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Abstract 
A comprehensive review on bio-inspired fish robots has been done in this article with an enhanced focus on swimming styles, actu-

ators, hydrodynamics, kinematic-dynamic modeling, and controllers. Swimming styles such as body and/or caudal fin and median and/or 
paired fin and their variants are discussed in detail. Literature shows that most fish robots adapt carangiform in body and/or caudal fin type 
swimming as it gives significant thrust with a maximum speed of 3.7 m·s−1 in iSplash-II. Applications of smart or soft actuators to enhance 
real-time dynamics was studied from literature, and it was found that the robot built with polymer fiber composite material could reach a 
speed of 0.6 m·s−1. However, dynamic modeling is relatively complex, and material selection needs to be explored. The numerical and 
analytical methods in dynamic modeling have been investigated highlighting merits and demerits. Hydrodynamic parameter estimation 
through the data-driven model is widely used in offline, however online estimation of the same need to be explored. Classical controllers 
are frequently used for navigation and stabilization, which often encounters the linearization problem and hence, can be replaced with the 
state-of-the-art adaptive and intelligent controller. This article also summarizes the potential research gaps and future scopes. 
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1  Introduction 

Biomimetic underwater vehicles have been an 
important area of research as it can replicate a real fish 
motion unlike propeller-based vehicles. Recent research 
on these vehicles explores various possibilities in im-
proving propulsion efficiency, maneuverability and 
speed through different structural designs and control 
strategies[1–6]. The scientific study on fish locomo-
tion[7–13] highlights the design structures, morphological 
features of fishes and mathematical modeling relating 
the complex motions with thrust and lateral forces. The 
first robotic fish (Robo Tuna) was developed in 1994 at 
the Massachusetts Institute of Technology with struc-
tures made of stainless steel, gears, and cables[14,15]. 
Subsequently, different models G9 series[16], Ichthus 
V5.7[17], iSplash-I[18] of robotic fishes were developed 
and tested. Recently in 2014 iSplash-II fish robot was 
designed and developed, which can travel with a forward 
velocity of 11.6 BL·s−1 (BL is body length of the fish) 
and in the standard unit, it is about 3.7 m·s−1[3]. This 
paper is organized into nine sections, and in each section, 
an attempt is made to identify the gaps, where further 

research can be carried out. Section 2 elaborates on dif-
ferent swimming styles of real fishes and implementa-
tion of the same into robotic fish. Section 3 focuses on 
classification of actuators used in fish-inspired propul-
sion system and its principle of working with signific-
ance. Modeling of hydrodynamics and its impact on 
swimming is essential for efficient design, sections 4 and 
5 addresses the hydrodynamic effects and the challenges 
in modeling a robotic fish. Section 6 provides a detailed 
review of different control methods used in open and 
closed-loop environment. To understand the modeling in 
a better way, it is necessary to analyze and compare the 
performance parameters like forward velocity, undula-
tion frequency, turning speed, impact on performance 
with respect to the number of joints. Section 7 analyses 
and compares these parameters from existing works and 
infers various solutions for further designs in this field. 
Section 8 provides a comprehensive discussion on var-
ious research gaps in robotic fish design, an outline for 
future directions in this field, and finally prospective 
conclusion.  

The notable reviews in this field have been re-
ported[19–26] time to time for the past two decades. 
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Though, extensive review on swimming style has been 
found in literature, association of swimming style with 
various performance metrics are less investigated. This 
review paper presents a detailed comparison of perfor-
mance metrics such as swimming speed vs body length, 
oscillation or undulation frequency, swimming style, 
actuator type, and joints. Additionally, swimming speed 
of real fish vs robot fish have been compared, which 
sheds light on further developments to be achieved in this 
area. A total of 23 robot fishes with electrical actuators 
and 20 with smart or soft actuators developed during the 
past 2 decades have been considered in this article. From 
the above comparison, the readers can identify the rela-
tive effects of various metrics and appropriately incor-
porate the same for achieving better design. Various 
conventional methods for kinematic and hydrodynamic 
modeling have been discussed with emphasis on its me-
rits and demerits. The need for online data-driven mod-
eling is highlighted since it can maintain the non-linearity 
thus minimizing the effect of linearization during control. 
With respect to control of fish robot, 14 manipulating 
variables and their impact on 5 control modes have been 
discussed. Application of classical and modern control-
lers in robot fish control with its limitations has been 
presented. The importance of intelligent controllers has 
been emphasized as the system model is highly 
non-linear and interaction between the system and sur-
rounding is stochastic in nature. A total of 142 research 
articles and 10 books have been referred and Fig. 1 illu-
strates a bird’s eye view on number of papers referred 
under the various sections. 

