Tip Velocity FRF Measurements

The MFC bimorph tested and characterized in the experiments is shown in Fig. 8
along with its clamp and fixture employed for the in-air actuation FRF measure-
ments. The bimorph is made of two custom-made hydrophobic M8528-P1 [51]
MFC laminates with no separate substructure layer other than the Kapton and epoxy
layers of the MFCs. A vacuum bonding process is employed by using high shear
strength epoxy to assemble the piezoelectric laminates (this process is described

Fig. 8 In-air configuration of the bimorph MFC cantilever for the measurement of its tip velocity-
to-actuation voltage FRF (© IOP Publishing. Reproduced with permission. All rights reserved)
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elsewhere [72]). The electrode leads of the two MFCs are combined in parallel
throughout the experiments discussed in this chapter. A vertically aligned laser
vibrometer is used along with the monitored actuation signal in order to obtain the
transverse (vertical direction in Fig. 8) tip velocity-to-actuation voltage FRFs of the
MFC bimorph in air.

4.2 Setup for Underwater Tip Velocity FRF and Mean Thrust
Measurements

The experimental setup used for the underwater tip velocity and thrust measure-
ments is shown in Fig. 9a. As shown in Fig. 9b, the MFC bimorph is fixed with the
same clamp in the underwater experiments. Laser (1) measures the transverse tip
velocity under dynamic actuation while Laser (2) provides the head displacement
(constrained by an aluminum cantilever) through a small mirror that makes a 45°
angle with the horizontal plane. The elastically constrained mean head displacement
is correlated to the mean thrust as described in the next section. Note that both laser
signals (velocity and displacement) are divided by the refractive index of water in
the underwater experiments [46] as discussed in Sect. 2.1 (note that the setup and
the calibration cantilever are different from those reviewed in more detail in Sect. 2;
however, the basic measurement concept is the same).

4.3 Calibration of the Thrust Measurement Setup

The MFC bimorph and its clamp are fixed at the tip of a horizontally located
aluminum beam which functions as a transducer cantilever along with a vertically
pointing laser vibrometer used in the displacement measurement mode (Fig. 10a).

Fig. 9 a Experimental setup used for thrust measurement of a bimorph propulsor in quiescent
water: Laser (1) measures the transverse tip velocity while Laser (2) measures the elastically
constrained head displacement through a 45° mirror; b close-up view showing the measurement
points of Lasers (1) and (2) on the MFC bimorph propulsor (© IOP Publishing. Reproduced with
permission. All rights reserved)
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This laser vibrometer employed for measuring the head displacement corresponds
to Laser (2) in the underwater experiments (Fig. 9a). The purpose of the in-air setup
shown in Fig. 10a is to relate the thrust caused by actuation in the underwater
experiments to the deflection of the aluminum transducer cantilever as detailed in
Sect. 2 (however, this is a separate setup and is not identical to that in Fig. 2). It is
assumed that the mean thrust resultant (T) of the bimorph propulsor (in the
underwater experiments) acts through the center of its head, causing the deflection
of d at the location of the reflector for Laser (2) in the underwater arrangement
given by Fig. 9a. Different values of small masses are gradually located at the center
of the top surface to emulate the mean thrust (Fig. 10b). The vertically pointing
laser measures the resulting deflection at the reflector, which is employed to obtain
the thrust-displacement calibration line shown in Fig. 10c.

5 Experiments and Model Validation

5.1 In-Air Tip Velocity FRF and Parameter Identification

Low-voltage harmonic input is applied to the MFC bimorph for the frequency range
of 5–70 Hz with an increment of 0.05 Hz. Figure 11a exhibits the experimentally
measured tip velocity-to-actuation voltage FRF and the model prediction using
Eq. (13) for the linear actuation regime of the bimorph. The fundamental in-air
resonance frequency is 35.5 Hz. The in-air damping ratio (attributed mostly to
structural losses for small oscillations) is identified as fs ¼ 0:02 while the identified
electromechanical coupling in the physical coordinates [see Eq. (1)] is
# ¼ 23:03 lNm/V. The modal electromechanical coupling that depends on the in-
air eigenfunction due to Eq. (10) is h ¼ 8:878� 10�3 N/(Vkg−1/2).

Fig. 10 a Setup used for the thrust-displacement calibration experiment with the MFC bimorph,
its clamp, and the transducer cantilever; b close-up view showing the point of applied loads at the
center of MFC bimorph and the deflection measurement point; c linear calibration curve with the
calculated linear stiffness ðT=dÞ value (© IOP Publishing. Reproduced with permission. All rights
reserved)
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5.2 Underwater Tip Velocity FRF

The MFC bimorph is submerged in water (as depicted in Fig. 9) along with its
clamp and aluminum fixture used in thrust calibration (Fig. 10). Low-voltage
harmonic actuation is applied to the MFC bimorph for the frequency range of
2–15 Hz with an increment of 0.05 Hz. The fundamental underwater resonance
frequency of linear vibrations is measured as 8.7 Hz. According to Eq. (16), the
total underwater damping ratio is due to the structural and hydrodynamic
damping effects. Equation (15) yields fh ¼ 0:0119 and Re ffi 19;430; and
eventually, from Eq. (16), one obtains fw ¼ 0:0319. The electromechanical
coupling in the physical coordinates is the same as the one obtained from in-air
vibration test ð# ¼ 23:03 lNm/V) while the modal electromechanical coupling
becomes h ¼ 2:325� 10�3 N/(Vkg−1/2) due to Eq. (10) in which the eigen-
function is normalized according to Eq. (19) by using the underwater mass per
length given by Eq. (17). Therefore, one can predict the underwater tip velocity
FRF using Eq. (21) as shown in Fig. 11b.

The agreement between the experimental measurement and theoretical predic-
tion is reasonable in the linear actuation regime of the bimorph. Equation (20)
predicts the underwater resonance frequency as 8.8 Hz with an error of 1.1 %
relative to the experimental value (8.7 Hz). Both the total underwater damping and
natural frequency are predicted in terms of the in-air dynamics and fluid properties
with good accuracy. Expectedly, the linear model predictions would fail under high
actuation voltage levels due to geometric and electroelastic nonlinearities [58–60].
Nonlinear modeling of MFC dynamics under high-voltage actuation and incorpo-
ration of nonlinear hydrodynamic effects [66] in such a nonlinear model are of
interest for future work.

5.3 Mean Thrust and Tip Velocity Correlation for Different
Actuation Voltage Levels

The frequency range covered in the underwater thrust measurements is 0.5–15 Hz
with a fine increment of 0.25 Hz in the 6–8 Hz range (resonance region) and a

Fig. 11 Measured and calculated a in-air and b underwater tip velocity-to-actuation voltage FRFs
of the MFC bimorph in its linear actuation regime (© IOP Publishing. Reproduced with
permission. All rights reserved)

Macro-Fiber Composite Actuated Piezoelectric Robotic Fish 271



relatively coarse increment of 0.5 Hz outside the resonance region. Three time-
domain head displacement measurements are taken at each frequency (preactuation,
actuation, and post-actuation as detailed in Sect. 2.2) while the tip velocity in the
transverse direction is measured simultaneously. The reference point is calculated
as the average of the preactuation and post-actuation values. Based on the previ-
ously discussed calibration, the mean thrust is a linear function of the mean dis-
placement of the aluminum cantilever. This mean displacement is the difference
between the mean values of the actuation displacement and the reference point.
From this mean displacement, the mean thrust is extracted using the linear cali-
bration curve in Fig. 9c.

The experimental tip velocity and mean thrust measurements for the peak-to-
peak actuation voltage levels of 200, 400, 600, and 800 V are shown in Fig. 12a, b,
respectively. Clearly, there is a direct correlation between these two independent
measurements since the thrust level increases with increasing tip velocity. It should
be noted that these high actuation voltage levels fall into the nonlinear regime due
to the electroelastic, geometric, and dissipative nonlinear effects. The softening
nonlinearity (resulting in the shifting of the resonance frequency to the left) with
increased actuation input is a typical behavior of piezoelectric cantilevers under
high-voltage actuation [59].

Using Eq. (24) resulting from Lighthill’s theory for the quiescent water condi-
tion, one can estimate the thrust curves in terms of the tip velocity and the virtual
mass. These predictions are shown in Fig. 13a–d for four different actuation voltage
levels. Note that, particularly in Fig. 13a (which is the lowest voltage case among
these four measurement sets), the frequencies away from the resonance region are

Fig. 12 Experimental a tip
velocity and b mean thrust
curves for four different peak-
to-peak voltage levels: 200,
400, 600, and
800 V (© IOP Publishing.
Reproduced with permission.
All rights reserved)
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prone to noise effects in the measurements due to low thrust resultant (caused by
low displacement). Based on Fig. 13a–d, it can be concluded that the reduced form
of Lighthill’s theory [69–71] for quiescent water can predict the mean thrust in
terms of the tip velocity with good accuracy. One should recall that Figs. 12 and 13
are electroelastically nonlinear, and therefore the linear derivations given in this
chapter do not intent to predict these dynamics quantitatively. However, Lighthill’s
formula reduced for quiescent water in Sect. 3.3 does correlate the tip velocity-to-
mean thrust with reasonable accuracy in Fig. 13 as a first approximation.

5.4 Identification of the Thrust Coefficient

In this section, the hydrodynamic thrust coefficient of the propulsor is extracted
based on the mean thrust and transverse tip velocity of the piezoelectric propulsor.
First we define the modified Reynolds number as

ReL ¼ xdL
t

; ð25Þ

where d ¼ jwðL; tÞj is the tip displacement amplitude at frequency x while t is the
kinematic viscosity of water t ¼ l=qwð Þ. Note that the modified Reynolds number
introduced at this point uses the underwater vibration response as the geometric
scale (rather than the width).

Fig. 13 Measured and predicted thrust curves for the peak-to-peak voltage inputs of a 200 V,
b 400 V, c 600 V, and d 800 V (© IOP Publishing. Reproduced with permission. All rights
reserved)
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The thrust coefficient Cs is defined as [73]

Cs ¼ s
1
2 qwx

2d2L
; ð26Þ

where s is the thrust per unit width s ¼ T=bð Þ and we note from Eqs. (25) and (26)
that s / Re2L.

Substituting Eq. (24) into Eq. (26) gives

Cs ¼
pqwb
8

@wðL; tÞ
@t

� 	2

1
2 qwx

2d2L
¼

pqwb
8

x2d2

2
1
2 qwx

2d2L
¼ pb

8L
ffi 0:1524 ð27Þ

Another manipulation of Eqs. (25) and (26) provides the variation of the mean
thrust with modified Reynolds number as

T ¼ pqwb
2t2

16L2
Re2L ffi 3:322� 10�11Re2L ½in Newtons] ð28Þ

Figure 14 displays the variation of the mean thrust with modified Reynolds
number based on the experimental thrust measurements at different actuation
voltage levels and frequencies along with the prediction of Eq. (28) in log–log
scale. The proportionality between mean thrust T and Re2L is observed in the
experimental data and is well predicted by the modeling approach based on
Lighthill’s theory.

Fig. 14 Experimental and theoretical mean thrust versus the modified Reynolds number. The
experimental data belongs to four different actuation voltage levels and different frequencies
around the fundamental resonance (© IOP Publishing. Reproduced with permission. All rights
reserved)
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6 Prototype for Untethered Locomotion

6.1 Electronic Architecture for Untethered Swimming

Despite the advantages of MFCs due to large dynamic actuation stresses, structural
flexibility, silent operation, and wide frequency range of effective performance, the
requirement of high-voltage input limits its application in free (untethered) loco-
motion for robotic fish development. In this section, a PCB high-voltage amplifier is
implemented along with a microcontroller to overcome this issue in free locomo-
tion. To our knowledge, this section presents the first untethered piezoelectric
robotic fish since the configurations in previous efforts [52–55] were actuated
through external power through tethers.

A separate bimorph propulsor is fabricated for the free locomotion experiments.
An embedded power and actuation system is designed for this prototype, which can
generate high-input voltage for the MFC bimorph propulsor. As shown in Fig. 15a,
this system consists of two 9 V batteries, a microcontroller (ATmega 128), a
wireless device [XBee 1mW Wire Antenna—Series 1 (802.15.4)], and a PCB
amplifier (AMD2012-CE3) specially designed for the MFC actuator [51]. In order
to obtain smooth sinusoidal voltage for the MFC bimorph, a low-pass filter is added

Fig. 15 a Components for the untethered piezoelectric robotic fish system: (1) XBee radio; (2)
9 V batteries; (3) microcontroller; (4) low pass filter and voltage regulators; (5) voltage amplifier;
(6) MFC bimorph; and b electronic schematic of the robotic fish system (© IOP Publishing.
Reproduced with permission. All rights reserved)
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to filter out the high-frequency noise from the pulse width modulation (PWM)
signals. The detailed schematic of the actuation system is shown in Fig. 15b.

6.2 Power Consumption Analysis

In order to enable untethered locomotion of the MFC-based robotic fish, a portable
power system has to be designed to generate the high voltage for MFC bimorph
actuation. The general maximum output voltage level for the microcontroller is
around 5 volts, which is much lower than the requirements for MFC actuation. A
specifically designed PCB amplifier (AMD2012-CE3) [51] is utilized in the power
system, which is able to generate high voltage from −500 to 1500 V according to
the control input signal from 0 to 5 V. This PCB amplifier requires only 12 V input
voltage supply. Therefore, one can build the mobile power system by simply using
two 9 V batteries, the microcontroller, the PCB amplifier, and the corresponding
voltage regulators, as shown in Fig. 15a. These two 9 V batteries can support the
continuous operation of the system for almost 30 min. The power consumption of
the overall electronic system is around 3–5 W.

The current amplitude and average power plots for MFC bimorph vibration
under different frequencies and actuation voltages are shown in Fig. 16. Figure 16b
shows that the average power input to the MFC bimorph around its fundamental
mode is less than 1 W (for the sinusoidal peak-to-peak voltage of 800 V). It should
be noted that the results in Fig. 16b is an overestimation as far as the truly con-
sumed (real) power is concerned since these modulus curves include not only
resistive but also reactive power. The overall power consumption of the robotic fish
can therefore be further reduced by optimizing the actuation circuit design.

6.3 Microcontroller, PCB Voltage Amplifier, and Wireless
Control

In order to provide sinusoidal high voltage for the MFC bimorph, the microcon-
troller is programmed to generate a special waveform by PWM. Specifically, 0 V

Fig. 16 Experimental a current amplitude and b average power curves of the MFC bimorph under
four different peak-to-peak voltage levels: 200, 400, 600, and 800 V (© IOP Publishing.
Reproduced with permission. All rights reserved)
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input signal generates −500 V output; 2.5 V input signal generates 0 V output; 5 V
input signal generates 1500 V output. These values are the voltage limits of MFCs
without depolarization [51]. An example is given in Fig. 17 for the case of gen-
erating a sinusoidal peak-to-peak voltage of 800 V at 10 Hz using the PCB
amplifier. The microcontroller is able to generate various waveforms by its PWM
function and the power system can provide the high-voltage sinusoidal output (up
to 2000 V peak-to-peak) for the MFC bimorph propulsor. The frequency, mean
voltage, and amplitudes of the PCB amplifier output signal can be controlled by
adjusting the rate and duty cycle of the PWM signals. The swimming speed is easily
controlled through PCB amplifier output signal frequencies and amplitudes. In
addition, turning speed and direction are controlled by setting different values for
the amplitudes A1 and A2 shown in Fig. 17b. Wireless control is performed through
serial communication. Commands are sent by a laptop computer through a USB
connected XBee Explorer. An XBee module inside the robotic fish body receives
the commands and transfers them to the microcontroller, which can change the
PWM waveform. Therefore, wireless communication controls the swimming speed
of the robotic fish by setting the rate and duty cycle of the PWM, which affect the
vibration frequency and amplitude of the MFC propulsor. The Xbee signal would
penetrate the water just a few centimeters so the robotic fish is tested close to
surface. The wireless communication is used for testing the change of speed and
direction during swimming.

6.4 Fabricated Prototype and Free Locomotion Tests

A picture of the robotic fish prototype is shown in Fig. 18. The fish body is
designed to provide a waterproof enclosure for the electronics components and is
realized using a Fused Deposition Modeling (FDM) machine. This creates an
Acrylonitrile Butadiene Styrene (ABS) plastic shell, that when printed is buoyant in
water. An O-ring was integrated into the rim to ensure the interior of the fish stayed

Fig. 17 a Input and b output signals of the PCB amplifier to generate a sinusoidal peak-to-peak
actuation voltage of 800 V at 10 Hz. The microcontroller can provide signal inputs to PCB
amplifier to create oscillatory actuation voltage signals with A1 6¼ A2 for turning
motion (© IOP Publishing. Reproduced with permission. All rights reserved)
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dry in order to protect the electronics. This prototype is intended merely for proof of
concept, as the nonoptimized volume (and hence buoyant force) requires a sig-
nificant amount of counterweight.

The swimming speed for a peak-to-peak actuation voltage of 1000 V at 5 Hz is
measured as 7.5 cm/s (measured by video recording).1 This is equivalent to almost
0.3 body length/s and it compares favorably with several smart actuator-based
aquatic robots reported in the literature (including tethered ones) [3] even though
the present prototype excludes the additional passive caudal fin extension and
volumetric optimization. The passive caudal fin extension is known to improve not
only the thrust amplitude but also the bandwidth of effective excitation frequencies
(see Figs. 5 and 6). Further improvements can be made by increasing the actuation
voltage to a larger level with a DC offset (since MFC laminates have asymmetric
voltage limits: −500 to 1500 V).

In general, motor-based robotic fish has larger speed per body length than smart
material-based counterparts, whereas the latter offers ease of fabrication and geo-
metric scalability. According to the comparative study by Cen and Erturk [56], the
preliminary MFC robotic fish design presented in this work is near the intersection
of smart material-based and motor-based robotic fish. Therefore, MFC-based
robotic fish provides geometric scalability (as compared to motor-based robotic
fish) and high performance swimming (as compared to IPMC-based robotic fish).

Fig. 18 Untethered robotic fish prototype for free locomotion in a modeled view; b side-view;
c top view; and d combined motion capture involving turning motion. Swimming speed under
peak-to-peak actuation voltage of 1000 V at 5 Hz is approximately 7.5 cm/s (© IOP Publishing.
Reproduced with permission. All rights reserved)

1Note that the boundary conditions in free (unconstrained) locomotion are no longer clamped-free
due to the hardware attachment at the head with finite translational and rotary inertia (which can be
accounted for in structural dynamic modeling). Therefore, the resonance frequencies of Fig. 9
(clamped-free) and Fig. 18 (free-free with hardware) cases are different.
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7 Conclusions

Bio-inspired aquatic robotics using MFC piezoelectric bimorphs is investigated for
fish-like locomotion. First, the effect of a passive substrate fin extension on the
thrust frequency response of MFC bimorphs in quiescent water is presented along
with measurement procedures. Specifically it is shown that broadband thrust gen-
eration can be achieved in the presence of a passive substrate extension. In-air and
underwater dynamics of an MFC bimorph cantilever are then modeled for small
amplitude bending vibrations under piezoelectric actuation. Underwater dynamics
of the bimorph propulsor is coupled with Lighthill’s elongated-body theory to
predict the thrust output in quiescent water. In-air and underwater experiments are
conducted for model validation and for the characterization of a bimorph propulsor.
Simplified hydrodynamics is assumed to estimate the underwater electrohydro-
elastic behavior. For future work, nonlinear electrohydroelastic modeling (com-
bining nonlinear electroelastic dynamics [58–60] with nonlinear hydrodynamic
effects [66]) is required to predict the dynamics of the propulsor for large oscilla-
tions, comparable length-to-width aspect ratios, and under high electric field levels.