2  Swimming styles and design considerations 

Fish exhibits a mixture of movements, which in-
volves both non-swimming characteristics such as 
jumping, gliding, crawling, etc. and swimming charac-
teristics. The swimming movement can be classified as 
sustained and deciduous motion. The former involves 
traveling long distances at a constant speed, whereas 
deciduous motion is about quick begin and sharp turns to 
avoid being hunted. The current research areas are more 
inclined towards sustained motion compared to deci-
duous type. Fish swimming is basically categorized  
into two types based on propulsion such as BCF pro-
pulsion and  MPF propulsion. BCF is  also referred to  as  
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Fig. 1  Section-wise distribution of references. 

 
tail-flapping propulsion and exhibits rapid swimming 
and turning. Most agile fishes like Sailfish, Tuna, and 
Pike uses tail flapping. The MPF uses pectoral, dorsal, 
and anal fins to generate propulsion. Though this 
swimming mode is slower, it excels in terms of greater 
maneuverability with high Degrees of Freedom (DoF), 
enhanced controllability, and high efficiency. 

About 85 % of the fish species produce thrust using 
BCF and the remaining 15 % with MPF propulsion[6]. 
The BCF type and MPF type propulsion are further 
categorized into two modes, such as undulation motion 
(Sine mode) and oscillation motion (C mode). Sine 
mode involves transit of full-wave along the body axis, 
whereas C mode involves oscillation of body or fins 
without exhibiting a wave formation. The classification 
of fish families based on various swimming styles dis-
cussed above is shown in Fig. 2. During steady move-
ment, BCF type swimmer undergoes a traveling wave 
motion, where the fish body displaces laterally with re-
spect to the body axis. This motion is also called as lateral 
motion denoted by h(x, t). Lateral motion is expressed 
using three odd Fourier terms as expressed in Eq. (1)[27]: 

2π
( , ) ( )sin( ),0 1, 0,x t H x t x x 


    h      (1) 

where, H(x) = a1 + a2x + a3x
2 is wave envelope, a1, a2 

and a3 are amplitude coefficients, and λ = 2π/k. Increase 
of k (wavenumber) changes the swimming mode from C  
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Fig. 2  Classification of fish families based on swimming styles. 
 
to sine and x is the oscillation amplitude. An efficient 
mechanical design for fish robot can be achieved if the 
characteristics[28] of various fishes based on its swim-
ming styles and modes are studied in detail. A short 
survey on the same has been done and presented below.  
 
2.1  BCF type swimming 

Based on the propulsion style, the BCF type is 
further categorized into undulation and oscillation mode. 
The sub-carangiform, carangiform, thunniform, and 
ostraciiform fall under oscillation mode category, whe-
reas undulation mode includes anguilliform. The BCF 
type swimmer along with the section of its body, which 
undergoes undulation or oscillation is highlighted in  
Fig. 3. The prototype of each BCF swimming form is 
fabricated using 3-D printing technology, and it is also 
shown in Fig. 3. The propulsive force generated by both 
these modes incorporates two components, such as the 
lateral force and thrust force. The thrust force will act in 
the forward direction enabling the fish to move forward 
and lateral force act sideways resulting in significant 
energy loss as it induces yaw movement and sideslip.  

In anguilliform, the whole body of the fish is in-
volved in at least one body wavelength undulation and 
magnitude of undulation wave increases from head  
to  tail.  Here  the  energy  loss  due  to  lateral  motion  is  

(a) Anguilli form

(b) Subcarangi form

(c) Carangi form

(d) Thunni form

(e) Ostracii form

 

Fig. 3  Classification of BCF type swimmers highlighting the 
sections of its body that undergo flapping. The arrow mark indi-
cates moving from undulation to oscillation mode (Adapted and 
redrawn from Ref. [29]). 

 
significantly low, and additionally, it also possesses the 
ability to swim backward by changing the direction of 
undulation. The typical examples of anguilliform are Eel, 
lancelet, and Lamprey. This swimmer has high maneu-
verability, but low hydrodynamic efficiency as the un-
dulation energy propagates all over the body leading to 
more energy loss.  

The design of anguilliform robotic fish uses more 
servo motors to replicate snake-like motion. Though, it 
increases the maneuverability the power efficiency is 
significantly reduced. Instead of using servos, smart 
actuators (shape memory alloys) may be preferred, but it 
suffers from poor thrust generation. Anguilliform pat-
tern locomotion in robotic fish was established by Niu et 
al.[30]. The work tries to build a robotic fish that replicate 
movements of real fish and swims backward by revers-
ing the undulation pattern. Different works have been 
reported for locomotion pattern generation[31,32], mod-
eling, and motion control[33] in anguilliform robots. Im-
plementation of this form of locomotion in robotic fish 
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requires three to twenty serially linked actuators[23]. To 
confirm synchronization between the actuators, neural 
network-based approaches are mostly preferred, which 
models the serial actuators as a chain of coupled oscil-
lators to replicate a real fish swimming pattern. It is 
identified that a phase lead between former link joint 
angle and latter link results in forward motion, phase lag 
leads to backward motion, and other variations result in 
turning motion. Based on the above identification, it is 
easier to generate a library for motion planning, which 
relates speed, turning radius with the joint angle, phase, 
and frequency[34].  

In sub-carangiform and carangiform, the oscillation 
is confined to 1/2 and 1/3 of their body length respec-
tively. The carangiform swimmer exhibits maximum 
swimming speed due to narrow peduncle and stiff caudal 
fin, which minimizes the lateral forces and enhances 
forward thrust. Jacks, snapper and mackerel fish belongs 
to the carangiform swimmers. Higher acceleration, ve-
locity, and sweep characteristics can be achieved for 
S-shaped undulation, which can be generated using 
multi-link, planar tailed carangiform fish models[35]. 
Sub-carangiform swimmers have circular and rigid an-
terior part with regular geometrical shape caudal fin. 
Trout fish is an example for sub-carangiform swimmers. 
Sub-carangiform robots come with different designs 
such as flexible wire driven, shape memory alloys, and 
compliant links. Compared to anguilliform, it has higher 
speed but lower maneuverability with backward swim-
ming capability[36]. 

Even today, the main challenge remains in hovering 
and turning characteristics of robotic fish. Suebsaiprom 
et al. designed six degrees of freedom 4-link carangi-
form robot[37] to move in a 3D space with improved 
maneuverability and trajectory tracking. Use of sliding 
mass and buoyancy tank ensures the stabilization and 
hovering. Researchers experimentally proved that flex-
ible tail design with multiple joints and appropriate un-
dulation frequency improved the forward thrust and 
swimming speed[38]. Xia et al. numerically proved the 
role of head swing in thrust generation[27]. They inves-
tigated that Tuna-like fish robot with spline head and 
body had improved hydrodynamic performance, if the 
leading and trailing edge amplitudes are properly chosen 
to be 0.05 BL and 0.08 BL respectively. In thunniform, 

the oscillation is confined to less than 30 % of BL, and 
the remaining portion of the body remains stationary (it 
does not participate in undulation). The lateral forces are 
compensated by stiff caudal fin and its streamlined body 
structure. It remains efficient in high-speed swimming 
but performs poorly at slow speed, higher accelerations 
& turning maneuvers. Typical thunniform swimmers 
(tuna, teleost, some sharks and marine mammals) have 
oscillating narrow peduncle and lunate type caudal fin. 
RoboTuna a robotic fish designed by MIT falls under 
this thunniform category. Ostraciiform swimmers are 
purely oscillatory type. It can be categorized into BCF or 
MPF styles based on the area of flapping[39]. During 
swimming, their body part remains stationary making it 
hydrodynamically less efficient[6,29].  