The underwater experiments resulted in mean thrust levels as high as 14 mN
around 7 Hz for the peak-to-peak actuation voltage of 800 V using a
90 mm × 35 mm × 0.67 mm cantilever in the absence of a passive fin extension
(note that the MFCs can perform without depolarization up to peak-to-peak actu-
ation voltage of 2000 V). In the presence of a passive caudal fin extension, not only
the frequency bandwidth but also the thrust levels can be enhanced substantially.
The passive caudal fin brings the second vibration mode close to the first one and
makes the smart fish a wideband thrust generator. The effect of actuation voltage on
the thrust output is also investigated for the fish configuration with a passive caudal
fin. For the highest actuation voltage level, mean thrust values of more than 30 mN
are obtained in the frequency range of 4–17 Hz (with the peak values of 40 and
50 mN at the first two resonance frequencies, respectively). Overall, fish-like
propulsors made from MFCs can successfully imitate thrust levels of biological fish
(see Lauder and Drucker [74] for typical values).

An untethered robotic fish prototype that incorporates a microcontroller and a
printed-circuit-board amplifier is developed and tested in free locomotion. A
swimming speed of 0.3 body length/s (7.5 cm/s swimming speed for 24.3 cm body
length) is achieved for a nonoptimized main body–propulsor combination. This
swimming speed can be improved substantially by increasing the actuation voltage,
optimizing the volume, and using a passive fin extension. According to normalized
swimming speed vs. body length comparison by Cen and Erturk [56] with the
literature of untethered robotic fish, the MFC-based robotic fish provides geometric
scalability and high performance swimming, located at the intersection of smart
material-based and motor-based swimmers with these favorable characteristics.
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A Multifunctional Underwater Biomimetic
Microrobot

Shuxiang Guo and Liwei Shi

Abstract Robots play an important role in underwater monitoring and recovery
operations, such as pollution detection, submarine sampling and data collection,
video mapping, and object recovery in dangerous places. However, regular-sized
robots may not be suitable for applications in some restricted underwater envi-
ronments. Accordingly, in previous research we designed several novel types of
bio-inspired microrobots, using ionic polymer metal composite (IPMC) and shape
memory alloy (SMA) actuators. These microrobots possess some of the attributes of
compact structure, multifunctionality, flexibility, and precise positioning. However,
they lack the attributes of long endurance, stable high speed, and large load capacity
necessary for real-world applications. To overcome these disadvantages, we pro-
pose a mother–son robot system, composed of several microrobots as sons and a
newly designed amphibious spherical robot as the mother. In this system, the
mother robot is actuated by four water-jet propellers and eight servomotors, capable
of providing stable high speed and carrying the microrobots to the desired target
location where tasks are to be performed. Generally speaking, compact structure,
multifunctionality, and precise positioning are considered incompatible character-
istics for underwater microrobots. To realize the necessary multifunctionality for
adapting to complex underwater environments, we introduce a walking biomimetic
microrobot with two kinds of motion attitudes: a lying state and a standing state.
The microrobot uses eleven IPMC actuators to move and two SMA actuators to
change its motion attitude. In the lying state, the microrobot implements stick-
insect-inspired walking/rotating motion, fishlike swimming motion, horizontal
grasping motion, and floating motion. In the standing state, it implements inch-
worm-inspired crawling motion in two horizontal directions and grasping motion in
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the vertical direction. We constructed a prototype of this biomimetic microrobot
and evaluated its walking, rotating, and floating speeds experimentally. The
experimental results indicated that the robot could attain a maximum walking speed
of 3.6 mm/s, a maximum rotational speed of 9 °/s, and a maximum floating speed of
7.14 mm/s. Obstacle-avoidance and swimming experiments were also carried out to
demonstrate its multifunctionality.

Keywords Ionic polymer metal composite (IPMC) actuators � Biomimetic under-
water microrobot � Motion attitudes � Micromechanism

1 Introduction

Robots are now widely used to implement underwater tasks considered by humans
to be dangerous, dull, or dirty, primarily because of their long endurance, stable
high speeds, and large load capabilities. This trend has continued into underwater
monitoring and recovery operations, including pollution detection, submarine
sampling and data collection, video mapping, exploration of unstructured under-
water environments, object recovery in dangerous places, and other tasks [1, 2].
Various configurations, shapes, and sizes of underwater robots are required for
different applications or tasks. For underwater environmental detection or obser-
vation, a compact structure with multifunctionality and flexibility enables a robot to
work in limited spaces. When a large range of motions and large load capacity are
required, a traditional motor-actuated electromagnetic structure is essential. When
large interior space and flexible multidirectional rotation in a restricted space are
required, a spherical robot body is recommended. When high-speed cruising is
required, a streamlined robot body may be the best choice [3, 4].

If a robot is to be used in a complicated underwater environment, such as a
narrow pipeline or a region filled with reefs, it should be endowed with the com-
bined attributes of endurance, stable high speed, large load capability, flexibility,
compact structure, and multifunctionality. Many types of underwater robots have
been developed in recent years. While the use of some of these robots involves
changing the angles of rudders or adjusting the differential propulsive forces of
thrusters, a number of vectored propeller-actuated underwater robots have also been
introduced [5]. A multi-channel Hall-effect thruster has also been reported,
involving vector composition of underwater robots [6]. Moreover, we have
developed a spherical underwater robot equipped with three vectored water-jet-
based thrusters [3]. However, most of these robots are steered by traditional elec-
tromagnetic thrusters, which are difficult to miniaturize [4].

Accordingly, motors are rarely found in microrobot applications [7, 8] and
special actuator materials are used instead. A variety of smart materials, such as
ionic polymer metal composite (IPMC), piezoelectric elements, pneumatic actua-
tors, and shape memory alloy (SMA), have been investigated for use as artificial
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muscles in new types of microrobots [9–15]. In this research, IPMC is used as
actuator material to develop a microrobot with a compact structure, multifunc-
tionality, and flexibility. The actuation characteristics of IPMC, which include
suitable response time, high bending deformation and long life, show a significant
potential for the propulsion of underwater microrobots [16–21]. Although many
biomimetic microrobots with smart actuators have been introduced in recent years,
developing a single microrobot with compact structure, flexibility, and multifunc-
tions remains a challenge, due to conflicts between the three characteristics [4]. For
this reason, many microrobot designers have abandoned compact structure in favor
of biomimetic multi-jointed configurations to improve flexibility and obtain mul-
tifunctions. Others have sacrificed flexibility and multifunctions in pursuit of
miniaturization.

For real-world applications, an underwater robot should possess the attributes of
endurance, stable high speed, large load capacity, flexibility, compact structure, and
multifunctionality. To implement these characteristics, we propose a mother–son
robot system, which includes several microrobots as sons and a newly designed
amphibious spherical robot as the mother. This is an original concept and is inspired
by the design of aircraft carrier systems [4]. In this system, the mother robot is
actuated by four water-jet propellers and eight servomotors, capable of providing
stable high speed and carrying the microrobots to the desired target location where
tasks are to be performed. When the mother robot reaches the desired location, or
encounters a narrow channel that is difficult to navigate, it assumes a stable position
and acts as a base station for the microrobots. Then, the microrobots exit the mother
robot, proceed to the target position, and carry out their tasks.

Compared with a single large robot, when the final tasks are carried out by
microrobots, it is easier to adapt to narrow environments and implement relatively
high positioning precision. In addition, compared with individual microrobots, the
mother–son system offers the following advantages.

(1) The range of motions of the overall system is expanded, owing to the rela-
tively high speed and endurance of the mother robot.

(2) The microrobots can obtain a relatively stable, high power supply via cables.
(3) Since the microrobots are all controlled by the mother robot, communications

between microrobots can be implemented by the mother when cooperation is
needed.

(4) Since the power supply and control units are installed in the mother robot, the
microrobots can be designed with a more compact structure, suitable for
restricted spaces such as narrow pipelines or channels.

We introduced a newly designed spherical amphibious mother robot in [22–24].
A spherical body has both a compact structure and maximum interior space,
compared to a streamlined body. It can rotate and change direction more easily than
a streamlined design, which is very important for microrobots in restricted spaces.
Following the mother robot in previous researches, this chapter will mainly focus
on the microrobots. At the end of this chapter, we will show a schematic diagram to
illustrate the mother-son system.
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Aside from fishlike and manta-ray-like swimming locomotion, we have devel-
oped several microrobots that employ biomimetic locomotion to implement
walking, floating and swimming motions [1, 2, 25–27]. However, each of these
units implements only some of these motions and none of them are able to carry out
simple tasks such as grasping and carrying objects to a desired position, detecting
an object, or avoiding an obstacle. To realize the necessary multifunctionality for
adapting to different environments, a hybrid underwater microrobot with two
motion attitudes is introduced in this paper. The microrobot uses eleven IPMC
actuators to implement three-dimensional underwater motions, and two SMA
actuators for attitude change. The robot can change between two attitudes: a lying
attitude and a standing attitude. It uses the standing attitude to cross a high, narrow
gap, and changes to the lying attitude while walking through a low, wide tunnel.
We have constructed a prototype microrobot and carried out a series of experiments
to evaluate its performance.

The remainder of this chapter is divided into four parts. First, we describe the
characteristics of IPMC actuators and summarize the implemented techniques of
underwater locomotion. Second, we review the feasibility results for several pre-
viously developed microrobots. Third, based on several types of biomimetic
locomotion, we introduce the new hybrid microrobot design, including the struc-
tural design and motion mechanisms in the two attitudes. Fourth, we discuss the
construction of a prototype of this hybrid microrobot, together with a series of
experiments to evaluate its walking, rotating, floating, and swimming speeds.
Attitude change and obstacle-avoidance experiments are also included. Finally, we
present our conclusions.

2 Biomimetic Locomotion

2.1 IPMC Actuators

(1) IPMC is an innovative material made of an ionic polymer membrane, chemi-
cally plated with gold electrodes on both sides. When an electrical stimulus is
applied across the thickness of the IPMC, bending deformation will be generated
for the water molecules’ redistribution in the ionic polymer membrane, which
expands the cathode side of the membrane and contract the anode side. Its actuation
characteristics show significant potential for the propulsion of underwater micr-
orobots. It is lightweight and has a suitable response time, high bending defor-
mation, and long life. IPMC is widely used in soft robotic actuators such as artificial
muscles, as well as on dynamic sensors [16]. The IPMC adopted for this research
consists of Au deposited on NafionTM film with a thickness of 0.22 mm.

An IPMC actuator can be regarded as equivalent to a cantilever beam. Figure 1
shows the mechanical configuration and relevant geometrical parameters, which are
as follows: Lc denotes the length of the clamped part of the IPMC, Lf is the total free
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length of the IPMC, and w and h denote the width and the height of the IPMC
cross-section. The pinned end is used to apply electrical voltages across the
thickness.

According to mechanical analysis, bending deformation of an IPMC actuator
results from the redistribution of internal water molecules. Under the influence of an
applied stimulus, the water molecules in the actuator are redistributed in the fol-
lowing two stages [28].

(2) When an electrical stimulus is applied across the thickness of the IPMC, each
hydrated sodium ion moves to the cathode side, accompanied by four hydrated
water molecules. Bending deformation is then generated by the expansion of
Nafion117 near the cathode side and contraction near the anode side.

(3) After a short time, the self-diffusion of water molecules causes free water
molecules to gradually flow to the anode side, reducing the concentration of water
molecules at the cathode and demonstrating the deformation recovery potential of
the IPMC actuator.

We measured the free-end deflection of an IPMC actuator in a water tank for
different applied square-wave signals. The sample IPMC actuator was 20 mm long,
4 mm wide, and 0.22 mm thick. It was driven by a personal computer (PC)
equipped with a digital-to-analog converter card, and the deflection of the IPMC
was measured via a laser displacement sensor. The laser sensor was used to
translate the displacement to a voltage and then the voltages were recorded and
translated to the PC by an analog-to-digital converter card. We used the square-
wave signals to drive the IPMC actuator. Figure 2 indicates that the displacement
was inversely proportional to the frequency of the input signal, and proportional to
the input voltage at a low frequency. However, the displacement variation with
respect to voltage was greatly reduced at a high frequency [29].

We also measured the bending force generated at the free end of the equivalent
cantilever beam by applying different signals. In this experiment, the sample IPMC
actuator was 24 mm long, 18 mm wide, and 0.22 mm thick. The actuator was
driven by a PC equipped with a digital-to-analog converter card, and the bending
force of the IPMC was measured by an electronic balance. To reduce the torque on
the electronic balance, we used a needle to transfer the press force from the IPMC
actuator. The initial distance between the IPMC and the needle tip is set as 3 mm.
Figure 3 shows the experimentally recorded tip-bending force of the actuator for
different voltages. The experimental results indicate that the tip-bending force
increases as the driving voltage increases [30].

Fig. 1 Mechanical configuration of the actuator and relevant parameters
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2.2 Bio-inspired Locomotion

IPMC actuators can be used as oscillating or undulating fins for swimming micr-
orobots when a fast response is required [16–18, 31, 32]. However, this type of
swimming motion cannot ensure precise positioning of the robot. Furthermore,
fishlike propulsion mechanisms simply mimic the undulating and oscillatory body/
fin motions of a fish. Some simple underwater tasks are not easily carried out
without hands or fingers. Therefore, in addition to swimming, other types of bio-
mimetic locomotion are required for microrobots with compact structure, multi-
functions, and flexibility.

2.2.1 Stick Insect-Inspired Walking Locomotion

Nature provides perfect models for robots. Biomimetic robots borrow their senses
and structure from animals, such as insects, fish, and birds. In the case of the stick
insect, each leg is composed of the coxa, femur, tibiae, and tarsus. The tarsus is also
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called the foot and does not contribute to its movements. The coxa offers the foot
one degree of freedom (DOF) in the direction of movement. The femur and the
tibiae offer the foot two DOF to enable it to find a reliable foothold during the
swing–search phase to touch the ground and support the body during the stance
phase.

A stick insect-inspired biomimetic locomotion prototype using two IPMC
actuators was introduced in [1]. As Fig. 4 shows, the actuator in the vertical
direction is called the driver, while the actuator in the horizontal direction is called
the supporter. The free end of the driver is the foot. Each step cycle can be separated
into four periods. First, the supporter lifts the body up, and the driver is off the
ground. Second, the driver bends forward. Third, the supporter bends upward far
enough so that it is off the ground, while the driver in contact with the ground
supports the body. Fourth, the driver bends backward in the propulsion stroke, and
the body is pushed forward. The driver and supporter are controlled by two
channels of square waves, each with the same frequency. The phase of the supporter
lags 90° behind that of the driver [1, 2, 25].

2.2.2 Jellyfish-like Floating Locomotion

Jellyfish movement is dependent on floatation, ocean currents, and winds and is
accomplished via a form of jet propulsion. Specifically, jellyfish move by squeezing
their bodies so that jets of water are ejected from underneath, propelling them
forward.

A jellyfish-inspired biomimetic locomotion prototype with SMA actuators was
introduced in [1, 33]. The jellyfish-inspired body uses SMA actuators to imitate the
circular muscles of a real jellyfish, as shown in Fig. 5. The body shrinks when
voltage is applied and water is squeezed out of it. This changes the buoyancy and
produces an upward force. The body floats upward when the force reaches a certain
value. The upward force can be changed by controlling the frequency of the
actuator shrinkage and the voltage between its two ends. This means that the
microrobot can be induced to float upward, remain neutrally buoyant, or sink as
required.

Fig. 4 Two-phase driving locomotion with IPMC actuators [25]
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2.2.3 Butterfly-Inspired Swimming Locomotion

Butterfly movement is accomplished by the counter force of air. Specifically, they
flap their wings to push the air at different frequencies and speeds. In a single
flapping period, there are two motions, folding and unfolding. Movement results
from the fact that the folding motion pushes the air between their wings at a higher
speed than the unfolding motion.

A butterfly-inspired biomimetic locomotion prototype with SMA actuator was
also introduced to implement fast swimming. We use two pectoral fins to imitate the
flapping motions of a butterfly. The fins are installed perpendicular to the horizontal
plane, and the initial angle between them is set at π/3. They squeeze the water
between them to create a counter force in the horizontal direction. In this way, the
microrobot can be induced to implement a swimming motion. The horizontal
propulsion can be changed by controlling the frequency of the actuator shrinkage
and the driving voltage. The two pectoral fins are driven by separate SMA actua-
tors, and thus the robot can swim or make turns via the cooperation of the fins, as
shown in Fig. 6 [27].

2.2.4 Inchworm-Inspired Crawling Locomotion

Inchworms have smooth, hairless bodies, usually about 25 mm long. Also known as
measuring worms, spanworms, or loopers, they lack appendages in their midsec-
tions, causing them to have a characteristic looping gait. They have three pairs of
true legs at the front end, like other caterpillars, but only two or three pairs of
prolegs at the rear end. An inchworm moves by drawing its hind end forward while
holding on with its front legs, and then advancing its front section while holding on
with its prolegs [26, 34, 35].

An inchworm-inspired biomimetic locomotion prototype with two IPMC actu-
ators was introduced to implement fast creeping. The design was based on a one

Fig. 5 A jellyfish-inspired
biomimetic locomotion
prototype [1]
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DOF leg. The structure of the one DOF walking mechanism is described in [35].
This mechanism can only implement crawling motion, as shown in Fig. 7.

3 Developed Microrobots

Swimming motion is a universal motion in water for the underwater species. Till
date, the majority of research work has been focused on fish-like propulsion
mechanisms, fin materials, remote operation, multi-agent cooperation, and

Fig. 6 A butterfly-inspired biomimetic locomotion prototype [27]

Fig. 7 An inchworm-inspired biomimetic locomotion [35]
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mechanical structures. We have developed a robotic fish by using one IPMC
actuator, which was reported by CCTV 10 in China. Figure 8 shows this fishlike
microrobot, which can live with real fish in the same water tank.

However, the swimming motion cannot ensure the position precision for the
robot. Also, the fishlike propulsion mechanisms just mimic the undulating and
oscillatory body/fin motions. It is hard to implement some simple underwater tasks
without hands or fingers. So, besides the swimming, we proposed some other
biomimetic locomotion.

Based on stick insect-inspired walking locomotion, a prototype of an eight-
legged microrobot was developed, as shown in Fig. 9a [2]. It was 33 mm long,
56 mm wide, and 9 mm high. Four legs were used as drivers and the other four
actuators were used as supporters. It was capable of walking, rotating, and diving/
surfacing. However, the floating efficiency of this microrobot was not high. To
improve the floating motion, a prototype of a jellyfish-type microrobot was con-
structed, based on jellyfish-inspired locomotion, as shown in Fig. 9b [1]. It was
68 mm high, with a weight of 4.81 g in air. This biomimetic microrobot consisted
of a two-ring body and four legs. The body was designed to imitate a jellyfish’s
diving/surfacing motions. Additionally, four IPMC actuators were fixed on the
body to implement walking motion in two directions. Although the floating motion

Fig. 8 Fish-inspired microrobot [32, 36]. a Fish-like microrobot. b Living with the real fish

Fig. 9 Prototype microrobots. a Stick insect-inspired [2]. b Jellyfish-inspired [1]. c Inchworm-
inspired [26, 35]
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was improved, the prototype was unable to rotate, and the walking motion was
unsatisfactory because the center of gravity was located in one of the two halves of
the body, causing an imbalance in the overall body and a large amount of slippage.