 
2.2  MPF type swimming 

MPF type swimmers are generally low-speed 
swimmers with velocity below 3 BL·s−1. The undulating 
fins are used by these fishes for propulsion, and these 
fins also provide a significant contribution in stabiliza-
tion and maneuvering. Unlike in many robotic fishes, 
where the fins are assumed to be functional plates, the 
fins are highly complex in structure. This makes the 
maneuvering highly challenging in a robotic fish. The 
primary fin structure and its placement in bluegill sun-
fish are shown in Fig. 4. MPF type swimming is classi-
fied into undulation and oscillation types with rajiform, 
diodontiform, amiiform, gymnotiform, balistiform in 
former and labriform, tetraodontiform, ostraciiform in 
later. To understand the various types of MPF style 
swimmer, the body part that is involved in flapping is 
shown in Fig. 5.  

Rajiform mode involves undulation of pectoral fins  
 

 

Fig. 4  Types of fins in Bluegill Sunfish[40]. 
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(a) Raji form (b) Diodonti form

(c) Amii form (d) Gymnoti form

(e) Balisti form (f) Labri form

(h) Ostracii form(g) Tetroadonti form  
Fig. 5  MPF type swimming styles. Highlighted parts indicate 
where the flapping occurs (Adapted and redrawn from Ref. [22]). 

 
with the amplitude of undulation higher in the apex of an 
anterior part of the fin and decays towards the posterior 
part combined with flapping in a lateral direction. The 
species such as Mantas, Skates, and Rays come under 
this category. Diodontiform mode also includes undula-
tion of large pectoral fins but with at least two full wa-
velengths. In amiiform and gymnotiform mode fishes, 
the dorsal and anal fin undergoes undulation respectively, 
and it extends till the posterior part. Balistiform mode 
swimming found in triggerfish, which has a flat body 
and inclined median fins, combines both anal and dorsal 
fin undulation for propulsion. The oscillation in MPF 
type swimmer involves oscillation of median or paired 
fins. Ocean Sunfish are the best example for tetraodon-
tiform mode, where the dorsal and anal fin combines as 
one unit to produce oscillation. Teleost fish in labriform 
mode undergoes two types of movements with pectoral 
fin oscillation. One movement is drag-based, which is 
efficient in slow speed and the other one lift based, and it 
is efficient in high speed[41]. 

Scientists have worked on MPF style based robotic 
fishes, where fins play a significant role in linear motion, 
turning, stability control, and hovering[42,43]. Many fish 
robot designs involve paired pectoral fin structure to 
increase propulsion efficiency and maneuverability. Fins 
can be actuated using any of the following methods such 

as rowing, feathering, and flapping. The rigid connec-
tion of pectoral fins with actuators, asymmetrical actua-
tion of paired fins, slow recovery stroke, or higher beat 
frequency for longer joints will significantly reduce the 
propulsion efficiency. Behbahani et al.[42] observed im-
proved thrust in the fish robot with flexible joints for 
pectoral fins and rowing type motion. Implementing a 
passive reverse stroke with variable drag area enhanced 
mechanical efficiency as well. Hence, it is summarized 
that flexible pectoral fins outperform in locomotion and 
mechanical efficiency, whereas rigid fins are effective 
for high fin-beat frequencies. To maximize the perfor-
mance in terms of speed the fin’s optimal power to re-
covery stroke speed ratio should be maintained in the 
range of 2–3[44]. Every fish species has a unique pro-
pulsion mechanism for locomotion. Researchers try to 
combine more than one mechanism in a single fish robot 
to improve efficiency. Zhang et al.[43] and Guo et al.[45] 
developed a fish robot with a coordination mechanism 
between two flapping pectoral fins and two caudal fins, 
which displayed a significant improvement in locomo-
tion performance. Rhythm needs to be maintained be-
tween the movements of fin actuators to attain maximum 
efficiency. Central Pattern Generator (CPG) is a me-
chanism to generate different undulation or oscillation 
pattern in a rhythmic fashion for attaining agility and 
greater maneuverability. By properly tuning the CPG, a 
maximum swimming speed of 1.21 BL·s−1 was achieved 
even with low power servo motors[43]. 