For the purpose of creating a microrobot with a compact structure and multi-
functions, an inchworm-inspired microrobot with ten IPMC actuators was developed,
as shown in Fig. 9c. It was 33 mm long, 14 mm wide, and 14 mm high. Four outside
actuators were used as legs to implement walking, rotating, and floating motions. The
other six actuators were used as fingers to grasp small objects [26, 34, 35]. Figure 10
shows the hybrid motion of the inchworch-inspired microrobot. Compared with the
jellyfish-like robot, this design offered the advantages of stability, compact structure,
less water resistance, and grasping motion implementation. However, because the
rotating radii were not the same for the outside four legs, a large amount of slippage

Fig. 10 Hybrid motion of the inchworch-inspired microrobot. a Initial position. b Walking
motion. c Grasping motion. d Floating motion. e Reaching the surface. f Opening motion
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occurred while rotating and the rotating efficiency was not high. Only the outside four
legs were used to electrolyze the water around the IPMC surface, generating air
bubbles, which became attached to the surfaces of the legs, increasing the buoyancy
and implementing the floating motion. Due to the limitations of the structure, the
inside six legs were used solely as fingers to grasp an object and could not contribute
any buoyancy to the floating motion, so that the floating speed was slow. To inherit
the multifunctions of the inchworm-inspired microrobot and overcome its disad-
vantages, we introduced a new lobster-like microrobot, intended for underwater
exploration in a restricted space, as shown in Fig. 11. It uses nine IPMC actuators as
legs or claws. Seven actuators are used as legs to implement walking, rotating, and
floating. The other two actuators are used as claws to grasp small objects. To imitate
the antennae of actual lobsters, three infrared proximity sensors are installed on the
head of the microrobot to detect an obstacle. To realize the necessary multifunc-
tionality for adapting to different environments, a hybrid underwater microrobot with
two motion attitudes will be introduced in the following sections.

4 Proposed Multifunctional Microrobot

4.1 Structure of the Microrobot

Based on the above types of biomimetic locomotion, we propose a hybrid under-
water microrobot, consisting of a plastic body, eleven IPMC actuators, two SMA
actuators, a passive tail fin, and two plastic sheets. With the SMA actuators affixed
to the plastic sheets, the microrobot can change its attitude between the lying state
and the standing state, as illustrated in Fig. 12. The body of the microrobot is
35 mm long and 20 mm wide, as determined by the motion functions and balance of
the overall body. It is 3 mm high in the lying state and 21 mm high in the standing
state. The eleven actuators are all 17 mm long, 3 mm wide, and 0.2 mm thick.

Fig. 11 Prototype lobster-
like microrobot
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The microrobot uses eleven 1-DOF IPMC actuators to realize walking, rotating,
grasping, swimming, and floating motions [37]. Figure 13 shows the leg sequence
of these actuators. In the lying attitude, actuators I and J are used as fingers, and are
designed for grasping. Actuators B, C, F, and G are called supporters, while
actuators A, D, E, and H are called drivers. By changing the bending directions of
the four drivers, the robot can walk forward or backward, and rotate clockwise or
counterclockwise. In the standing attitude, actuators B, C, F, and G are used as
fingers for grasping. Legs A and E are used as leading legs, while legs D and H are
used as following legs to implement walking and rotating motions. In both atti-
tudes, actuator K is used to actuate the passive tail fin for swimming.

Fig. 12 Proposed hybrid microrobot. a Lying attitude. b Standing attitude

Fig. 13 Leg sequence and
dimensions of the proposed
microrobot
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4.2 Force Analysis of the Attitude Change

The SMA actuators are used to change the attitude of the proposed microrobot. It
was necessary to calculate the force required for standing motion before attaching
the SMA actuators to the robot body. We then constructed a physical mechanism to
transform horizontal forces into vertical forces that could be measured with a spring
dynamometer. Figure 14 shows a diagram of the force transition mechanism. We
first inserted two fishing lines through the points A–D and B–C, respectively, and
then connected the four ends of the two lines at the point O. The vertical force
F was measured via a spring dynamometer at point O. The force Fn required to pull
the plastic sheet from the horizontal to the vertical direction is given by

Fn ¼ 2F3 ð1Þ

where F3 denotes the tensile force in either of the lines (AD or BC). According to
Fig. 14, the tensile forces F3 and F1 and the resultant force F2 can be obtained from
the following equations:

F3 ¼ �F1 sin h1 ð2Þ

F1 ¼ F2

2 cos h1
ð3Þ

F2 ¼ � F
2 cos a1

ð4Þ

Fig. 14 The scheme of
tensile force measurement for
the attitude change
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where F denotes the measured vertical force.
Utilizing (1)–(4), Fn is given by

Fn ¼ F sin h1
2 cos h1 cos a1

ð5Þ

We used this formula to calculate the force Fn required for our proposed structure.

4.3 Mechanism of the Walking/Rotating Motion in the Lying
Attitude

In the lying attitude, the proposed microrobot can implement stick-insect-inspired
walking motions using supporters B, C, F, and G and drivers A, D, E, and H. The
drivers provide the propulsion for themotion, and the supporters are employed to raise
the drivers off the ground and reduce the resistance. The drivers and supporters are
controlled by two square-wave channels, each with the same frequency. The phase of
the four supporters lags 90° behind that of drivers. Figure 15 shows a single step cycle
of the forward motion. Each cycle is divided into four periods as follows [1].

(1) The four supporters lift the body to raise the drivers off the ground.
(2) As the supporters lift the body, the drivers bend forward.
(3) The four supporters bend upward, causing the four drivers to contact the

ground.
(4) The four drivers bend backward to push the body forward.

The walking speed is determined by the displacements of the four drivers and the
frequency of the control signal. Since the drivers are distributed symmetrically on
both sides of the body, and have the same size and deflection characteristics, they
bear equivalent loads and drag forces. Therefore, all four drivers provide the same tip
displacement for a given applied input voltage. Assuming that the robot is moved by
a fixed driving voltage and current, the tip displacement of the actuator in one
direction is d/2, and the distance the robot advances is d, as shown in Fig. 15c, d. The
walking speed can then be obtained from

v ¼ d � f ¼ ðd0 � DdÞ � f ð6Þ

where v denotes the average walking speed, d0 denotes the tip displacement of a
driver without a payload, Δd is the reduction in the actual displacement of a driver
due to friction, and f is the frequency of the input signal.

By changing the bending directions of the four drivers, forward and backward
walking motions and clockwise and counterclockwise rotations can be imple-
mented. Figure 16 shows a single step cycle of the rotational motion, which can
also be divided into four periods. When the four supporters lift the body, the two
left drivers bend backward and the two right drivers bend forward. When the four
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supporters bend upward, the four drivers contact the ground and bend in the reverse
direction.

When the rotational direction of drivers E and H is opposite to that of drivers A
and D, the microrobot can implement clockwise rotation or counterclockwise
rotation. The robot rotates through the angle θ in a single step cycle, as shown in
Fig. 17a. Here, θ is given by

h ¼ L
R

ð7Þ

where L denotes the length of the rotational arc and R denotes the radius of rotation
with center-point O. From Fig. 17b, we have

r cos a ¼ r� d
2

ð8Þ

l ¼ a� r ð9Þ

h ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
d
2
� 2r� d

2

����
����

s
ð10Þ

Fig. 15 One step cycle of moving forward motion in lying structure (The marks • indicate which
actuator contacts the ground). a The supporters lift the body. b The drivers bend forward.
c The supporters bend upward. d The drivers bend backward

Fig. 16 One step cycle of rotating motion in lying structure (The marks • indicate which actuator
contacts the ground). a The supporters lift the body. b The two left drivers bend backward and the
two right drivers bend forward. c The supporters bend upward. d The two left drivers bend
forward and the two right drivers bend backward
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where r is the bending radius of the IPMC actuator, α denotes the central angle of
the IPMC bending arc, l denotes the length of the IPMC actuator, and h denotes the
semifocal chord length of the IPMC bending arc. The radius R can be calculated
using the equation

R ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðhþ 10Þ2 þ ð17:5� d

2
Þ2

r
ð11Þ

When d is very small, we can approximate the arc length L by d, the linear
distance between the initial and final robot position. According to Eqs. (7) and (11),
the theoretical rotational speed can then be calculated from

x ¼ h � f ¼ 2dffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðhþ 10Þ2 þ ð17:5� d

2Þ2
q f ð12Þ

4.4 Mechanism of the Walking/Rotating Motion
in the Standing Attitude

In the standing attitude, the microrobot can implement inchworm-inspired crawling
motions in two directions (longitudinal and transverse) using the eight legs A–H.
Unlike the motions in the lying attitude, legs A and E are used as leading legs, while
legs D and H are used as following legs. This allows the robot to implement
walking motion in the longitudinal direction. When the robot walks forward, the
phase of the leading leg lags 90° behind that of the following leg, as shown in
Fig. 18 [35]. In this attitude, the robot can fold all legs below its body to get across

Fig. 17 a The rotating angle in one step cycle. b The calculation of the value of h (only drivers are
drawn)
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high narrow gaps. The crawling speed in the standing attitude is determined by the
same parameters as in the lying attitude.

Based on this walking mechanism, when one side of the microrobot moves
forward and the other side moves backward, or remains stationary, the robot can
rotate in either the clockwise or counterclockwise direction. The rotational speed
of the robot is determined by the rotational angle in a single step and the
frequency [35].

4.5 Mechanism of the Grasping Motion

In the lying attitude, the microrobot can grasp small objects and carry them to a
specified location using fingers I and J. First, the microrobot moves close to the
object using legs A–H. Second, fingers I and J bend toward each other to grasp the
object. Then the microrobot carries the object to the desired destination. In the
standing attitude, the microrobot can also grasp small objects using the leg pairs B–
F and C–G for this purpose, while legs A, D, E, and H provide the crawling and
rotational motions.

4.6 Mechanism of the Floating Motion

When the frequency of the driving voltage is decreased to 0.3 Hz, the water around
the IPMC actuators is electrolyzed. Air bubbles are generated and become attached

Fig. 18 One step cycle of crawling motion in standing attitude [35]
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to the leg surfaces, and the buoyancy of the microrobot is increased. In the lying
attitude, four drivers and four supporters are used to electrolyze the water and
implement floating motion. In the standing attitude, leg pairs A–E and D–H are
used to implement floating motion. The tail fin can also be used to provide
buoyancy, and to adjust the balance of the overall body while floating.

4.7 Mechanism of the Swimming Motion

In a similar manner to the BCF and MPF locomotion of fish, robots can be classified
into body and/or caudal actuator (BCA) types, and median and/or paired actuator
(MPA) types [38]. The proposed microrobot utilizes the BCA mode, which gen-
erates thrust by bending the caudal fin K, as shown in Fig. 13. The bending of the
caudal fin provides oscillatory motion, and is triggered by a single IPMC actuator.
A passive fin is attached to the free end of this actuator to increase the thrust.

5 Prototype Microrobot and Experiments

5.1 Prototype Microrobot

Based on the proposed structure, a prototype hybrid underwater microrobot with
two motion attitudes was constructed, as shown in Fig. 19. The body was composed
of two layers, to which eleven IPMC actuators were attached with wooden clips.
Two IPMC fingers and a tail fin were attached to the first layer, while eight IPMC
legs were attached to the second layer. Two SMA actuators were affixed to two
sheets attached to the second layer. The prototype microrobot employed eight legs
to walk, rotate, and float in two attitudes. Two fingers were utilized to implement
grasping, and the tail fin was used for swimming. The control signals of the IPMC
actuators were all square waves, in order to drive the actuators more efficiently [29].

Fig. 19 The prototype microrobot (in air). a The lying attitude. b The standing attitude
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In addition, two SMA actuators were employed to pull the two sheets and fold the
eight legs below the body, to implement the attitude change. The prototype driving
system consisted of an AVR atmega16 and twelve Omron G6 K-2P electric relays
that were used as circuit changers to vary the input voltages. The microrobot
received its control signals through enamel-covered wires with a diameter of
0.03 mm. The wires were soft enough for their resistance to be ignored [29].

5.2 Walking, Rotating, and Grasping Experiments
in the Lying Attitude on an Underwater Flat

The walking experiments were conducted on a flat underwater surface. In these
experiments, we varied the applied signals, and calculated the walking speed by
recording the time required to cover a distance of 50 mm. The experiment was
repeated five times for each set of control signals to obtain an average speed.

At a fixed current of 0.7 A, we carried out two groups of experiments with
different applied voltages and frequencies. Figure 20 shows the experimental results
for voltages of 4 and 6 V, which indicated that the walking speed was proportional
to the input voltage, and that the walking motion was highly efficient in the control
frequency range from 2 to 6 Hz. We can see that: (1) the walking speed increased
with the input voltage; (2) at 6 V, a maximum speed of 3.6 mm/s was attained at
2.5 Hz; and (3) at 4 V, a maximum speed of 2.1 mm/s was attained at 2.5 Hz. When
the frequency was higher than 7 Hz, the walking speed approached 0.

At a fixed frequency of 1 Hz, we also carried out three groups of experiments
with applied voltages 3, 5 and 8 V. We obtained an average speed for every set of
signals, varying the current as shown in Fig. 21. From the results, the walking speed
was proportional to the applied current and input voltage. The microrobot required
only low current and voltage for walking motion in the lying attitude.

Fig. 20 Experimental
walking speeds with different
frequencies

304 S. Guo and L. Shi



In the rotating experiments, we varied the control frequency from 0.5 to 11 Hz at
a fixed voltage of 6 V and a fixed current of 1 A, and calculated the average
rotational speeds. Figure 22 shows the experimental results, which indicated that
the microrobot had a higher rotational speed in the frequency range from 0.5 to
4 Hz, and a maximum rotational speed of 9 °/s. When the control frequency was
lower than 3 Hz, the rotational speed was proportional to the frequency, since the
oscillatory amplitude was relatively large. However, when the control frequency
was higher than 3 Hz, the rotational speed was inversely proportional to the fre-
quency, since the rotational angle in a single step cycle became small, and the
decreased displacement became a primary factor affecting the rotational speed.

In the lying attitude, the microrobot was able to use its two fingers to implement
grasping motion. A hybrid walking, rotating, and grasping motion is shown in
Fig. 23. First, the robot walked forward. Second, it rotated clockwise and opened its
two fingers. Then it closed its fingers and rotated counterclockwise. Finally, it
walked backward.

Fig. 22 Experimental
rotating speeds

Fig. 21 Experimental
walking speeds with different
currents
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5.3 Floating Experiments Without Payloads

Legs A–H were used to electrolyze the water and implement floating motion. In the
floating experiments, we varied the frequencies of the driving voltages and calcu-
lated the floating speed by recording the time required to float through a vertical
distance of 100 mm. Figure 24 shows a video sequence of the floating motion.

At a fixed voltage of 6 V, we varied the control frequencies from 0.05 to 0.5 Hz.
The experiment was repeated 5 times for each set of control signals to obtain an
average speed. Figure 25 shows the experimental floating speeds for different

Fig. 23 Walking, rotating, and grasping motions. a Walking forward. b Right turning. c Two
fingers open. d Grasping motion. e Left turning. f Walking backward
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frequencies. From the results, the average floating speed was inversely proportional
to the control frequency, and the maximum speed was achieved with a frequency of
0.05 Hz.

5.4 Standing Experiments

In the standing experiments, we used the two SMA actuators to make the micro-
robot stand up, both in air and on the underwater flat. Figure 26 shows video
sequences of the standing motion on the underwater flat, from the front and left-side
perspectives. We carried out the experiments with a control voltage of 8 V and a
maximum current of 1 A. An initially deformed SMA actuator can recover its
predetermined low-temperature shape during heating, demonstrating the shape
memory effect [39]. Therefore, thermal insulation is important for SMA actuators,
especially in water. Accordingly, we sealed the two SMA actuators with elastic
adhesive tape to achieve a better heating effect when they were triggered to shrink.

Fig. 24 Floating experiment. a Phase 1. b Phase 2. c Phase 3. d Phase 4. e Phase 5

Fig. 25 Experimental
floating speeds
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5.5 Obstacle-Avoidance Experiment

To implement closed-loop control, we installed one short-range proximity sensor on
the microrobot to detect an object or avoid an obstacle while walking or swimming.
The proximity sensor used in the present research was 8 mm long and 5 mm wide,
with a weight of 0.5 g. The distance measurement range was 0–60 mm, and the
output voltage ranged from 150 mV to the power voltage [29]. The sensor signals
were transmitted to a micro-AD board, which converted the voltages to digital
values and sent them to the AVR. By utilizing the proximity sensor, the microrobot
was able to detect an obstacle in front of it without any physical contact, and
avoided it automatically. In the previous experiments, the microrobot avoided an
obstacle by changing its walking direction. However, due to the low rotating effi-
ciency of this unit while in a standing attitude, a long time was required to avoid a
very wide obstacle via rotation. Therefore, the hybrid robot avoided the obstacle by
floating instead. Figure 27 shows the object-avoidance experiment in the standing
attitude. First, the microrobot walked toward the obstacle using legs A, D, E, and H
driven by an input voltage of 6 V at a frequency of 1 Hz. When the distance
between the microrobot and the obstacle decreased to about 10 mm, the proximity
sensor detected the obstacle. The microrobot then stopped and floated upward.

5.6 Swimming Experiments in the Standing Attitude

The swimming experiments were carried out in the same water tank. To increase the
oscillatory thrust, the swimming motion was evaluated in the standing attitude.

Fig. 26 Standing experiments on the underwater flat
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Water resistance increases in proportion to the cross-sectional area of the robot
body, reducing the oscillatory amplitude of the body. On the other hand, increasing
the oscillatory amplitude can reduce the effect of water resistance and increase the
swimming speed. The IPMC actuator was actuated by a square-wave signal with a
frequency of 0.5 Hz and an input voltage of 6 V. The swimming motion for one
oscillatory cycle is shown in Fig. 28.

Fig. 27 Obstacle avoidance experiment. a Walking forward. b Detected the obstacle. c Floating
upward. d Floating state

Fig. 28 Swimming experiment. a Initial position (red line). b Left bending. c Right bending.
d Final position (blue line)
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6 Results and Discussion

Generally speaking, compact structure, multifunctionality, flexibility, and precise
positioning are considered incompatible characteristics in underwater microrobots
[39, 40]. We have already designed several bio-inspired underwater robots with
compact structures using IPMC and SMA actuators. These robots employ biomi-
metic locomotion to implement walking/rotating, surfacing/diving, grasping, and
swimming motions. However, each of the units implements only some of these
motions. To design a robot with multifunctionality, we need to integrate the above
motions in a single robot. There are three types of underwater walking/rotating
motions: inchworm-inspired, stick-insect-inspired, and lobster-inspired. Since the
position precision of IPMC legs has not been high, in the present research we
proposed an electromechanical model of an IPMC leg for position control [29].
Also, a novel hybrid structure with two motion attitudes was developed to adapt to
different environments. Floating can be achieved via the electrolysis characteristics
of IPMC, or via jellyfish-inspired or fish-bladder-inspired designs. Since the
floating speeds are adjustable in all three of these methods, the first is the best
choice to realize a compact structure. Swimming can be achieved via fish-inspired,
snake-inspired, butterfly-inspired, or manta-ray-inspired designs. However, due to
mechanism limitations, only a caudal actuator was suitable for our hybrid design.
Accordingly, we used a single IPMC actuator to drive a passive fin in an oscillatory
motion. Human-inspired, inchworm-inspired, and lobster-inspired finger locomo-
tion have been proposed for grasping. Our new design not only inherited lobster-
inspired finger locomotion, but also implemented inchworm-inspired grasping
motion by changing its attitude from lying to standing. Also, a schematic diagram
of the Father–son robot system is shown in Fig. 29.

Fig. 29 A schematic diagram of the father–son robot system. a Wire communication. b Wireless
communication
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7 Conclusion

In this chapter, stick insect-inspired two-phase walking locomotion, jellyfish-
inspired floating/diving locomotion, and inchworm-inspired crawling and grasping
locomotion were discussed. The feasibility results for four previously developed
prototype microrobots were then reviewed. The floating efficiency of a stick insect-
inspired robot was not high. A jellyfish-like robot could not rotate and its walking
motion was unsatisfactory, although its floating motion was improved. For an
inchworm-inspired robot, there were large differences in the rotational radii of the
outside four legs, leading to a large amount of slippage while rotating and low
rotating efficiency. In addition, the inside six legs were used solely as fingers to
grasp an object and could not contribute any buoyancy to the floating motion, so
that the floating speed was slow. To inherit the multifunctions of the inchworm-
inspired microrobot and overcome its disadvantages, we introduced a new lobster-
like microrobot, intended for underwater exploration in a restricted space.

Then, we introduced a hybrid biomimetic microrobot with two motion attitudes
to implement microrobot multifunctionality and flexibility for adaptation to com-
plex underwater environments. In the lying attitude, the new robot implemented
stick-insect-inspired walking/rotating motions using eight IPMC legs. These legs
were also used to electrolyze the water for floating. Two lobster-inspired IPMC
fingers were used to grasp small objects. According to the results of the walking
experiments, the robot reached a maximum walking speed of 3.6 mm/s at a control
frequency of 2.5 Hz and a fixed current of 0.7 A. The results of the floating
experiments indicated that the robot could achieve a maximum floating speed at a
control frequency of 0.05 Hz and a control voltage of 6 V. Driven by two SMA
actuators, the robot could change its attitude from lying to standing on an under-
water flat. In the standing attitude, the microrobot could implement inchworm-
inspired walking/rotating using the four outside IPMC legs. The four inside legs
were utilized as fingers to grasp large objects. While suspended in the water, the
IPMC caudal fin actuated a passive fin to implement oscillatory motion, which
provided propulsion for swimming. When equipped with a proximity sensor, the
robot could detect and avoid obstacles automatically, either by rotating or by
floating.

As the next step in our research, we will introduce the father–son robot system to
solve microrobot design problems requiring as low speeds and short operating times
in restricted operating areas.
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Multiple Autonomous Robotic Fish
Collaboration

Guangming Xie, Long Wang and Yonghui Hu

Abstract Most of previous work on multiple robots collaboration is focused on
terrestrial robots and seldom deals with underwater applications due to the uncer-
tainties and complexity in a hydroenvironment. In this chapter, three typical
collaboration problems with multiple autonomous robotic fish are investigated. The
three problems includes target tracking and collision avoidance, formation control,
and cooperative transportation. For the first problem, a situated-behavior-based
decentralized control is employed on each robotic fish according to its visual data.
On dealing with motion planning of the fish during target tracking and collision
avoidance, a control law by a combination of an attractive force toward a target and
a repulsive force for collision avoidance is utilized. For the formation control
problem, leader-following based framework is adopted. Each follower robot esti-
mates the position and orientation angle of its leader with a fast color-tracking
vision system, and establishes a Bezier trajectory between its current position and
the position of its leader robot. For the cooperative transportation problem, an
underwater box-pushing task is designed in which three autonomous robotic fish
that sense, plan and act on its own move an elongated box from some initial
location to a goal location. The whole task is decomposed into three subtasks and
assigned to capable robotic fish. The robotic fish coordinate through explicit
communications and distribute the subtasks with a market-based dynamic task
allocation method.
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1 Introduction

Multirobot systems are being used increasingly in highly dynamic or adversarial
environments to address complex tasks, such as planetary exploration [1], moni-
toring and surveillance [2], search and rescue [3], mapping of unknown or partially
known environments [4], and transportation of large objects [5]. Like humans
working in a team to achieve a common goal or a swarm of ants foraging for and
hauling food together, a group of cooperating robots can perform certain tasks
better than a single robot. By decomposing the task into subtasks and executing
them concurrently, multi-robots can accomplish the task in a more efficient and
robust manner. Moreover, many tasks not executable by a single robot can be
tackled by a robot team by taking advantages of distributed sensing and actuation.
However, the design and deployment of multirobot systems in real-world appli-
cations represent a formidable scientific challenge. Many problematic issues like
group architecture, resource conflict, dynamic and unpredictable environments,
noisy perception and limited communication bandwidth and range have to be dealt
with in order to achieve effective teamwork.

Majority of multirobot systems are implemented in terrestrial or aerial envi-
ronment, and few results have been obtained on underwater robots. Unprecise
motion control due to the disturbance of waves and unknown currents, the lack of
effective acoustic and optical sensors, unreliable underwater communication and
high operational costs make it difficult to realize multirobot cooperation in hydro-
environment. With the increasing human demand for exploitation and utilization of
ocean resources, more research efforts should be devoted to the development of
cooperating underwater robots. In recent years, the biomimetic robotic fish, as a
novel miniature underwater vehicle, has progressed considerably [6, 7]. By emu-
lating the swimming mechanisms of fish in nature, robotic fish can obtain enhanced
locomotion performances over conventional screw-propelled underwater vehicles,
such as high efficiency, great agility, increased noise reduction and station-keeping
ability. Robotic fish can play an important role in various underwater tasks, espe-
cially those that require operations in cluttered environments and in unsteady flow.
Most studies of robotic fish focus on the hydrodynamic modelling of swimming fish
[8, 9] and building of artificial fish-like devices [10–12], cooperative control of
multiple robotic fish has seldom been investigated. The significance of the study of
multiple robotic fish cooperation is twofold. From the engineering perspective,
multiple cooperating robotic fish provide a feasible solution to a variety of complex
underwater missions, which are intractable for a single robotic fish or difficult to be
executed by other underwater robots. For example, in naval reconnaissance task
multiple robotic fish can improve the performance of the task execution by sharing
collected information while reduce the possibility of detection by pretending to be a
real fish school. From the scientific perspective, the schooling behaviors of fish in
nature can be recorded and better understood with the help of multiple robotic fish.
The self-organizing mechanisms of fish can be emulated and verified with multiple
robotic fish governed by a localized control regimen, and perhaps the grouping
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behaviors of fish might be deliberately harnessed to produce certain global patterns
via multiple fish-like robots swimming together with live fish.

Research in the field of multirobot systems has resulted in a number of canonical
task domains, such as box-pushing [13], formation control [14, 15] and foraging
[16]. This chapter presents three typical collaboration tasks carried out by multiple
autonomous robotic fish. The first one deals with vision-based target tracking and
collision avoidance, in which two robotic fish are required to track one target and at
the same time adopt some collision-avoiding strategies without colliding with each
other. The aquatic environment poses two major difficulties for the fulfillment of the
task. Firstly, the target drifts everywhere due to disturbances, therefore it is quite
difficult to predict the position of the target. Secondly, the waves produced by fish
lead to uncertainty and inaccuracy to precise locomotion control of the robotic fish.
Considering the difficulties in the task, a situated-behavior method is employed to
divide the environment into a set of complete and exclusive situations according to
the camera data. For each situation, a specific behavior is designed. In designing the
situation associated behaviors, a control law that is a combination of an attractive
force toward a target and a repulsive force for collision avoidance is utilized. The
second task is about formation control, in which multiple robotic fish achieve
predetermined formations with a leader-following approach. A Bezier curve
between leader and follower robot, which is tangent to current paths of both leader
and follower robots, is introduced based on the pose estimation of the leader with a
fast color-tracking vision system of the follower. The Bezier curve is optimized by
minimizing the curvature’s changing rate. Using the penalty function method, the
problem of nonlinear constrained optimization is converted into unconstrained, and
one-dimensional search is adopted to solve this unconstrained optimization prob-
lem. Based on optimized scale factor, the optimal Bezier curves allow the robotic
fish to follow a smooth and stable trajectory, satisfying the nonholonomic constraint
of the robotic fish. The desired angular velocity of the follower robot can be
obtained with the optimal Bezier trajectory. Both numerical simulations and
physical robot experiments are performed to validate the proposed approach. The
third task is concerned with cooperative underwater box-pushing, in which a
decentralized transportation strategy is employed. Without any global information
about the posture of the box and themselves, the robotic fish cooperate by sharing
visual information and execution ability in order to move the box from its initial
location to the designated goal location. The mission is decomposed into the fol-
lowing three subtasks that can be executed each by a single robotic fish: an
observing subtask for pose perception of the box at the goal location and two
pushing subtasks for pushing of the left and right ends of the box. The robotic fish
fulfill the subtasks by executing consecutively a series of behaviors. To determine
which robotic fish should execute which subtask, a market-based task allocation
method is used. The robotic fish submit bids to compete for the auctioned subtask.
To cope with unexpected changes in the environment and the limited sensing range
of the robotic fish, subtasks assigned to the robotic fish can be auctioned again in
case the robotic fish is no longer competent for the subtask it has committed to.
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The remainder of this chapter is structured as follows. Section 2 presents the
prototype development and motion control of the robotic fish. The tasks of target
tracking and collision avoidance, formation control, and cooperative transportation
are addressed in Sects. 3, 4 and 5, respectively. Finally, conclusions are provided in
Sect. 6.

2 Autonomous Robotic Fish Prototype

2.1 Mechanical Design

Modeled after boxfish that is characterized by inflexible body and utilizes MPF
mode for propulsion and caudal oscillations as auxiliary locomotion means, the
robotic fish consists of a rigid main body, a pair of pectoral fins and a caudal fin. The
main body, which is a roughly rectangular, waterproofed hull, provides housings for
the power, electronics and actuators. Each propulsor can perform 1-DOF movements
and is actuated by a servomotor (Hitec HS-5955TG) that is fixed on the bottom
chassis. The reciprocatory rotation of the servomotors are transmitted to the outside
through dynamic sealing structure filled with grease. The pectoral fins with the
approximate shape of NACA-0012 profile are attached to the joints on the side, and
the lunate tail fin is linked to the vertical joints with connecting pieces. The rotatory
range of the tail fin is limited to �90�, while that of the pectoral fins is expanded to
�180� through transmission of gear sets of 2 : 1 ratio. A pinhole CMOS camera, as
the only exteroceptive sensor is installed at the mouth position with a transparent
window glued to the hull for waterproof purpose. For most fishes, the center of mass
is located above the center of buoyancy and as a result they are hydrostatically
unstable [9, 17]. However, it is hard for robotic fish to generate the necessary
trimming forces and powered correction forces to stabilize and hold posture,
therefore the robotic fish is designed to be hydrostatically stable through lower
placement of the mass center. The density of the robotic fish has been designed to be
close to that of water through careful calculations, so that little trimming weight or
foam can be added to accomplish neutral buoyancy. Figure 1a shows the photograph
of the robotic fish prototype and its mechanical configuration is illustrated in Fig. 1b.

2.2 Electronics and Sensor

The robotic fish is designed for autonomous operation such that it is equipped with
onboard power, embedded processor, image sensor (OV7620 from OmniVision)
and a duplex wireless communication module (GW100B from Unitel Pty Ltd) as
the user interface for human-robot interaction. Four rechargeable Ni–Cd cells of
2700 mAh capacity provide the robotic fish about 1 h power autonomy. The control
unit is a microcontroller S3C2440 that incorporates a high-performance 32-bit
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RISC, ARM920T CPU core running at 400 MHz and a wide range of peripherals
from Samsung Electronics. The onboard memory includes 64 MB SDRAM used
during program execution and 64 MB Nand Flash for permanent data and code
storage. The microcontroller captures image data in YCrCb 4:2:2 format at
320 × 240 resolution and does real-time image processing for perception of the
environment. Three PWM (Pulse Width Modulation) signals are generated by the
microcontroller to control the motion of the joints. Figure 2 illustrates hardware
architecture of the control system.

2.3 Software

The software running on the robotic fish is comprised of two parts: a boot program
named U-boot (universal bootloader) and the application code. U-boot runs
immediately when the robotic fish powers up, and then waits a few seconds for the
user to update application code through the wireless communication module. By
default, U-boot will transfer the control to the application code that is already stored
in Nand Flash memory if the user didn’t interrupt. The use of U-boot greatly
simplifies and accelerates the Flash burning process, which conventionally involves
taking apart the bottom chassis, pulling out cables and resealing of the fish body.

2.4 Swimming Locomotion Control

The robotic fish swims by oscillatory movements of the tail and pectoral fins. Since
sinusoidal signals can generate smooth oscillations and allow flexible and easy
adjustment of joint angles, we model the swimming locomotion as sinusoidal
variation of the robot’s joint angles. Each joint of the robotic fish oscillates in a
harmonic manner according to the following equation:

Fig. 1 Prototype and mechanical configuration of autonomous robotic fish. a Prototype,
b mechanical configuration
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hiðtÞ ¼ �hi þ Ai sinð2pfit þ /iÞ ði ¼ 1; 2; 3Þ ð1Þ

where hiðtÞ is the angular position of the ith joint at time t, �hi denotes the angular
offset, Ai represents the oscillatory amplitude of the joint angle, and fi indicates the
frequency. The swimming speed of the robotic fish can be adjusted by modulating
the value of the frequency f and the amplitude A. The angular offset �h can be used
as a strategy for maneuvering and three-dimensional swimming of the robotic fish.
The 1st joint, 2nd joint and the 3rd joint are used to drive the left fin, the right fin
and the tail fin of the robotic fish, respectively.

Both the tail fin and the pectoral fins of the robotic fish can generate propulsion
and maneuvering forces and through coordinated control of the propulsors, a great
diversity of swimming gaits can be realized. Based upon the propulsors used, the
swimming can be classified into two basic modes: BCF (body and/or caudal fin)
mode and MPF (median and/or paired fin) mode, although the combined use of tail
and pectoral fins can produce more complex movements. Having analyzed the
governing dynamics of the robot’s motion, several typical swimming gaits can be
empirically designed. Figure 3 illustrates some typical swimming gaits and the
realization of each pattern is described as follows:

• BCF forward swimming, by oscillating only the tail fin �h3 ¼ 0
� �

, with the
pectoral fins held parallel to the horizontal plane functioning to enhance stability
�h1 ¼ �h2 ¼ 0; A1 ¼ A2 ¼ 0
� �

.
• BCF turning in advancing, by superimposing a non zero angular offset �h3 on

the oscillation of the tail joint.

Fig. 2 Hardware architecture of the control system
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• MPF forward and backward swimming, by the synchronized oscillations of the
paired pectoral fins around the horizontal plane (i.e., �h1 ¼ �h2 ¼ 0 for forward,
�h1 ¼ �h2 ¼ p for backward), with caudal fin held straight �h3 ¼ 0; A3 ¼ 0

� �
.

• MPF turning, by the differentiation of hydrodynamic forces between the pec-
toral fins, typically producing anteriorly directed force on one side and poste-
riorly directed force on the other side (�h1 ¼ 0; �h2 ¼ p, or �h1 ¼ p; �h2 ¼ 0) and
stopping the oscillations of the caudal fin A3 ¼ 0ð Þ.

• Hybrid turning, using synchronized pectoral fins flapping for thrust generation
and tail fin as a rudder �h3 2 ½�p=3; p=3�; A3 ¼ 0

� �
.

• Submerging and ascending, by adjusting the attack angle a of the pectoral fins
when attaining a higher swimming speed [e.g. submerging while �h1 ¼ �h2 2
ð0; p=2Þ, A1 ¼ A2 ¼ 0], or actuating the pectoral fins’ synchronized oscillations
around the vertical plane functioning to generate lift forces (e.g. ascending while
�h1 ¼ �h2 ¼ �p=2).

• Braking, by sudden rotation of the pectoral fins to a position perpendicular to
the body �h1 ¼ �h2 ¼ p=2; A1 ¼ A2 ¼ 0

� �
.

Fig. 3 Illustrations of typical swimming gaits designed for the robotic fish. a BCF forward
swimming, b BCF turning in advancing, c MPF forward swimming, d MPF backward swimming,
e MPF turning, f hybrid turning, g submerging, h ascending, i braking
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3 Underwater Target Tracking and Collision Avoidance

3.1 Task Description

The task is depicted as follows: two autonomous robotic fish are required to track a
target (water polo) without colliding with each other respectively in a rectangular
swimming tank. This task will be decomposed into two subtasks of water-
polo-tracking and collision-avoiding.

3.2 Vision Processing

The vision module is responsible for extracting interested information from the
camera of the robotic fish. The vision processing is based on color information. The
underwater images from the camera are digitized in YCbCr color space, and color
thresholds that were learned by sampling offline are then applied to the images.
Inspired by [18–22], fast image segmentation, object recognition and localization
are processed on the underwater images captured from the onboard camera of the
robotic fish.

3.2.1 Color-Based Image Segmentation

A YCbCr image, as captured from the camera, is segmented into regions repre-
senting one color class each. Since color is the key feature used for object recog-
nition, all important objects in our task have distinct and unique colors (e.g. water
polo with red color and robotic fish with black).

Without regard to the luminance component Y that changes dramatically with
ambient light, a 2-D lookup table is used to perform the mapping from CbCr pixel
values to symbolic color class [19]. The lookup table is indexed by the raw Cb and
Cr values of the pixel. Each entry of the lookup table stores the index number for
the symbolic color to assign to the pixel, otherwise set to “white” color if the pixel
is background. The thresholds are learned from example images offline. The color
segmentation process uses the threshold table on each pixel of the image to classify
the image.

After the color thresholding, the vision system then carries out the following
steps: pixel connection and region merging [23]. The connection procedure scans
adjacent rows and merges runs (horizontal neighboring pixels of the same color) to
make a region. The statistics gathered for a region include: bounding box, centroid,
and area. The region merging process is done with the calculation of the region’s
statistic characteristics. The criterion for deciding to merge the regions is the
resulting density of the combined region. Two regions are combined into one region
if the combined pixel area has a density occupying the area of new bounding box
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above a threshold for that color class. The purpose of region merging is to combine
several nearby smaller regions of the same color into a single larger region in order
to identify object and remove noise.

3.2.2 Object Recognition and Feature Extraction

The objects, including the water polo and the other fish, need to be recognized. We
recognize these objects with several filters according to their characteristics. And
the interested information of the objects in the image can be extracted. To illustrate
the process, the recognition and feature extraction of the water polo are presented
below.

The water polo is found by scanning through the candidates of red regions and
selecting the one with the largest area. A filter is used to check if the region is large
enough. If the region’s area does not reach a threshold, we abandon it, otherwise we
regard it as the target. Figure 4 shows the result of the object recognition.

The X 0
i -axis and Y 0

i -axis of image coordinate system are illustrated in Fig. 4b.
The origin of the image coordinate system is the center of the image. Once the
target has been detected, the coordinates of its lowest point in the image should be
extracted for its localization. As shown in Fig. 4b, the coordinates ðix0m; iy0mÞ of the
target’s lowest point m in the processed image can be obtained by searching the
target region.

3.2.3 Object Localization

In object localization, we use the 2-D regions in the camera image to estimate the
position of relevant objects such as the target or the other fish in the 3-D coordinate
system of the observing robotic fish. With the help of the intrinsic camera
parameters, image coordinates can be converted into robot coordinates. The robot

Fig. 4 Object recognition for a water polo and robotic fish. a Sample underwater image. b Image
after processing [water polo (red), robotic fish (black)]
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coordinate system XR; YR; ZRð Þ is fixed to the observing robotic fish, shown in
Fig. 5. Notice that the mounted camera has a wide viewing angle of 120�.

Taking the target for example, in order to estimate the location of the water polo,
we detect its lowest point m in the corresponding processed image [see Fig. 4b].
Since both the robotic fish and the target are slightly buoyant, the vertical distance h
from the observing camera to the lowest point of the water polo is fixed. This point
m and the optical center of the camera define a viewing ray rm. Its intersection with
the lowest horizontal plane of the water polo yields an estimate of the position of
water polo relative to the robotic fish, as illustrated in Fig. 5a. The 3-D point M in
robot coordinate system corresponding to the observed image point m ¼ ½ix0m; iy0m�T
in Fig. 4b is given by

M ¼ ½RxM;R yM;R zM�T ¼ �h
iy0m

½f ; ix0m; iy0m�T ð2Þ

where f denotes the focal length of the camera. The point m given in image
coordinate system can easily be expressed in the coordinate system of the robot, as
long as the pose of the robot’s camera relative to the target is given in robot
coordinate system. Based on the estimation of 3-D point M, as shown in Fig. 5b,
the distance s and angular direction hT to the target in XRYR-plane of the robot
coordinate system can then be computed by

s ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Rx2M þR y2M

q
ð3Þ

tan hT ¼
RyM
RxM

ð4Þ

In the same way of target localization, the distance r and angular direction hF to
the other fish in robot coordinate system can also be computed.