3  Actuators in fish-inspired propulsion sys-
tems  

It is important to design a bionic robot as smooth as 
a natural organism to achieve similar biological move-
ments with higher efficiency and performance. Muscle 
like structures are essential for mimicking a real fish 
motion in the robot fish. Muscles of fish perform various 
operations like motor, spring, brake, and strut. It is 
challenging to duplicate all of these functions into the 
robot fish. The type of actuators used in robot fish typ-
ically falls into any one of the three categories shown in 
Fig. 6. Electrical actuators are widely adopted in many 
underwater vehicles and are simple in design, high op-
erating speed, and readily available in market[26]. DC 
motors and servo motors are the two major variants used  
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Fig. 6  Classification of actuators used in robot fish. 
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Fig. 7  Principle of SMA bending motion using flexible structure 
running parallel to SMA wire and spring. 

 
under this category. Using transmission elements like 
gears, bearings, and harmonic drives, the desired actua-
tion pattern, speed, and torque characteristics are main-
tained. Due to these translational elements, the system 
occupies larger space leading to higher drag force. Ad-
ditionally, use of rigid bodies with electrical actuators 
for the development of robot fish needs lot of im-
provements to duplicate muscle-like actuation. Re-
searchers are also focusing on smart actuators, which 
have the ability to perform complex motions similar to 
biological species. This mechanism is continuous, sim-
ple, and more robust than the discrete and rigid body 
motions present in electrical actuators. Smart actuators 
are fabricated with material heterogeneity; therefore, its 
dynamic response mimics desired body motions. The 
materials used for this mechanism may fall into three 

major categories, (i) Shape Memory Alloys (SMA), (ii) 
electroactive polymers (EAP), (iii) Piezoelectric Fiber 
Composite (PFC). Another simple and powerful tech-
nique used for underwater actuation is soft actuators, 
which is different from smart actuators in the sense of 
interacting mediums. The interaction of two different 
mediums (flexible structure with compressed air or 
pressurized fluid) produces bending motion whereas, in 
smart actuators, the applied electrical trigger causes a 
physical reaction to deform the structures in desired 
direction. The actuation principle implemented in robot 
fishes, and the limitations of smart and soft actuators are 
explained in detail as follows.  

The SMA wires have the ability to act as an actuator 
element for bionic robot fish. It does not have transla-
tional elements like bearings and gears for actuation. 
Here, the propulsive structure of robot is divided into N 
segments. Each segment is made up of flexible structure 
united by SMA wires, as shown in Fig. 7. Heating this 
wire results in contraction of the same, which creates a 
bending motion on the flexible structure. Use of such 
continuous multi-segment structure along the whole 
body of the robot helps in bending motion of the entire 
robot fish body. The flexible polycarbonate structure 
with SMA wire is utilized for robot fish design. The 
bending motion reached a maximum of 38˚ at 90 ˚C with 
the nominal cooling time of 1.7 s and operating  
frequency of less than 1 Hz[46]. The SMA actuation  
employed in starfish robot used a Smart Modular 
Structure (SMS) and achieved a forward swimming 
speed of 0.07 m·s−1 at 1 Hz frequency[47]. Wang et al. 
developed a flexible biomimetic fin using SMA wire and 
implemented the same on a micro-fish robot. The robot 
was capable of swimming straight, and exhibited a 
turning motion with a maximum speed of 0.112 m·s−1 at 
2.5 Hz oscillation frequency. Further, bending angle 
greater than 90˚ was obtained on both sides with respect 
to body axis[48]. SMA materials have low operating 
frequency and are only suitable for undulation motion- 
based fish robots. Recent advancements in this field 
proved that high-frequency actuation is also possible in 
SMA actuators with frequency up to 35 Hz[49]. This 
high-frequency oscillation can result in larger swimming 
speed and better maneuverability. However, this actua-
tion is based on  temperature change  and robust control  
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Fig. 8  Working principle of IPMC actuation (Adapted and re-
drawn from Ref. [55]). 