Fig. 5 a Estimate of the position of water polo relative to the robotic fish. b Estimate of the
distance and angular direction in robot coordinate system
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3.3 Situated-Behavior Based Decentralized Control

To simplify the difficulty of precise motion control in underwater environment,
decentralized control of multiple robotic fish is designed with a situated-behavior
method [24]. The situated-behavior mechanism is a design methodology which
divides the environment into a set of complete and exclusive situations, and for
each situation, an associated behavior is applied. The designed behaviors can also
be decomposed into several low-level behaviors, such as avoid-collision behavior,
which can be shared by the situation associated behaviors directly. Next, taking fish
A for example, the situated-behavior methodology for two robotic fish will be
described.

3.3.1 Situations

According to its visual data, four primary situations are defined for robotic fish A:

• NFT (no fish or target) situation: No fish or target appears in fish A’s sight.
• OF (only fish) situation: Only fish B appears in fish A’s sight.
• OT (only target) situation: Only the target appears in fish A’s sight.
• BFT (both fish and target) situation: Both fish B and the target appear in fish

A’s sight.

Figure 6 illustrates all situations in the environment.

Fig. 6 Illustration of the situations
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3.3.2 Situation Associated Behavior Design

The design of the behaviors is required to drive the robotic fish to its target and to
force the robotic fish away from the other one. An associated behavior is designed
for each situation.

• BNFT: In NFT situation, fish A searches for the target by adopting MPF-turning
gait clockwise or counterclockwise, according to the previous position of the
target in its field of view (FOV), namely search-for-target behavior.

• BOF: In OF, fish A searches for the target by adopting MPF-turning gait
clockwise or counterclockwise, to the opposite side of the other fish’s position.
The associated behavior with OF situation can be decomposed into two low-
level behaviors: search-for-target behavior and avoid-collision behavior.

• BOT: In OT, fish A goes to the target by adjusting its orientation towards the
target direction, namely go-to-target behavior.

• BBFT: In BFT, fish A goes to the target and avoids collision with the other fish
by integrating the attractive force from its target and the repulsive force from the
other fish. The associated behavior with BFT situation can be decomposed into
two low-level behaviors: go-to-target behavior and avoid-collision behavior.

The decision-making process is shown in Fig. 7, which illustrates the behaviors
associated with the situations. As for each autonomous robotic fish, the inputs of the
decision-making module are the target and the other fish’s information, including
the locations and distance of the target and the other fish to itself. Then the current
situation is identified and the situated behavior is selected.

Fig. 7 Schematic diagram of decision-making process based on situated-behavior method
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3.3.3 Control Law Design for BBFT

In BFT situation, a control law is designed to determine the attractive force in go-
to-target behavior and the repulsive force in avoid-collision behavior. As described
in the object localization, the robotic fish has the following noisy measurements
available to it:

• r: Distance to the other robotic fish.
• s: Distance to the target.
• hF : Angular direction to the other robotic fish in the observing robotic fish

coordinate system.
• hT : Angular direction to the target in the observing robotic fish coordinate

system.

The task is performed in the horizontal plane, and Fig. 8 illustrates the defini-
tions of r, s, hF , and hT for fish A in its coordinate system XA; YAð Þ. As shown in
Fig. 8, let hT denote the angle, measured counterclockwise, from XA to the vector
that points from robotic fish A to the centroid of the target. Let hF be the angle from
XA to the vector that points from robotic fish A to robotic fish B.

An attractive force in proportion of s is introduced to pull the robotic fish in the
direction hT of the target. This attractive force, employed in go-to-target behavior,
will be given by

kas
cos hT
sin hT

" #
ð5Þ

where the constant ka is a scaling coefficient and the vector in (5) is expressed in the
coordinate system of robotic fish A.

The collision avoidance is obtained by using a 1=r3 repulsive force exerted along
the line from the other fish to the robotic fish whose control is under consideration.
The direction of this repulsive force is obtained through measurement of hF . This
repulsive force, utilized in avoid-collision behavior, is expressed in the coordinate
system of robotic fish A by

Fig. 8 Schematic illustration
of r, s, hF , and hT for fish A
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� kr
r3

cos hF
sin hF

" #
ð6Þ

where the value of kr is chosen large enough that any pair of robotic fish will
maintain a safe distance apart.

Therefore, the approach will be to integrate the repulsive and attractive forces to
determine the velocity of fish A. The absolute velocity of fish A, expressed in the
coordinate system of robotic fish A, can be shown to be

AtA ¼ kas
cos hT
sin hT

" #
� kr
r3

cos hF
sin hF

" #
ð7Þ

In order to illustrate the rationality of the control law (7) based on a combination
of an attractive force toward a target and a repulsive force for collision avoidance,
the cost function J is introduced by

J � 1
2
fka½ðxA � xTÞ2 þ ðyA � yTÞ2� þ kr

ðxA � xFÞ2 þ ðyA � yFÞ2
g ð8Þ

where xA; yAð Þ is the position of the robotic fish A, xT ; yTð Þ is the position of the
target, and xF ; yFð Þ is the position of the other fish (fish B), all expressed in the
coordinate system of robotic fish A.

Differentiating (8) with respect to ½xA; yA�T , we obtain

rJ ¼ ka
xA � xT
yA � yT

" #
� kr
½ðxA � xFÞ2 þ ðyA � yFÞ2�2

xA � xF
yA � yF

" #
ð9Þ

It is noted that r ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðxA � xFÞ2 þ ðyA � yFÞ2

q
, s ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðxA � xTÞ2 þ ðyA � yTÞ2

q
,

then (9) becomes

rJ ¼ ka
� s cos hT
� s sin hT

" #
� kr
r4

� r cos hF
� r sin hF

" #
ð10Þ

Then

AtA ¼ �rJ ¼ kas
cos hT
sin hT

" #
� kr
r3

cos hF
sin hF

" #
ð11Þ

It is observed that the first term of (11) is the same as our attractive-force
component in (7), and the second term is the same as our repulsive-force compo-
nent in (7).
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3.4 Experiments and Results

Experiments with the robotic fish were carried out in an indoor swimming tank with
the size of 2250 mm × 1250 mm and with still water of 400 mm in depth. We verify
the proposed control methods in several experimental trials of target-tracking and
collision-avoiding task.

In experiment I, fish A is tested for its performance of vision-based target
tracking and collision avoidance, shown in Fig. 9. Here fish A is required to track
the target and at the same time avoid colliding with fish B. The target (red water
polo) initially locates at the center of the swimming tank, and robotic fish A starts
from the top right corner of the tank while robotic fish B is set in front of fish A. At
the beginning, fish A detects no target and carries out search-for-target behavior,
shown in Fig. 9a. Then fish A detects that it is obstructed by fish B in the direction
to the target, so fish A performs avoid-collision behavior when approaching the
target by integrating the attractive force from its target and the repulsive force from
fish B, shown in Fig. 9b, c. At 6 s, the fish A has passed fish B without collision
successfully, and begins to move toward the target direction. To control the ori-
entation of the fish towards the target, fish A adjusts its angular offset of the tail fin.
Shown in Fig. 9d–f, the orientation of fish A is gradually changed toward the target
direction. At 10 s, fish A gets to the target location successfully. The trajectory of
fish A is given in the sequences of overhead images. In this experiment, the situ-
ated-behavior method is verified to be effective.

Experiment II involves a scenario in which two robotic fish are required to track
the target from opposite direction, shown in Fig. 10. In this experiment, each
robotic fish adjusts the orientation towards the target by decentralized control. The
two fish respectively arrive at the target location in a short time and their trajectories
are shown in the sequences of overhead images. The experimental results also
demonstrate the high efficiency of the proposed control strategies.

Fig. 9 Scenarios of experiment I. a 0 s, b 3 s, c 5 s, d 6 s, e 8 s, f 10 s
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The performance of the experiments is evaluated by the consuming time before
the fish reach their target location. In experiments I and II, if the robotic fish can
reach the target location without any collision within a limited time, the experiment
is regarded as successful. It has been observed that even starting from the same
initial states including initial position and heading direction of the fish, and the
position of the target, the experiments consume different amounts of time to finish
and each robot implements different behaviors. This is because there are more
uncertainties in underwater manipulation than in ground operation. Although the
experimental results are influenced by the uncertainties and complexity of the
underwater environment, they are still successful and promising.

4 Leader-Following Based Formation Control

A framework for the deployment of multiple autonomous robotic fish to achieve
leader-following formations with Bezier trajectory is presented. Each follower robot
estimates the position and orientation angle of its leader with a fast color-tracking
vision system, and establishes a Bezier trajectory between its current position and
the position of its leader robot. Considering the nonholonomic properties of the
robotic fish, the optimization of Bezier curves curvature to choose appropriate scale
factor is conducted by combination of penalty function and one-dimensional search
methods to perform a smooth and stable trajectory. The optimal trajectories are
accurate enough to estimate the angular velocity of the follower robot, while a fuzzy
controller is used to adjust its linear velocity. By the introduction of virtual leaders,
formations of different shapes can be generated. Simulations and experimental
results show the effectiveness of our approach.

With leader-following method, each robotic fish takes another neighboring fish
as a reference point to determine its motion. The referenced robotic fish is called a

Fig. 10 Scenarios of experiment II. a 0 s, b 1 s, c 3 s, d 4 s, e 5 s, f 6 s
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leader, and the fish following it called a follower. In a group of robots, there are
many pairs of leaders and followers and complex formations can be achieved by
controlling relative positions of these pairs of robots respectively. This approach
has been adopted widely in formation control by the characteristics of simplicity,
reliability and no need for global knowledge and computation.

To achieve leader-following formations, a Bezier trajectory between leader and
follower robotic fish is introduced for the deployment of multiple autonomous
robots. Each follower fish estimates the position and orientation angle of its leader
with a real-time color-tracking vision system, and builds a Bezier curve that gen-
erates the trajectory from its current position to the position of its leader. The
Bezier-trajectory-based approach can be extended to more follower robots for
keeping a column formation. By the introduction of virtual leaders, formations of
different shapes can also be generated.

As illustrated in Fig. 11, only the position ðxl; ylÞ and the orientation angle a of
the leader robot need to be estimated with respect to the follower robot by its vision
module. The corresponding vision processing for pose estimation is described as
follows.

4.1 Pose Estimation

The leader robotic fish is marked with specified color pattern and its pose estimation
is based on the tracking of its attached color regions. Hence the vision processing is
similar to that in Sect. 3.

Figure 12 depicts the color pattern attached to the leader robot, consisting of a
red rectangle and a golden rectangle with the same size. The red rectangle provides
an estimate to the position based on its lower-right corner. The difference between
the perceived heights of the red and golden rectangles provides an estimate of the
orientation angle of the pattern with respect to the observing follower robot.

Fig. 11 Position ðxl; ylÞ and
orientation angle a of the
leader robotic fish in the
follower’s frame of reference
XR;YRð Þ
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4.1.1 Color-Based Image Segmentation

Without regard to the luminance component Y that changes dramatically with
ambient light, a 2-D threshold table is used to perform the mapping from CbCr
pixel values to symbolic color class [19]. After the color thresholding, the vision
module then carries out the following steps: pixel connection and region merging
[23]. The connection procedure scans adjacent rows and merges runs (horizontal
neighboring pixels of the same color) to make a region. The statistics gathered for a
region include: bounding box, centroid, and area. The region merging process is
done with the calculation of the region’s statistic characteristics. The criterion for
deciding to merge the regions is the resulting density of the combined region. Two
regions are combined into one region if the combined pixel area has a density
occupying the area of new bounding box above a threshold for that color class. The
purpose of region merging is to combine several nearby smaller regions of the same
color into a single larger region in order to identify pattern and remove noise.

4.1.2 Pattern Detection and Feature Extraction

The color pattern, including the red rectangle and the golden rectangle, needs to be
recognized. We detect these color regions with several filters according to their
characteristics. And the interested information of the regions in the image can be
extracted.

The color regions of the pattern are found by scanning through the candidates of
red and golden regions and selecting ones with the largest area. A filter is used to
check if the region is large enough. Figure 13 shows the result of the color-pattern
recognition.

The X 0
i -axis and Y 0

i -axis of image coordinate system are illustrated in Fig. 13b.
The origin of the image coordinate system is the center of the image. Once the color
pattern has been detected, we extract the coordinates of the lower-right corner m of
the red region which is closest to the golden region in the image for its localization.
The height h1 of the red rectangle and h2 of the golden rectangle in the image are

Fig. 12 Color pattern of the
leader robot used for pose
estimation
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also extracted for an estimate of the orientation angle. As shown in Fig. 13b, all the
interested information, including the perceived heights h1, h2, and the coordinates
ðix0m; iy0mÞ of point m, can be obtained by searching the color-pattern region.

4.1.3 Localization of Leader Robot

In localization, we use the 2-D regions in the camera image to estimate the position
of the leader robotic fish in the 3-D coordinate system of the observing follower
robotic fish. With the help of the intrinsic camera parameters, image coordinates can
be converted into robot coordinates. The robot coordinate system XR; YR; ZRð Þ is
fixed to the observing follower robotic fish, and the camera coordinate system
XC; YC; ZCð Þ is attached to the camera of the follower robotic fish. Figure 14 shows
the relation of the robot coordinate system and the camera coordinate system.
Notice that Dl denotes the distance between the origin of the robot coordinate
system and the origin of the camera coordinate system in the fish body direction,
and the mounted camera has a wide viewing angle of 120�.

In order to estimate the location of the leader, we detect the lower-right corner m
of the red region of its color pattern in the corresponding processed image (see
Fig. 13b). Since all the robotic fish are slightly buoyant, the vertical distance h from
the observing camera to the lowest point of the color pattern is fixed. This point m
and the optical center of the camera define a viewing ray rm. Its intersection with
the lowest horizontal plane of the color pattern attached to the leader yields an
estimate of the position of the pattern relative to the observing follower, as illus-
trated in Fig. 14. The 3-D point M in camera coordinate system corresponding to
the observed image point m ¼ ½ix0m; iy0m�T in Fig. 13b is given by

MC ¼ ½CxM; CyM; CzM�T ¼ h
iy0m

½ix0m; iy0m; f �T ð12Þ

Fig. 13 Color-pattern recognition for follower robotic fish. a Sample underwater image.
b Processed image
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where f denotes the focal length of the camera. Since the pose of the robot’s camera
is given in robot coordinate system, the point M given in camera coordinate system
can easily be expressed in the coordinate system of the follower robot as follows

MR ¼ ½RxM; RyM; RzM�T ¼ ½CzM þ Dl;�CxM;�CyM�T ð13Þ

Then the position ðxl; ylÞ of the leader robot with respect to the follower robot
can be estimated by

xl ¼ RxM

yl ¼ RyM
ð14Þ

4.2 Formation Control with Bezier Trajectory

Defining a Bezier curve between the leader and follower robots is of key impor-
tance [25]. As shown in Fig. 15, one of such curves is defined by four points P0–P3.
The endpoints P0 and P3 are determined by the positions of the follower and leader
robots respectively, while the control points P1 and P2 are chosen along the lines
defined by the orientations of the robots. This cubic Bezier curve is given by (15).

Fig. 14 Estimate of the
position of leader robot
relative to the follower

Fig. 15 Definition of Bezier
trajectory between leader and
follower robots
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PðtÞ xðtÞ
yðtÞ

" #
¼ ð1� tÞ3P0 þ 3tð1� tÞ2P1 þ 3t2ð1� tÞP2 þ t3P3 ð15Þ

where t 2 ½0; 1� is the curve parameter, and the four points P0–P3 are all defined in
the 2-D coordinate system XR; YRð Þ of the follower robot

P0 ¼
0

0

" #
; P1 ¼

D

0

" #
; P2 ¼

xl � D cos a

yl � D sin a

" #
; P3 ¼

xl
yl

" #
ð16Þ

The values of xl; yl, and a are obtained from the vision module described above.
D is the distance between P0 and P1, also the distance between P2 and P3.

Then the expressions of xðtÞ and yðtÞ are the following:

xðtÞ ¼ ð3D cos a� 2xl þ 3DÞt3 þ 3ð�D cos aþ xl � 2DÞt2 þ 3Dt

yðtÞ ¼ ð3D sin a� 2ylÞt3 þ 3ð�D sin aþ ylÞt2
(

ð17Þ

As mentioned above, the well-established Bezier trajectory states two interesting
properties: (1) the curve passes through the two endpoints, and (2) the curve is

tangent to the vectors P0P1
��!

and P2P3
��!

at the endpoints.

4.2.1 Orientation Control

To achieve a column formation, the angular velocity of the follower xf must
correspond to the curvature of the Bezier trajectory at P0ðt ¼ 0Þ each time step.

According to the curvature formula of curve parametric equation, on the Bezier
curve, the curvature at any point is calculated by

jðtÞ ¼ jx0ðtÞy00ðtÞ � y0ðtÞx00ðtÞj
½x0ðtÞ2 þ y0ðtÞ2�3=2

ð18Þ

The first-derivative and second derivative of Eq. (17) are substituted into (18), let
t ¼ 0, then the curvature of this curve at P0 is computed by

jð0Þ ¼ 2ðyl � D sin aÞ
3D2 ð19Þ

So the desired angular velocity of the follower can be calculated by

xf ¼ Vf

R
¼ Vfjð0Þ ¼ 2Vf ðyl � D sin aÞ

3D2 ð20Þ
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where the linear velocity of the follower robotic fish Vf can be obtained using fuzzy
controller described later.

Equation (20) accords with the nonholonomic constraint. In this method,
although the value of D can be set arbitrarily, it does have an effect to define the
control points which should be spaced up to a value of D proportional to the
distance between the follower and leader robots for invariance to scale. Here for
both pairs of endpoint and control point, we set D ¼ ujP3 � P0j ¼ u

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2l þ y2l

p
. The

scale factor u needs to be regulated, so the optimization problem of Bezier curve’s
curvature is presented.

Considering the nonholonomic properties and the inherent kinematic constraints
of the robotic fish, it needs smooth and stable trajectory, which indicates that the
evaluation criterion can be chosen as minimizing the square sum of curvature
variation by searching appropriate scale factor u. The evaluation function is set as

f ðuÞ ¼
Z

ðdjðsÞ
ds

Þ2ds ð21Þ

where s is the arc length.
Hence, the problem is transformed to be the expression of nonlinear constrained

optimization problem as follows

min f ðuÞ u 2 R

s:t: 0\u\1
ð22Þ

Combining the penalty function and the original objective function [26], a new
objective function without any constrained conditions is obtained

Fðu;MkÞ ¼ f ðuÞ þMkðminf0; ugÞ2 þMkðminf0; 1� ugÞ2 ð23Þ

Algorithm 1 Penalty function methods for optimization problem with inequality
constraints
Require: u0,0,ε > 0,M0 > 0,c ∈ [4,10],k= 0 {ε is permissible error}
1: repeat
2: k = k+1
3: Mk = cMk−1
4: F(u,Mk) = f (u)+Mk(min{0,u})2+Mk(min{0,1−u})2
5: if k > 0 then
6: uk,0 = u∗

k−1 {uk,0 is the starting point for the minimization of F(u,Mk)}
7: end if
8: compute u∗

k {This step involves a complete unconstrained minimization by one-
dimensional search}

9: until k > 0 and uk uk 1 < ε− −
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where Mk is penalty factor, Mk [ 0, M1\M2\ � � �\Mk\Mkþ1\ � � �, and
limk!1 Mk ¼ þ1. According to the practical experience, we choose Mkþ1 ¼ cMk;
c 2 ½4; 10�.