 
of temperature in an underwater environment is highly 
challenging. 

EAP materials can act as artificial muscles and has 
found greater interest in aquatic robots to produce sig-
nificant bending deformations under low voltages. 
These materials are classified into Ionic Polymer-Metal 
Composite (IPMC) and conjugated polymers. IPMC 
based EAP material has been widely employed[50–54] in 
underwater actuation due to its compliance, lightweight, 
agility, and most importantly, lesser driving voltage  
(< 5 V). The working principle of IPMC actuation is 
illustrated in Fig. 8. The voltage excitation results in 
deformation of the material due to movement of cations 
towards the anode. Mechanical bending of the material 
generates a small potential difference between the elec-
trodes, which makes this material useful for sensing as 
well, which is beyond the scope of this article. The 
IPMC based actuation can be used for propulsion of 
different parts of a robot fish and predominantly in 
caudal fin as it plays a vital role in swimming. Using 
IPMC materials, both BCF[36,52,54–57] and MPF[46,50,54,58,59] 
based swimming styles have been implemented. The 
swimming speed of the fish robot using IPMC material 
is less due to its low deflection angle, oscillation fre-
quency, torque, and smaller body length. Initially, IPMC 

material was used as an electrolysis generator to produce 
hydrogen and oxygen gases from water. This pheno-
menon was used for depth control in an underwater 
vehicle. An experiment was conducted using artificial 
chamber, which includes the IPMC electrolysis genera-
tor and solenoid valve. IPMC actuation produces gases, 
which are stored in the artificial chamber and the volume 
of gas was controlled by a solenoid valve. The artificial 
chamber structure can reach a depth of 0.9 m in 4.7 s and 
returns back to the surface in 185 s[60]. Hence, IPMC 
material can simultaneously act as an underwater actu-
ator as well as buoyancy controller.  

Frequently used PFC material for actuation is 
lead-zirconate-titanate (PZT) composite. Flexibility, 
better angular deflection, and good electromechanical 
decoupling feature make these composites to be pre-
ferred for underwater actuation. The actuation principle 
is based on the inverse piezoelectric effect, which results 
in structural deformation on electrical excitation, and is 
used for flapping. Macro Fiber Composite (MFC) is a 
typical PFC material utilized for underwater propulsion. 
The Carbon-Fiber Reinforcement Polymer (CFRP), 
which is a thin elastic plate and when sandwiched be-
tween two MFC plates excited by larger potential pro-
duces mechanical vibrations on the CFRP plate. The 
applied potential ranges from −500 V to 1500 V and it 
produces a displacement of 40 mm in the caudal fin tip 
with 3 Hz flapping frequency. With S-shape bending 
deformation in the structure, a maximum swimming 
velocity of 0.6 m·s−1 was achieved[61]. PZT composites 
requires a larger driving potential (> 100 V) for actuation 
and hence, found less usage for underwater applications. 
But, IPMC and PZT materials have larger operating 
frequency range, which is suitable for both oscillation 
and undulation motions[25].  