Since the constrained optimization problem (22) can be changed into the
unconstrained optimization problem (23), one-dimensional search is used to solve
the optimization problem without any constraints. Algorithm 1 gives details of the
penalty function approach [27]. Finally, the optimal solution u�k 	 0:4 when the

iteration is stopped. Therefore we choose D ¼ 0:4
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2l þ y2l

p
.

Simulation results are given to confirm the validity of the optimization algo-
rithm. The Bezier curves with different values of the scale factor u are obtained for a
same pair of leader and follower robots, and their curvatures have been optimized
and non-optimized, as shown in Fig. 16. This indicates that the optimization process
can make the robotic fish perform a smooth and stable trajectory.

In our experiments, the angular velocity of the follower robot is obtained from
the optimal Bezier trajectory and updated at each image processing. When the new
position and orientation angle of the leader are estimated, the optimized Bezier
points are re-defined and the optimal curve is re-drawn, then the angular velocity is
recomputed accordingly.

4.2.2 Speed Control

To keep formations, the following robotic fish adjusts its speed and tries to maintain
a desired distance to its leader. In order to provide a scientific mechanism for
reasoning and decision making with uncertain and imprecise information, fuzzy
logic controller (FLC) is adopted to adjust the linear velocity of the follower robotic
fish Vf . The leader robotic fish is assumed to follow an arbitrary trajectory. The
linear velocity of the leader robotic fish Vl is known and can be regarded as an
exogenous input of the follower by communications. Let Dist be the distance
between the leader and the follower robotic fish, which is obtained by

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2l þ y2l

p
.

Let Dset denote the desired distance between them.

Fig. 16 Bezier curves with
different values of the scale
factor u
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To let the follower robotic fish swim in the expected position relative to its
leader, the linear velocity of the follower robotic fish Vf can be computed according
to the values including the distance error De between the real distance to its leader
Dist and the desired distance Dset, and the linear velocity of its leader robot Vl,
through a set of fuzzy logic rules. Here V [ 0 means forward swimming of the
robotic fish while V\0 means backward swimming. The inputs of the fuzzy logic
rules are De and Vl, and the output is Vf . The block diagram of the fuzzy controller
is shown in Fig. 17.

The next step in FLC design is to represent the variables by linguistic terms. Let
LDe, LVl, and LVf denote fuzzy variable sets associated with linguistic variables De,
Vl, and Vf respectively. Firstly, LDe and LVl are represented by the linguistic fuzzy
sets fNB;NS; ZE;PS;PBg, abbreviated from negative big, negative small, zero,
positive small, positive big, respectively, with the membership functions shown in
Fig. 18a. LVf is represented by fNB;NS; ZE;PS;PBg, abbreviated from negative
big, negative small, zero, positive small, positive big, respectively, with the
membership function shown in Fig. 18b. The parameters in the membership
functions can be derived and tuned through the experiments.

Fig. 17 Fuzzy logic
controller

Fig. 18 Membership functions. a Membership functions of De, Vl. b Membership function of Vf
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The following step of developing a FLC is to specify the fuzzy rules. Based on
the experimental experience, a fuzzy rule table which involves the fuzzy rules of the
inference engine is designed. The size of rule table is completely dependent on the
number of input fuzzy sets of the system. IF-THEN rule is adopted and a 2-D
5
 5ð Þ rule table shown in Table 1 is built in our fuzzy control. Vf can be derived
using the intuitive rule sets in this table. The fuzzy rules are given as:

If De is LDeðiÞ and Vl is LVlðjÞ, then Vf is bðijÞ
(i ¼ 1; 2; . . .; 5 and j ¼ 1; 2; . . .; 5)
where i and j denote the ith rule of fuzzy set LDe and the jth rule of fuzzy set LVl

respectively, bðijÞ represents the point of minimum fuzziness in the consequent part
of the rules.

To make all work together, an inference mechanism that generates the output
signal is needed. Mamdani-type inference is employed here for speed control. The
activation of the i
 jth rule triggered by an input containing De and Vl, Vf is then
calculated by Mamdani inference with min for intersection and max for union.

At the defuzzification step, as shown in (24), the final linear velocity of the
follower robotic fish Vf is obtained using the center-of-gravity (Centroid) defuzz-
ification method.

Vf crisp ¼
P

i;j gðijÞbðijÞP
i;j gðijÞ

ð24Þ

where gðijÞ denotes the firing strength of a fuzzy control rule given by
gðijÞ ¼ lLDeðiÞ ^ lLVlðjÞ, lLDeðiÞ and lLVlðjÞ represent the membership functions of the
linguistic values LDeðiÞ and LVlðjÞ, respectively.

4.2.3 Extension to Other Formations

The establishing of Bezier trajectory between leader and follower robots can
achieve a column formation directly. To keep specified geometrical formations, the
following robotic fish tries to maintain a desired distance and desired angle relative
to its leader. When all the pairs of leader and follower robots are in the expected
positions, the desired formations are established. Forming arbitrary shapes can be
realized by the introduction of virtual leaders. These virtual leaders do not

Table 1 Rule table for speed
control of the robotic fish

Vf Vl

NB NS ZE PS PB

De NB NB NB NB NS ZE

NS NB NB NS ZE PS

ZE NB NS ZE PS PB

PS NS ZE PS PB PB

PB ZE PS PB PB PB
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correspond to the exact position of the leader robots, but with an added displace-
ment. For instance, Fig. 19 illustrates a triangular formation where the reference
point for the follower robots is not the leader robot but a point with a given offset on
its left and right side respectively. Since the position and the orientation angle of the
leader robot can be estimated, it is easy to obtain that information of the virtual
leaders.

4.3 Simulation and Experimental Results

In what following, the effectiveness of the proposed approach is confirmed via
simulations and some experimental results.

4.3.1 Simulations

A simulation platform for multiple robotic fish formation control is designed to
study the formation control strategies for multiple robotic fish. The simulations
were done using Visual C++.

Column Formation As shown in Fig. 20, the three robotic fish performed a
column formation. Starting from the lower-left corner, the leader robotic fish
(fish A) moves along a pre-programmed path, consisting of a straight line, two
consecutive approximate 90� turns, and another straight line. Fish B and C start
near the fish A, and each of them follows its preceding one with Bezier curve to
generate a column formation. The trajectories in the figure illustrated that the
tracking behaviors were quite smooth in all of the leader-follower pairs. Though
the trajectories are not exactly coincident, simulated results confirm the validity of
the approach.

Triangular Formation Figure 21 shows the simulation results of a three-
robotic-fish team forming equilateral triangle. Initially these robotic fish start in

Fig. 19 Triangular formation
with virtual leaders
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a line, then move to an equilateral triangle, and keep this formation during two turns
of the leader fish A.

Switch between Formations The switching results between different geometric
formations are also given via simulations. Figure 22 shows trajectories of a sim-
ulation run where three robotic fish were required to establish a triangular forma-
tion, then switched from the triangle to a column passing through the channel, and
back again to a triangle after passing.

4.3.2 Experimental Results

Experiments with the autonomous robotic fish were carried out in an indoor
swimming tank with the size of 3 m × 2 m and with still water of 0.25 m in depth.
In our experiment, we tested the performance in formation control of three
autonomous robotic fish during passing a channel which located at the center of the
swimming tank, as shown in Fig. 23a. Fish A was marked with a color pattern
consisting of a red rectangle and a golden rectangle, while fish B was specified with
a color pattern of pink and green rectangles.

Fig. 20 Simulation of
a 3-robotic-fish column
formation

Fig. 21 Simulation of
a 3-robotic-fish equilateral
triangular formation
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The three robotic fish, starting from one side of the swimming tank, aimed to
converge to a triangular formation, then switched from the triangle to a column
passing through the channel, and back again to a triangle after passing. Initially, fish
A was designated as the leader of both fish B and C. They first performed a
triangular formation. Then, when fish A passed the channel, the three robotic fish
were ordered to switch to a column formation so that they could pass through the
channel orderly. As a result, fish C broke the relation with fish A and took fish B as
the new leader. As the view field of the camera was limited, fish C turned to search
for its new leader fish B. Finally, after each fish passed the channel successfully, the
robotic fish were ordered again to re-establish the triangular formation. Figure 23
shows the scenarios of the experiment.

Although the experiments are influenced by the uncertainties and complexity of
the underwater environment, e.g., waves produced by fish may cause uncertainty
and inaccuracy to precise position control of them, the experimental results are still
successful and promising.

5 Cooperative Transportation

This Section presents a cooperative underwater box-pushing scenario, in which
three autonomous robotic fish that sense, plan and act on its own move an elongated
box from some initial location to a goal location. With the onboard monocular
camera, the robotic fish can estimate the pose of the object in the swimming tank.
Considering the complexity of the underwater environment and the limited capa-
bility of a single robotic fish, the authors address the task by decomposing it into
three subtasks and assigning them to capable robotic fish. With one robotic fish
observing the box at the goal location and two robotic fish pushing the left and right
ends of the box, the box can be moved gradually towards the goal location. The
subtask consists of a series of behaviors, each designed to fulfil one step of the
subtask. The robotic fish coordinate through explicit communications and distribute

Fig. 22 Three robotic fish
switch from a triangle to a
column and then back to a
triangle during passing a
channel
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Fig. 23 Scenarios: Three robotic fish switch from a triangle to a column and then back to a
triangle during passing a channel. a 0 s, b 4 s, c 7 s, d 12 s, e 15 s, f 17 s, g 19 s, h 24 s
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the subtasks with a market-based dynamic task allocation method. Task reallocation
mechanism that permits robotic fish to auction its assigned task to capable ones is
used to cope with unexpected changes in the environment and the limited sensing
range of the robotic fish. Experiments are conducted to verify the feasibility of the
proposed methods.

5.1 Task Description

Figure 24 shows the settings of the underwater box-pushing task. Three robotic fish
which are randomly positioned in the swimming tank at the beginning are required
to move a rectangular box from some initial location to an observable goal location.
With the mechanical structure described above, the robotic fish can move the box
by pushing against it. Because the box is large relative to the size of the robotic fish
and the fluid drag is considerable, single robotic fish is incompetent to move the
box alone. In addition, when the robotic fish pushes the box with its front end where
the camera locates, it cannot perceive the goal simultaneously due to occlusion, so
that it has to share sensory information with other robotic fish in order to conduct
effective pushing. Therefore coordinated pushing with multiple robotic fish is
a viable solution to this problem.

Compared with box-pushing in terrestrial environment, the underwater box-
pushing task is more difficult. The complexity of the aquatic environment and
peculiarities of the propulsion mode of robotic fish pose several issues to the
successful fulfillment of the underwater task, which are listed below:

• Unlike ground wheeled vehicles instrumented with optical encoders for speed
feedback of wheel rotation, the translational and rotational velocities of the
robotic fish cannot be precisely sensed and controlled.

Fig. 24 Illustration of
underwater box-pushing task
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• The underwater image is plagued by several factors including distance-depen-
dent visibility, ambient light, scattering and absorption, which make it difficult
to perceive the box and the target accurately.

• Desired position and orientation of the box can hardly be reached with pushing
actions due to the apparent effect of inertial drift in underwater environment.

• Waves occur when the robotic fish flaps to swim. The motion of the robotic fish
and the box will be mutually affected through the coupling of waves, which
further complicates the problem.

5.2 Vision Processing and Object Pose Estimation

Each object within the swimming task is marked with specified colors. The goal of
vision processing is to identify the colored object of interest using the monocular
camera and to estimate the distance and bearing of each object with respect to the
robotic fish. Given the dynamic nature of the task and the full autonomy of the
robotic fish, the vision algorithms should be both robust and efficient, consuming
only a fraction of the CPU resources and leaving the remainder of computing
capability for robot cognition. The vision algorithm consists of the following steps
which are performed in a consecutive order on each frame:

• Thresholding: This step is to map each pixel in the raw YCbCr image into a
color class label based on a threshold rectangular in the Cb and Cr chrominance
dimensions. The Y components are disregarded due to their dramatic fluctuation
to illuminance variations. A 2-D lookup table is constructed with predefined
threshold values for fast classification.

• Blob formation: In this step, neighboring pixels belonging to the same color
class are grouped together and merged into a single structure called blob. The
segmented pixels are firstly run-length encoded forming horizontal color strips,
and then runs that are 4-connected by one or more pixels are merged into a blob.

• Extracting blob information: For each blob, the following statistics are calcu-
lated: centroid, bounding box and area. Blobs of the same color are then sorted
by area so that the largest blobs with area bigger than a threshold value can be
identified as valid object.

The color fiducials of the objects are designed to be of specific shape and with
unique color. The goal location is specified with a post wrapped with a green
strip. The box is attached with a red square fiducial in the middle of one side and
purple and yellow fiducials on two ends of the other side. The robot coordinate
system XRYRZR has its origin at the focal point of the camera, its XR-axis pointing
forward, its YR-axis pointing through the left-hand side and its ZR-axis pointing
upward. The robotic fish swims in the horizontal plane and the vertical distance
from the camera to the center of fiducials remains constant. Given the size of the
fiducials and the information of corresponding projected color blobs, the pose of the
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objects measured in the robot coordinate system can be estimated on the basis of a
pinhole camera model [28].

The projected image of a square fiducial will appear in the image plane with a
projection distortion as shown in Fig. 25.

The height of the bounding box is h, the width is w and the offset from the center
of the bounding box to the center of image in the x direction is Dx. The side length
of the square fiducial is L. The posture estimates of the object, as illustrated in
Fig. 26, can be calculated as:

d ¼ f
L
h

ð25Þ

Fig. 25 The projected color
blob of the red square fiducial
on the box

Fig. 26 Illustration of
parameters in object pose
estimation
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a ¼ Dx
c

Xres
ð26Þ

b ¼ arccosðwhÞ; if the color blob is higher on the left side;
�arccosðwhÞ; otherwise:

�
ð27Þ

where d is the distance between the robotic fish and the object, f denotes the focal
length of the camera, a represents the angle between the heading direction and the
direction to object, c and Xres are camera parameters representing the horizontal
filed of view and the horizontal resolution of the camera respectively, and b is the
angle of incidence to the object.

5.3 Decomposition of Underwater Box-Pushing Task

The division of labor mechanism has been widely used by humans and animals to
address complex tasks. By breaking the task up into smaller pieces and assigning
jobs to capable team members, the performance of the task can be maximized.
Considering the requirements and settings of the underwater box-pushing task, we
propose here a multirobot cooperative underwater transportation system in which
two robotic fish are responsible for pushing the box whereas the third robotic fish
acts as an environment-embedded sensor for pose perception of the box. With this
division of labor approach, the overall box-pushing task can be decomposed by
hand into the following three subtasks: Push-Left, Push-Right and Observe. Each
subtask can be executed completely by a single robotic fish. The robotic fish that
carry out the Push-Left and Push-Right subtasks can see the yellow and purple
fudicials on the box respectively, while the robotic fish performing the Observe
subtask is positioned at the goal location and can see the red fiducial on the opposite
side of the box. The observing robotic fish calculates the pose of box and com-
municates with the pushing robotic fish to ensure that the box is moved towards the
goal location. The scenario of coordinated underwater box-pushing with three
robotic fish is illustrated in Fig. 27.

Fig. 27 Scenario of
coordinated box-pushing
with three robotic fish
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The subtask can be achieved with a set of related behaviors, each designed to
execute one stage of the subtask. The behaviors are executed in sequence and the
transition from one behavior to another is triggered by real-time perception of the
robotic fish. To reduce the oscillations at the anterior part of the robotic fish caused
by the flapping movements of the tail fin, a hybrid swimming pattern is utilized for
each behavior. This swimming pattern, which has been experimentally validated to
produce minimum oscillations at the head, uses synchronized pectoral fins for thrust
generation and tail fin as a rudder.

The Push-Left and Push-Right subtasks are designed in the same way and we
will take the Push-Left subtask as an example to illustrate their implementation
details. The robotic fish assigned with the Push-Left subtask has the corresponding
end of the box in its FOV. To perform the task, the robotic fish must swim towards
the left end of the box until it has contact with the box and then starts pushing the
box with its head. The Push-Left subtask includes the following two primitive
behaviors:

• Approach-Box-Left-End: This behavior consists in attracting the robotic fish to
the left end of the box. The flapping frequency of the pectoral fins, which
determines the translational speed of the robotic fish, varies with distance to the
target. Outside a controlled zone, the robotic fish swims at maximum speed.
When the robotic fish enters the controlled zone, the flapping frequency
decreases linearly from maximum to zero. Within the dead zone, the robotic fish
stops flapping pectoral fins and slowly drifts to the box in order to realize soft
contact with the box. This behavior terminates 0.5 s after the robotic fish enters
the dead zone. Although it is rather difficult to achieve zero speed when the
robotic fish docks at the box, fierce collision can be avoided with the above
speed control method. The swimming direction of the robotic fish is controlled
with the angular offset of tail fin. A simple proportional controller is used to
regulate the swimming direction of the robotic fish. The motion of the robotic
fish is governed by the following equations:

fi ¼
fmax
p if dl [Cl
ðdl�DlÞfmax

p

Cl�Dl
if Dl\dl �Cl

0 if dl �Dl

8<
: i ¼ 1; 2 ð28Þ

�h3 ¼ Klal ð29Þ

where fmax
p is the maximum flapping frequency of the pectoral fins, dl is the

distance from the robotic fish to the fiducial on the left end of the box, Kl is the
gain of the proportional controller, al is the angle between the heading direction
of the robotic fish and the direction to the left end of the box, Cl and Dl specify
the radii of the controlled and dead zone respectively. Figure 28 illustrates the
parameters used in this behavior.

• Push-Box-Left-End: The robotic fish executes this behavior to exert pushing
force on the left end of the box so that the pose of the box can be changed. To

348 G. Xie et al.



push the box in an effective manner, the robotic fish flaps its pectoral fins with
maximum frequency. As the box moves, the robotic fish regulates the angular
offset of the tail fin with a proportional controller to keep touch with the left end
of the box with its head. The robotic fish is controlled by:

fi ¼ fmax
p ; i ¼ 1; 2 ð30Þ

�h3 ¼ Klal ð31Þ

The function of the Observe subtask is to direct the pushing robotic fish based on
visual perception at the goal location. The observing robotic fish first swims to the
proximity of the goal, swirls to search the box and then starts guiding the pushing
robotic fish. The following primitive behaviors are linearly combined to realize the
Observe subtask:

• Approach-Goal: This behavior enables the robotic fish to swim towards the goal
location. The robotic fish swims with maximum speed until it gets reasonably
close to the goal and switches to the next behavior. A proportional controller is
used to control the angular offset of the tail fin. The equations that determines
the motion of the robotic fish are:

fi ¼ fmax
p ; for dg [Cg; i ¼ 1; 2 ð32Þ

�h3 ¼ Klal ð33Þ

Fig. 28 Illustration of
parameters in approach-box-
left-end behavior
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where dg is the distance from the robotic fish to the goal and Cg is a threshold
distance for this behavior.

• Search-Box: With this behavior, the robotic fish swirls to find the box. While
flapping its pectoral fins with maximum frequency, the tail fin is biased p

3 to the
left or right side. The effected motion with this behavior is turning clockwise or
counterclockwise with a small radius. The mathematical formulation of this
behavior is:

fi ¼ fmax
p ; i ¼ 1; 2 ð34Þ

�h3 ¼ p
3
or � p

3
ð35Þ

• Monitor: The robotic fish executes this behavior when it has found the box.
Although the robotic fish doesn’t move with this behavior, a series of complex
operations are performed. The robotic fish continuously estimates the pose of
the box, and then directs the other robotic fish to push the box towards itself
with a coordination protocol. The implementation details of the coordination
methods are described in the following subsection.

With the above task decomposition scheme, the underwater box-pushing sce-
nario can be executed concurrently with the three robotic fish. Figure 29 shows the
decomposition scheme of the underwater box-pushing task.

The robotic fish that is not performing any of the subtasks executes Safe-Wander
behavior, which enables random motion without colliding with obstacles, i.e., the
box or other robotic fish. Both the flapping frequency of the pectoral fins and

Fig. 29 Decomposition
scheme of the underwater
box-pushing task
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angular offset of the tail fin are randomly generated if there is no obstacle in the
FOV or the obstacle is far away, otherwise the robotic fish turns to avoid the
obstacle. The control parameters of this behavior are determined as:

fi ¼ f rdmp ; i ¼ 1; 2 ð36Þ

�h3 ¼
/rdm
t if no obstacle in FOV or do [Co

p
3 if do �Co and ao\0
� p

3 if do �Co and ao � 0

8<
: ð37Þ

where f rdmp and /rdm
t are random values that are periodically generated, do denotes

the distance from the robotic fish to the obstacle, Co is a threshold distance, and ao
is the angle between the heading direction of the robotic fish and the robot-
to-obstacle direction.

5.4 Dynamic Task Allocation

The successful fulfillment of the underwater box-pushing task requires to determine
which robotic fish should execute which subtask, also known as the task allocation
problem in multirobot systems. Given the dynamic nature of the underwater
environment and the motion uncertainties of the box, the assignment of robotic fish
to subtask is a dynamic process and needs to be continuously adjusted to improve
overall system performance. Dynamic task allocation among the robotic fish is
achieved through deliberate communications and negotiations. After introducing
the communication infrastructure of the team of robotic fish, the market-based
dynamic task allocation method for the underwater box-pushing task will be
presented.

The robotic fish negotiate with each other through explicit communications
using the onboard serial RF communication hardware. Messages are broadcast at
baud rate of 19,200 bits per second to all of the robotic fish. Each robotic fish has a
unique ID number that identifies itself in the communication network. To guarantee
collision-free access to the radio channel, a timed token-passing protocol is
employed. There exists a token traveling among the robotic fish in a circular fashion
and each robotic fish can transmit messages only when it possesses the token. The
basic idea is to assign each robotic fish a time budget, which is the maximum time
the robotic fish is permitted to speak every time it receives the token. In case the
robotic fish holding the token malfunctions and fails to forward the token, a timer
on the next robotic fish expires and a new token can be created to recover from the
system failure.

In recent years, task allocation has been a hot research topic in the field of
multirobot systems [29–31]. Among a number of task allocation models and
philosophies, market-based approaches have gained considerable popularity
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as flexible and efficient mechanisms for distributed task allocation [32, 33]. Inspired
by the original Contract Net Protocol of Smith [34], market-based approaches use
auction mechanisms for task allocation. In these approaches, tasks available to be
allocated are put up for auction and candidate robots submit bids that are their costs
or utility estimates associated with completing the tasks. Once all bids have been
received or a prespecified deadline has passed, the auctioneer evaluates all the
submitted bids and awards the robot with the highest bid a contract to execute the
tasks. In the underwater box-pushing scenario, tasks are allocated via a sequence of
single-item sealed-bid auctions, in which tasks are auctioned one at a time and the
bidder submits its bid honestly without knowing the others’ bid.

At the start, all robotic fish execute Safe-Wander behavior and a host computer,
acting on behalf of the human supervisor, announces the Observe subtask. The
robotic fish receive the information about the task being auctioned and then respond
with a bid. The value of the bid is estimated by the robotic fish based on its
perceived path cost to the goal location, which is calculated as:

U ¼
k1
dg
þ k2

jagj ; if the goal is in FOV;
0; otherwise:

�
ð38Þ

where ag represents the angle between the heading direction of the robotic fish and
the robot-to-goal direction, k1 and k2 are positive constant parameters. Once the
host computer receives all bids, it informs the robotic fish with the highest bid to
perform the Observe subtask. If the goal is not observable to all robotic fish, i.e., all
robotic fish submit zero-valued bids, the auctioneer will continuously broadcasts the
Observe subtask until it is allocated.

Once the robotic fish is assigned with the Observe subtask, it will consecutively
execute Approach-Goal behavior, Search-Box behavior, and finally Monitor
behavior. With Monitor behavior, the robotic fish periodically auctions Push-Left
and Push-Right subtasks according to the pose of the box. The other two robotic
fish bid the pushing subtasks with their position estimates with respect to the left
and right ends of the box. The angle of incidence bb to the box is used to decide
which subtask should be auctioned. If bb is greater than a threshold value bthrb , only
the Push-Left subtask is auctioned; when bb\� bthrb , only Push-Right subtask is
announced; otherwise both subtasks are auctioned. The contract of a pushing task is
considered overdue by the observing robotic fish when the orientation of the box is
changed so significantly that new pushing strategy should be employed. The robotic
fish cannot hold two or more tasks at the same time, therefore only robotic fish with
no assigned task can bid newly-announced tasks.

Since the task environment is dynamic and complex, the robotic fish may fail to
achieve the task it has committed to. For example, when the robotic fish assigned
with Observe subtask executes Approach-Goal behavior, other robotic fish may
appear in its FOV and occlude the goal. A pushing robotic fish may also lose sight
of the box due to the unpredictable motion of the box caused by waves or the
pushing of other robotic fish. To cope with these situations, we allow for

352 G. Xie et al.



re-auctioning task when the robotic fish is no longer competent for its assigned task.
In the auction algorithm of task reallocation, the auctioneer itself can also bid the
task in case it will become suitable for the task again. The task re-allocation
mechanism is especially useful in the underwater box-pushing task, since the
environment is highly dynamic and the sensing capability of robotic fish is very
limited.

5.5 Experiments

The underwater box-pushing experiments with three robotic fish are conducted in an
indoor swimming tank with size of 3000 mm × 2000 mm and with still water of
300mm in depth. The dimension of the elongated box is 850mm × 300mm × 150mm
(length ×width × height). The scenarios within the swimming tank are captured with
an overhead camera and recorded for offline analysis. A host computer, which con-
nects with an RF communication module, is used to assign the Observe subtask to the
robotic fish at the beginning. The box is initially positioned in such a posture that the
robotic fish at the goal location can see the side attached with red fiducial.

Typical experiment scenarios of the underwater box-pushing task are shown in
Fig. 30.

The goal is located at the bottom-left corner of the swimming tank. Figure 30a
shows the initial scenario in which three robotic fish that are randomly positioned in
the swimming tank start by executing Safe-Wander behavior and the host computer
auctions the Observe subtask. At 2.0 s in Fig. 30b, the robotic fish on the left sees
the goal and gets the Observe subtask. As shown in Fig. 30c, the robotic fish
assigned with Observe subtask swims towards the goal location while the other two
robotic fish still execute Safe-Wander behavior. After the robotic fish on the left
arrives at the goal location, it turns around to face the box and then starts auctioning
Push-Left and Push-Right subtasks (see Fig. 30d). The other two robotic fish bid the
pushing subtasks and move the box by pushing against the fiducials that correspond
to their allocated tasks. In Fig. 30e–g, the box floats gradually towards the
observing robotic fish. The orientation of the box is adjusted by repeated pushing
on its left and right ends. At 44.0 s, the box is successfully moved to the goal
location, as shown in Fig. 30h.

The performance of the experiments can be measured by the time the three
robotic fish take to move the box from the same initial location to the goal location.
A total of 30 runs of the experiment were conducted with seven failures and uneven
consuming time for successful trials (see Fig. 31 for statistic results). The failures
are mainly caused by the significant rotation of the box to a posture in which the
robotic fish at the goal location cannot see it. Because the box is constantly drifting
under the influence of waves, the robotic fish assigned with the pushing task may be
far away from the box and cannot reach the task location before the box disappears
from the FOV of the observing robotic fish. The thrust force of the robotic fish is
quite limited and cannot counteract the fast rotation of the box. The observing
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Fig. 30 Experiment scenarios of underwater box-pushing. a 0.0 s, b 2.0 s, c 8.0 s, d 16.0 s,
e 20.0 s, f 28.0 s, g 36.0 s, h 44.0 s
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robotic fish itself is also drifting, which may results in a situation that the box is
moved to the observing robotic fish but far away from the goal location. Trials that
take long time to complete usually involve reallocations of the Observe subtask. If
the robotic fish executing Monitor behavior loses sight of the box, the Observe
subtask will be re-auctioned which corresponds to a new start of the mission. Since
the robotic fish not performing any subtask executes Safe-Wander behavior that
generates motion with random speed and orientation, the time the robotic fish takes
to see the task location and undertake the subtask is random. Moreover, the poor
quality of the underwater image occasionally causes erroneous pose estimate of the
box and induces undesired pushing on the box. Therefore coordinated box-pushing
in the highly dynamic and complex underwater environment without any global
position information about the robotic fish and the box is a particularly challenging
problem.

6 Conclusion

A multiple autonomous robot system with fish-like robots with built-in visual sensor
was developed in this chapter. With elaborately designed control and cooperation
strategies, three cooperation tasks, namely target tracking and collision avoidance,
formation control, and cooperative transportation, were successfully accomplished
with multiple robotic fish in the aquatic environment. Compared with cooperation
tasks carried out in the terrestrial environment, underwater tasks are much more
difficult due to the strong hydrodynamic disturbances, degraded visual data and the
reduced ability of motion control. The robotic fish and cooperation methods pre-
sented in this study can help to achieve more complex tasks in the real world, such as
oceanographic exploration, multi-target tracking and underwater salvage.

Fig. 31 Statistics of
consuming time for successful
trials
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Fish–Robot Interactions: Robot Fish
in Animal Behavioral Studies

Sachit Butail, Nicole Abaid, Simone Macrì and Maurizio Porfiri

Abstract In this chapter, we focus on the use of robotic fish in animal behavior
studies. Specifically, we describe the design and control of a low-cost robot along
with accompanying enabling technologies for use in animal experiments. The
robotic fish appearance and movement are inspired by the zebrafish animal model.
The robot is capable of autonomous underwater operation. Two behavioral studies
demonstrate the use of the robotic fish to test hypotheses on zebrafish social
behavior. In the first study exploring zebrafish preference in a binary choice test, we
find that the robot is able to elicit attraction in both individuals and small shoals
when the other alternative is an empty compartment. At the same time, between
conspecifics and the robot, zebrafish prefer the former, highlighting design choices
that need further improvement. The second study describes the interaction between
the robot and shoals of zebrafish in a free-swimming environment. The robot swims
autonomously along predefined circular trajectories at three different speeds,
corresponding to increasing tail-beat frequency. The robot is found to modulate
zebrafish shoal cohesion, confirming expectations from the preference study result.
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In summary, the robotic fish platform described in this chapter provides a viable
and fully controllable three-dimensional interactive tool for animal behavior
experiments.

1 Introduction

Animals possess high interindividual differences in their behavioral response to the
same environment, even within the same species [1]. Obtaining a consistent
response in behavioral studies where live stimuli are used as independent variables
is therefore a challenging task. In this respect, robots constitute a valid tool for
testing hypotheses that would otherwise require extensive animal training and use
[2, 3]. As controllable machines can be made to look [4], sound [5], or even smell
[6] like animals, robots can be assigned a set of repeatable behaviors to elicit
consistent response from subjects [7], thus contributing to our understanding of
animal behavior [8, 9]. Furthermore, with frequent field deployments and greater
degree of autonomy [10], robots hold the promise of assisting behavioral studies in
the wild.

Fish-like robots have been used to gain insight into quorum sensing [4], lead-
ership [11], swimming hydrodynamics [12], and the effects of psychotropic drugs
on the regulation of emotions [7, 13]. Because fish in a majority of these studies use
vision as their primary sensory modality, the robot’s morphology plays an
important role in obtaining a consistent response. Studies in [4, 11] have shown that
it is possible to regulate fish behavior with a life-sized rigid replica that is
maneuvered inside a tank with a mobile magnetic base. At the same time, inves-
tigations using a bioinspired robotic fish with undulating body parts that mimic fish
locomotion have established that body movement plays an important role in fish
perception of their robotic analogs [12, 14, 15]. The bioinspired robotic fish used in
these studies has the swimming mechanism onboard, making it a viable alternative
for autonomous operation [15].

In this chapter, we describe the design of a low-cost, modular, bioinspired
robotic fish platform including the accompanying enabling technologies that are
used to quantify animal behavior and response. The original design of the bioin-
spired robotic fish is inspired by zebrafish, a model organism frequently used in
neurobehavioral, developmental, and preclinical research [16–18]. Since its
inception, several versions of the robotic fish platform have been used in a range of
experimental studies to investigate spatial preference, boldness and shyness, anxi-
ety-related response, hydrodynamic implications of swimming, information flow
during social interactions, effect of color morphs on courtship, and collective
behavior in fish [7, 12–15, 19–30]. Here, we summarize two of those studies. The
first study focuses on the preference of zebrafish individuals and shoals for an
anchored version of the robotic fish [20], and the second study focuses on the
response of small shoals to an autonomous version of the robotic fish [15].
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2 Customizable Robotic Platform for Lab Fish Studies

In this section, we describe the hardware components of the robotic platform and
the enabling technologies used in behavioral studies [15, 31]. We designed the
robotic platform for low-cost assembly, customization, and ease of implementation.
The robot has the actuation and control mechanism onboard and can be controlled
to perform specific maneuvers, similar to other prototypes [32–40]. Fish–robot
interactions and fish behavior are quantified using standard methods of data
collection and data assimilation that require minimal user training.

2.1 Hardware

The robotic fish body is modeled in a computer aided design (CAD) software
(Fig. 1). We selected the body size to (a) match the aspect ratio of a zebrafish, and
(b) to contain sufficient room for housing the electronics needed for autonomous
operation. The robot itself consists of two parts, a body and a movable tail. A
flexible caudal fin attached to the tail provides the necessary propulsion for
swimming underwater. The length, width, and height of the robot body are 15.4 cm,
4.8 cm, and 2.6 cm, respectively. This size permits inserting a servomotor in the tail
section; the body section can hold a microcontroller for controlling the servomotor,
a transceiver to send and receive the control signals, and a rechargeable battery that
can hold charge for up to an hour of regular operation.

The total cost to manufacture a single robot including the electronics is less than
100 USD [41]. The robotic fish is fabricated in a 3D prototyping machine using ABS

Fig. 1 The robotic fish is designed to match the zebrafish color pattern, aspect ratio, and caudal fin
shape. The robot has onboard electronics and motor that allow it to swim autonomously
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plastic. A single-cell rechargeable lithium polymer battery, an Arduino Pro mini
microcontroller (Sparkfun Electronics, Boulder, Colorado, USA), and an nRF2401A
transceiver chip (Nordic Semiconductor, Oslo, Norway) are all assembled outside
the body and can be replaced if needed. A Hitec HS-55 servomotor (Hitec RCD 155
USA Inc., Poway, California, USA) in the tail section actuates the body–tail joint
and propels the robot in a carangiform/subcarangiform movement. The robot is
remotely controlled using an Arduino Duemilanove microcontroller (Sparkfun
Electronics, Boulder, Colorado, USA) that interfaces with a computer and an
nRF2401A transceiver chip. The onboard microcontroller is used to control the tail-
beat frequency, amplitude, and offset, which in turn controls the robot speed and
turning rate [31]. The robot can be controlled in real time to perform interactive
experiments. In [14], for example, the platform is augmented to allow the robotic fish
to beat its tail in response to fish position. This is achieved by tracking the fish
position in real time to control the tail-beat frequency of the anchored robot.

The robotic platform is highly customizable. Besides its use in laboratory
experiments, we have extensively used the robotic fish in outreach programs that
encourage the involvement of K-12 students in science, technology, engineering,
and mathematics (STEM) fields [42–45]. For example, students in an outreach
activity have been tasked with designing the geometry of the caudal fin to maximize
the swimming thrust based on observations of animal morphology at the New York
Aquarium [42–44]. The modular design also permits disassembly and changing of
individual parts on-the-go making the platform ideal for testing hardware perfor-
mance [41]. The caudal fin can be attached and removed easily to test the effect of
different shapes and sizes on swimming performance [42]. The body can be painted
with nontoxic pigments to match the color pattern of a zebrafish. Finally, to make
the robot accessible for users in a wide age-group, such as those who are likely to
participate in a public event, we custom designed a smart phone application to
replace the remote control unit [44].

2.2 Enabling Technologies

Animal behavior studies often entail the continuous observation of live animals
over a considerable amount of time [46]. Quite often, this task is performed by
human observers and is prone to bias and fatigue, whereby an experimenter may
involuntarily score a behavior that is not present. In this respect, a data assimilation
workflow that allows automatic quantification of fish behavior would overcome all
these limitations. Enabling technologies for such a workflow include a video
multitarget tracking system and behavioral analysis scripts that can calculate
behavioral measures directly from video data [47–49]. Running in real time, these
tools offer the capability to control the robot to perform specific maneuvers [15, 27]
as well as to respond to fish behavior [14].

While human-assisted behavioral phenotyping was adopted in the first
study discussed in this chapter, a multitarget tracking software was developed in
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MATLAB (R2011a, Mathworks, Natick, Massachusetts, USA) for the second
study. The input to the tracking system was video from an overhead camera view.
The output was two-dimensional position and velocity estimates of each fish (and
the robot, if present) in the tank at each frame. The tracking algorithm included a
measurement extraction procedure where, in each frame, individual fish were
segmented as blobs after background subtraction. An optimal filtering algorithm
called a Kalman filter was used to estimate the position and velocity of each fish. A
global optimal assignment algorithm [50] was used to preserve fish identities in
scenarios where the fish swam close to each other. In a recent version of the
tracking system [51], fish occlusions are resolved automatically as follows: a
normal distribution of fish size in pixels is created and updated at each frame until
five hundred points are available. Once the distribution is constructed, each blob on
the frame is checked to ensure that it is less than two standard deviations of the
average size. If the size of the blob is larger, an expectation–maximization (EM)
algorithm is used to split the large blob into individual blobs. In particular, the EM
algorithm optimally fits multiple Gaussian distributions to the occluded blob so that
individual fish shapes are approximated as two-dimensional ellipses [52]. The
tracking system consists of a graphical user interface, also developed in MATLAB,
which is used to manually verify and repair fish trajectories. In the event of an
unresolved occlusion, missed detection, or a false detection, a user can switch, add,
and delete tracks projected on the video.

Trajectory data from the tracking system is stored in the form of text files that
can be further processed for behavioral analysis. For example, the following select
behavioral measures (Fig. 2) can be automatically computed from the tracking
system output:

R

(a) (b)

(c) (d)

Fig. 2 Trajectory data is used to classify fish behavior into a preference for the robot (R)
compared to the empty side (0) in a tripartitioned tank; b cohesion, where left group is more
cohesive than the one on the right; c polarization, where the group on the left is more polarized
than the one on the right; and d freezing, which is the percentage of experimental time when the
fish stays within a radius of 2 cm for 2 s or more
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Preference: the experimental tank is virtually divided into three parts and the
time spent by the fish in each part is recorded. Preference for a given choice is then
computed as the ratio of the time spent near one end of the tank and the total time
spent by the subject in the two parts near the tank ends. For a shoal, preference is
computed for each fish individually and averaged over the experimental time.

Cohesion: the degree of cohesion of zebrafish shoals is computed using indi-
vidual fish positions in terms of the average nearest neighbor distance (ANND).
Given the two-dimensional position of fish i at time k as ri[k], the ANND at k is

ANND k½ � ¼ 1
N

XN
i¼1

min
j2 1;...;Nf g;j 6¼i

ri k½ � � rj½k�
�� ��� �

; ð1Þ

where N is the total number of fish and �k k denotes the standard Euclidean norm.
Another measure of cohesion is the average pairwise distance (APD), which is
computed by averaging the distances between all pairs of shoal members within the
focal group.