Pressurized fluids or compressed air can also be 
used for powerful actuation in robots, which is often 
called as soft robotics. A real-time implementation of 
this was done by Massachusetts Institute of Technology 
for underwater life exploration using a three dimensio-
nally maneuverable and acoustic controlled robot fish. 
The powerful hydraulic actuation with remote- 
controlled commands can move the robot vertically up 
to 18 m in the oceanic field[62]. This was a major 
breakthrough in the field of bio-mimetic robotics for 
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underwater applications. Pneumatic control actuation is 
also preferred for soft robotics, which uses compressed 
air passing through a flexible and deformable structures 
to create continuous propulsive locomotion[63]. However, 
it requires higher energy batteries to handle compressed 
air valves and an extra storage unit for deflated air. The 
deflated air may also be released in the environment, 
which may have a significant effect in the overall 
buoyancy force acting on fish robot.  

Miniaturized form of actuation is also found in the 
literature, which has a significant contribution to the 
development of underwater actuation systems. For ex-
ample, an electrostatic film motor consists of two flexi-
ble Printed-Circuit-Boards (PCBs) arranged in such a 
way that the sliding unit can move on the stator unit to 
produce linear motion, which is attached to the caudal 
fin to produce flapping motion[64]. It is like a syn-
chronous motor excited by six-phase AC supply. 
Two-phase AC excitation for sliding unit and four-phase 
AC for stator excitation. AC voltage of 2 kV (peak to 
peak) was used for excitation with the stator frequency of 
500 Hz and 500 Hz ± 25 Hz for sliding unit, which results 
in 4 mm displacement. Using this, two models were 
developed, namely Seidengyo-I and Seidengyo-II, which 
achieved a forward swimming speed of 0.018 m·s−1 and 
0.04 m·s−1 respectively[64]. Bonnet et al. developed a 
compact size (63 mm), single board, zebrafish inspired 
miniaturized robot for behavioral study of living fish. 
This work uses rigid-flex PCB design to provide flex-
ibility in the control board resulting in reduced system 
volume. Stimuli light waves are generated from robot 
fish using flashing LEDs, which attracts the living ze-
brafishes thus helping in real-time behavioral study. 
Structural similarity helps the robot in camouflaging a 
living fish so that closer observation is possible[65]. 
Depth motion was also achieved through magnetically 
coupled mobile robot moving under a circular aqua-
rium[66]. Takada et al. developed a miniaturized fuel cell 
powered robot, which is first of its kind. A polymer 
electrolyte fuel cell often referred as power tube was 
designed and developed for energy efficient locomotion. 
The power tubes act like an alkaline cell, which requires 
hydrogen as fuel. The calcium pack present in the robot 
fish reacts with the surrounding water to generate the 
required hydrogen. Due to polymer electrolyte fuel cell, 

size and weight of the robot is reduced helping in long 
distance swimming. Using floating power tube system 
with magnetic actuation, the robot fish can be moved 
vertically to achieve 3-D maneuverability[67].  

4  Hydrodynamic effects  

Water properties play a crucial role in the swim-
ming characteristics of any fish. The density of water 
reduces the effect of gravitational force on the fish and 
hence body size of the fish does not affect its propulsion 
to a larger extent. Assuming water to be an incompres-
sible fluid, there is an exchange of momentum from the 
fish body to water and vice versa during swimming 
action. This momentum transferred from water to fish 
body surface introduces a thrust on the fish resulting in 
motion. Hence, it is very important to understand the 
dynamics and properties of water. Density and viscosity 
are unique properties of water, which is highly sensitive 
to temperature and salinity. Density has a positive coef-
ficient with respect to temperature and negative coeffi-
cient to salinity. Viscosity has a negative coefficient with 
respect to both temperature and salinity. The ratio be-
tween dynamic viscosity and density is termed as ki-
nematic viscosity. These parameters decide the Rey-
nolds number (Re) described by Eq. (2) and are used to 
calculate relative magnitudes of inertial and frictional 
forces in any hydrodynamic environment[9]. 