Polarization: the degree of group coordination is calculated using fish velocity
in terms of polarization that quantifies the degree of alignment in fish motion. Given
the two-dimensional velocity vi of fish i at time k, polarization is computed as

Pol k½ � ¼ 1
N

XN
i¼1

v̂i k½ �
�����

�����; ð2Þ

where v̂i k½ � ¼ vi½k�
vi½k�k k is the direction of motion. Polarization varies between 0 and 1,

with a value of 1 corresponding to all fish moving in the same direction and close to
0 if the fish move in randomly distributed directions.

Freezing: fish stress is measured directly from trajectory data in terms of the
amount of time spent freezing during each trial. A fish is considered freezing if it
spends two continuous seconds within a ball of radius 2 cm [14].

3 Fish Behavioral Studies

3.1 Zebrafish Animal Model

Behavioral research rests upon our understanding of model organisms that share
similarities with mammals at developmental, genetic, and behavioral levels [53].
Among such organisms, zebrafish (Danio rerio) is rapidly emerging as a valid
animal model [54–59] due to its elevated degree of homology with human genes,
ability to rapidly absorb psychoactive compounds with minimal invasiveness, short
intergeneration time, and high stocking densities [16].
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Adult zebrafish are typically 3–4 cm in size and are characterized by a striped
color pattern on their body (Fig. 1), hence the name “zebrafish” [60]. They exhibit
strong shoaling behavior that has been associated with improved foraging efficiency
and predator detection [61]. Zebrafish are especially useful in robotics-based
research due to their propensity to form groups based dominantly on vision [16, 17,
62], a sensory modality that can be preferentially exploited by designing the robot
morphology to match that of the fish shape and color pattern.

3.2 Preference Experiments

The classical preference test utilizes an experimental setup where a fish is observed
as it swims between two different choices presented on either end of an experi-
mental tank [63–65]. In our case, this setup serves to test the hypothesis that a
robotic fish, which is inspired by zebrafish in its shape, color pattern, and motility,
will attract single individuals as well as shoals of zebrafish. The robotic fish is
anchored to one side of the tank and actuated externally. The size of the robotic fish
allows for housing all the electronics necessary for self-propulsion, toward further
implementation beyond choice tests. This permits using the results of this experi-
ment to inform future studies. For example, protocols for free-swimming and field
experiments that require the robot to be autonomous and interact with the fish
without any tethering can be designed on the basis of the average distance of the
fish from the robot quantified from preference studies. Similarly, the color pattern
and preferential frequency in one study can be used as a reference condition in the
next [15, 21].

The zebrafish used in this study were acquired from local pet stores (Petland
Discounts, Brooklyn and New World Aquarium, Manhattan, New York City, USA)
and acclimatized for at least two weeks in the housing facility at New York
University Polytechnic School of Engineering before use in the experiments. The
housing tanks were maintained at 26 ± 1 °C temperature and 7.2 pH. Lighting was
controlled according to a 12 h light/day circadian rhythm [66] and the stocking
density was maintained at less than 1 fish per liter at all times.

The experimental setup consisted of a 74 cm × 30 cm × 30 cm glass tank with
the longest side partitioned into three distinct regions using a perforated transparent
plexiglass (Fig. 3). The central region where the experimental subjects were present
was 54 cm long and the choice regions on either side of the tank were 10 cm long
each. The plexiglass partition permitted physical separation between the subject and
the stimuli while preserving visual communication. The tank surface was lit by two
50 W fluorescent lamps on either side to ensure a uniform and diffused lighting.
Fish behavior was recorded with a high definition video camera (Canon, Vixia
HG20, Japan) mounted approximately 150 cm above the test tank. The test setup
was isolated from external disturbances using black curtains on all four sides of
the tank.
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The experimental procedure consisted of sixteen experimental conditions1 that
tested different combinations of choices with single individuals and small shoals of
zebrafish (Fig. 4). In particular, the choices available for the subjects in the central
compartment were Robot (R), one fish (1), ten fish (10), static replica that had no tail
actuation (SR), and empty compartment (0). To investigate the effect of noise due to
servomotor, the absence of visual cues, one-way visual feedback, and physical
separation, the setup was modified so that experiments were performed without
lighting (Dark), using one-way glass (Glass), and without the transparent plexiglass
(Free). Ten trials were conducted for each condition, where each trial consisted of a
10 min habituation period followed by a 5 min experimental time during which the
fish were observed every thirty seconds. The robotic fish, wherever present, was
anchored to one side of the tank at an angle of 45° with tail beating at 2.3 Hz
frequency at 3 cm amplitude (except in the case of SR when tail-beat was absent).
The tail-beat frequency and amplitude were selected on the basis of engineering
constraints and biological observations. Experimental trials for each condition were
distributed uniformly between 10 am and 7 pm to ensure no bias existed because of
the time of the day. In this first exploratory study involving large fish populations,
fish were sometimes tested more than once in a randomized protocol.

Fish behavior was quantified in terms of preference for a stimulus, APD and
ExtendedANND(EANND).Given two choicesA andB, and nA and nB the number of
instances spent by a subject near the stimulus A and B, the preference for A was

Fig. 3 Schematic of the
preference test experimental
apparatus. The two choices
are the robotic fish and an
empty compartment (© IOP
Publishing. Reproduced by
permission of IOP Publishing
and [19]. All rights reserved)

1The experimental procedure was approved by Polytechnic Institute of New York University (now
New York University Polytechnic School of Engineering) Animal Welfare Oversight Committee
AWOC-2011-101.
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computed as nA/(nA + nB). Extended ANND was computed in the same manner as
ANND in (1) but including the robotic fish as part of the group and only considering
positions along the length of the tank. Fish preference was compared to no preference
within a condition using chi-square statistical tests andfishAPD (also computed along
the length of the tank) andEANNDwere compared using one-wayANOVA [67]. Post
hoc comparisons, wherever significance was found, were performed using Fisher’s
protected least significant difference tests. Significance level was set to p < 0.05.

The results from statistical comparisons are summarized in Table 1 and Fig. 5.
These results show that both individuals and small shoals tend to join larger shoals
when given a choice between a shoal of ten conspecifics and one. Comparison
between an empty compartment and robotic fish preference indicate that both
individuals and small shoals of zebrafish tend to prefer the bioinspired robotic fish,
and that this preference is independent of the existence of a physical barrier between
them. At the same time, when given a choice between the robotic fish and live
conspecifics, the subjects preferred the live fish, indicating that the robotic fish is
not perceived as a conspecific. Control conditions show that the noise from the
servomotor in the dark has a negative effect on fish preference whereby they spend
significantly more time near the empty compartment when unable to see the robotic
fish. The presence of holes or visual feedback did not have a significant effect on
fish preference. Finally, robot body movement played an important role as shown
by the increased preference for the robot moving its tail over a static replica.

3.3 Free-Swimming Experiments

The results from preference experiments demonstrate that zebrafish individuals and
shoals preferred the robotic fish to an empty compartment. The robotic fish design

1 2 3

4 5 6

Fig. 4 Successive snapshots of a sample experimental video. Six frames from an experimental
video one-second apart show the robotic fish and the live zebrafish. The first frame is at full
resolution and the following frames zoomed in for better visibility. The fish is circled in each frame
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permits autonomous operation using onboard electronics. In a second study, we
allow the robotic fish to swim autonomously with the help of the online tracking
system to test the hypothesis that robot fish spatial movement will modulate the
behavior of small shoals of zebrafish.

Zebrafish used in this study were acquired from an online aquarium (LiveAquaria.
com, Rhinelander, Wisconsin, USA) and maintained in 37.8 l tanks at a stocking
density of at most 1 fish per two liters. The fish were acclimatized for at least 10 days
to the new environment before starting the experiments. Fish tanks were lit under a
12 h light/day circadian rhythm [66]. Water temperature and pH in the holding and
experimental tanks were maintained at 27 ± 1 °C and 7.2, respectively.

The experimental setup comprised a large square water tank of 120 cm side
length and 20 cm high mounted on an aluminum frame (Fig. 6). The water level
was maintained at 10 cm during the experiments. A Web camera (Life Cam,

Table 1 Synopsis of the main results

Conditions Dist. from
stimulus (cm)

Center
(%)

Preference
(%)

χ2

(df = 1)
p APD

(cm)
EANND
(cm)

Single fish

1 v 0 18.4 24.6 72.0 117.2 0 – –

10 v 0 16.0 25.6 79.6 208.8 0 – –

10 v 1 17.1 20.4 71.6 119.3 0 – –

R v 0 22.6 40.9 63.7 35.4 0 – –

R v 1 29.6 33.4 40.6 19.0 0 – –

R v 0
(Free)

30.1 20.1 62.3 38.8 0 – –

0 v 0 26.3 37.3 53.4 2.4 0.080 – –

R v 0
(dark)

31.2 41.8 38.1 26.4 0 – –

R v SR 23.5 43.3 56.6 7.9 0.003 – –

1 v 0
(dark)

27.1 44.7 51.2 0.3 0.702 – –

R v 1
(glass)

31.9 41.4 35.0 42.1 0 – –

Shoal of four fish

1 v 0 30.5 35.8 61.1 101.0 0 10.5 3.9

10 v 0 15.4 28.8 83.8 1041.9 0 10.5 3.8

10 v 1 17.2 26.4 77.1 692.8 0 12.3 3.3

R v 0 24.2 46.7 60.5 74.9 0 9.5 3.7

R v 1 31.0 43.1 34.5 175.4 0 14.1 3.4

Distance from stimulus is the mean position from the first stimulus in the condition. The length of
the central compartment is 54 cm in all conditions except those that are performed without
partitions (Free) where it is 74 cm. Center denotes the average percent of occurrences over all trials
in the condition in which the subjects were found in the central compartment. Preference gives the
mean percent preference for the side of the apparatus containing the first stimulus. Chi-square
values compare the preference for either stimulus. p < 10−5 is shown as 0 (© IOP Publishing.
Reproduced by permission of IOP Publishing and [20]. All rights reserved)
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Microsoft Corp., Seattle, Washington, USA) was mounted 150 cm above the water
surface to film an overhead view of the tank. The tank was lit by diffused light from
four 150 W fluorescent tubes mounted 100 cm above the water surface. The
multitarget tracking and control algorithm was run on a 2.5 GHz Pentium dual core
desktop computer with 3 GB memory. The experimental setup was isolated using
dark curtains on all sides of the tank.

(a) (b) (c)

Fig. 5 Graphical synopsis of preference data: histograms of position data points for zebrafish
position frequency for each tested pair of conditions reported in Table 1. Column a presents main
experiments on single individuals, column b presents control experiments on individuals, and
column c presents main experiments on shoals. In the condition labels, R is the bioinspired robot
and SR is the static replica. In addition, Free refers to the free-swimming scenario, Dark to the
experiments in the dark, and Glass to the use of one-way glass partitions. Note that the region
available for fish to swim in the free-swimming case is larger than all other conditions (© IOP
Publishing. Reproduced by permission of IOP Publishing and [20]. All rights reserved.)
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The control algorithm consisted of a Proportional Integral Derivative (PID)
controller to maneuver the robotic fish in fixed-size circular trajectories in the
presence of groups of zebrafish (Fig. 7). The control signal was sent to the robot via
the transceiver every three-fifths of a second to follow a set of sixteen waypoints,
ws, s = 1, …, 16, spaced equally on a 40 cm circle centered in the tank in a
clockwise motion. In particular, the control input to attain the desired direction of
motion v̂dR½k� was computed using estimates of robot position rR[k] and velocity
vR[k] at each k as

Fig. 6 Schematic of the free-swimming test experimental apparatus. The experimental apparatus
consisted of a square shallow tank and an overhead camera for real-time tracking (Reproduced
with permission from [15])

Fig. 7 Overhead view of robotic fish swimming autonomously in the presence of a zebrafish
shoal. Individual trajectories of robotic fish and zebrafish are also shown as tan solid lines and blue
dashed lines, respectively
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v̂dR k½ � ¼ ws k½ � � rR k½ �
ws k½ � � rR k½ �k k ;

where ws[k] is the waypoint-to-reach at the current time-step. At frame k′, when the
robot was within a threshold distance (15 cm) of the current waypoint-to-reach, the
value of the current waypoint was updated. The control input was computed as a
function of the error e[k] = sin(θ[k]), where h kð Þ ¼ argðv̂R k½ � � vdR k½ �Þ is the angle
between the robot direction of motion and the desired direction of motion. The
resulting PID control was

u k½ � ¼ Kpe k½ � þ Ki

Xk

l¼k0
e l½ �Dt þ Kd

De½k�
Dt

;

where Kp, Ki, and Kd are the proportional, integral, and derivative control gains and
De[k] = e[k] − e[k − 1]. The control gains were tuned so that the robot followed the
circle closely for over five minutes in the test trials. Figure 8 shows the robot
trajectory in comparison to the waypoints on the tank region.

We tested four experimental conditions2 covering a range of swimming speeds
(0, 2, 3, and 4 cm/s) corresponding to different tail-beat frequencies (0, 1, 2, and
3 Hz) of the robotic fish as it swam in fixed-size circles within the tank. The tail-
beat frequencies corresponded to variations about the 2 Hz value used earlier in the
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Fig. 8 Robot trajectory with reference to waypoints (a) and the error (b) (Reproduced with
permission from [15])

2Experiments followed protocol numbers AWOC-2012-101 and AWOC-2013-103 that were
approved by the Animal Welfare Oversight Committee of the Polytechnic Institute of New York
University (now New York University Polytechnic School of Engineering).
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preference tests [20]. The remote control unit was programmed to receive control
parameters namely tail-beat frequency, tail-beat amplitude, and tail-section offset
via a universal serial bus (USB), which were then transmitted wirelessly to the
robot. In our experiments, we kept the tail-beat amplitude constant at 20°. The
heading of the robot was controlled by varying the tail-section offset from a trim
value of zero degrees when the robot body was in line with the tail section.
Additional experiments where the fish were observed without a robot in the tank
(No Robot), and where the robotic fish was held stationary in a place with its tail
beating at 2 Hz (Fixed) were tested to control for the presence of robot in the tank
and its body movement. Eight trials were performed for each condition with three
experimentally naive fish used per trial.

Fish response to the robot was quantified in terms of average speed, ANND, and
polarization. Fish interaction with the robot was quantified using average and
minimum distance to the robot, and relative group speed. Freezing behavior was
measured in terms of percentage of the total experimental time. All comparisons
were made using one-way ANOVA statistical tests and post hoc comparisons were
made using Tukey-HSD tests [67]. One-way ANOVA was used to compare the
experimental conditions with the control conditions.

The results of the experiment are summarized in Fig. 9. Statistical comparisons
of group behavior show that group cohesion (ANND) varied significantly with
robot speed (p = 0.0126). The maximum and minimum values of ANND at 14.87
and 3.6 cm were recorded when the robot swam at 3 and 4 cm/s, respectively. Post
hoc comparisons with control conditions did not show a significant difference due
to the presence of the robot (No robot and 0 Hz, p = 0.099) and the presence of tail-
beat movement only (Fixed and 2 Hz, p = 0.243). Group coordination as measured
using polarization failed to reach statistical significance (p = 0.123). As with
cohesion, the presence of the robot (No robot and 0 Hz, p = 0.172) and tail-beat
movement (Fixed and 2 Hz, p = 0.740) did not have an effect on polarization.
Although group speed was not affected by the robot speed (p = 0.151), the presence
of a robot produced a significant effect (No robot and 0 Hz, p < 0.01). Finally, the
time spent freezing was not significantly affected by robot speed (p = 0.171), robot
presence (No robot and 0 Hz, p = 0.091), or due to tail-beat movement (Fixed and
2 Hz, p = 0.642).

Fish–robot interactions measured in terms of average (p = 0.067) and minimum
(p = 0.093) distance to the robot were seemingly affected by the robot speed but
failed to reach statistical significance. While the average distance to the robot stayed
more than 45 cm, the 2 Hz condition saw the largest difference of 9.5 cm between
average and minimum distance. Relative group speed varied significantly
(p = 0.0154) with robot speed. Post hoc comparisons show that the fish tend to
match their speed with the robot closely at 2 Hz (3 cm/s) and that this value of
relative speed is significantly different from when the robot was stationary or
swimming at 1 Hz (2 cm/s).
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4 Discussion and Conclusion

The two experimental studies described here demonstrate the capability of using a
bioinspired robotic fish to modulate live zebrafish behavior. Results from the first
study show that both individual fish and small shoals display a robust attraction
toward the robotic fish when given a choice between the robot and an empty
compartment. This preference is lost when the choice is between the robot and live
zebrafish, showing that the former is not perceived as a conspecific. This same
response is confirmed in the second study where the ANND of fish shoals was
found to be considerably smaller than their distance to the robot.

The robotic fish in both studies present competing cues that on one hand attract
the zebrafish through its color pattern, body movement, and aspect ratio [21]; on the
other hand it repels them with its servomotor noise [20]. At the same time, pref-
erence due to the possibility of the robot being inspected as a novel object is remote
because of the 10 min habituation time [68] that provides ample opportunity for the
fish to come close. Fish shoals in the free-swimming test maintain a larger distance
from the robot as compared to those in the preference test. The closest analog in the
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Fig. 9 Group cohesion measured using ANND and group relative speed varied significantly with
robot speed (Reproduced with permission from [15])
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preference test is perhaps the R v 0 (free) condition that allows direct physical
contact, where the fish demonstrate significant preference for the robot. Since in the
free-swimming test the robot is additionally covering a large experimental region,
the presence of relatively large fish–robot distances suggests that the robot spatial
movement is unlikely to constitute an attractive stimulus. While we cannot dismiss
the possibility that the robot is perceived as a predator in the free-swimming
environment, we do not observe a significantly larger freezing response in the
presence of the robot. Compared to the preference test setup, a free-swimming
environment with a mobile robot presents a complex interplay of cues that require
further studies investigating the perception of robot motion by live zebrafish. In this
respect, we have conducted experiments to study the effect of number of robots,
their speed, and their configuration on zebrafish [27].

The collective behavior of the shoals is modulated by the robotic fish in both the
studies. In the preference test, the APD of approximately three body lengths and an
EANND of approximately one body length indicates that the preference of the shoal
toward the robot is likely a result of one-to-one interaction and not individual
preference, which would otherwise result in a ceiling effect. In the free-swimming
scenario, though the shoals maintain a relatively larger distance from the robot, the
fish exhibit maximum disparity between minimum and average distance to the robot
when the robot’s tail is beating at 2 Hz. This is also the frequency at which the fish
match their speed closely to the robot, and the shoal is least cohesive, suggesting
that visual cues at this combination of speed and body movement are relevant in
shaping fish–robot interactions. More importantly, this combination of body and
spatial movement of the robotic fish, where the fish tend to explore the uncon-
strained free-swimming environment, shows that both types of motion differentially
modulate zebrafish behavior.

In summary, an ethorobotics approach as described in this chapter presents an
important direction for the design of a robotic fish—one that bears direct relevance
to how robots may aid biology and in turn benefit their own design. The modular
design used here makes the robotic fish easy to customize; the actuation mechanism
adds a natural undulating movement that is shown to affect fish preference. The
robotic platform is complemented with enabling technologies that allow controlling
the robotic fish to perform specific maneuvers in a free-swimming environment, and
opens the possibility to actively interact with the fish [14]. Finally, open problems
include mitigating the repelling cues such as servomotor noise by using the alter-
native propulsion techniques such as ionic polymer metal composites and piezo-
electric materials [29, 30, 69–73].
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