1,Re L   u                            (2) 

where, u is velocity, L length of robotic fishtail, ρω den-
sity of water, and µ viscosity of water. For low values of 
Re, sink, buoyancy and weight forces are dominant, and 
if Re is high, the horizontal thrust and drag forces are 
dominant. The ranges of Re is less than one for protozoa, 
amoeboid, and other related species, whereas in the 
order of 108 for blue whale[8,9]. Carangiform swimmer 
type has the Reynolds number around 106, and for an-
guilliform, it is around 104[68]. The dominant forces 
acting on a fish are categorized into vertical and hori-
zontal forces, as shown in Fig. 9. The horizontal forces 
include drag (D), thrust force (T) generated by tail flap-
ping, and vertical force includes upward forces due to 
buoyancy (A), tilted pectoral fins (B), asymmetry in tail 
shape (C) and downward force (W) due to the weight of 
the fish. The buoyancy force Fb can be written as: 
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Fig. 9  Various forces acting on a Shark fish at rest (Adapted and 
redrawn from Ref. [10]). 
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Fig. 10  Description of fish body in space and assigning frame for 
roll, pitch, and yaw motions (Adapted and redrawn from Ref. [37]). 

 

,b V gF                            (3) 

and weight of the fish W as:  

,aW V g                             (4) 

where, V is the volume of robotic fish, g is acceleration 
due to gravity, ρω is the density of water and ρa the av-
erage density of fish. The distribution of weight along 
the body of fish, determines the position of buoyancy 
force and the corresponding densities decide the position 
of weight force. The sum of static and dynamic pressure 
as given in Eq. (5) remains constant under a steady flow 
of water without swirl. The dynamic pressure is gener-
ated due to the interaction of fluid particles: 

21
constant.

2
P  u                  (5) 

Due to tail movement, the water particle close to 
fish body moves with the speed of fish (u). The overall 
drag force (D) on the fish due to skin friction is propor-
tional to dynamic pressure and body surface area of the 
fish and is given by Eq. (6). 

21
,

2 w dwA CD u                        (6) 

where, Cdw is the drag coefficient, and Aw is the body 
surface area of the fish. According to Ellington[38,69], 
drag force can be related to the frontal area of fish and is 
given by: 

21
,

2 f dfA CD u                       (7) 

where, Af is frontal area of fish and Cdf is drag coefficient 
of frontal area of the fish. Underwater vehicles like fish 
robot require the clear knowledge of drag force para-
meters to analyze the dynamics which assists hydrody-
namic modeling and energy efficiency of the fish robot. 
For motion modeling, the displacement with respect to 
global coordinates X, Y, and Z are specified by the surge, 
sway, heave, and θ, ϕ, ψ are its corresponding rotational 
angles. To represent the orientation of a fish body, 
body-fixed frame coordinates are described as roll, pitch, 
yaw respectively, and p, q, r represent its rotational an-
gles[37] as shown in Fig. 10. 

5  Kinematic and dynamic model 

5.1  Kinematic modeling 
Kinematics is the study of motion related to any 

robotic system without relating the forces/torques that 
cause it. Usually, a robotic fish consists of rigid bodies 
united by joints. The location and orientation of the rigid 
bodies in space together are termed as the pose. The 
kinematics elucidates the pose, speed, acceleration, and 
all higher-order derivatives of pose that comprise a 
mechanism of motion. The simplest way to model the 
kinematics of the robotic fish is using homogeneous 
transformation. Robotic fish is considered to be a serial 
link planar manipulator. The tail tip coordinate frame is 
related to the head coordinate frame by using a series of 
translational and rotational operation as described by 
Euler angle representation[70]. Mostly inverse kinematic 
solutions are preferred for modeling, which predicts the 
joint angles from known tail tip position. The robots 
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with rigid body exhibit lower efficiency compared to 
flexible caudal fin structure[71,72]. This flexibility enables 
the robot to generate maximum thrust for every incre-
mental actuation. Resonance in the structure is identified, 
and the actuation can be tuned to achieve maximum 
thrust efficiency. The behavior of flexible caudal fin 
system is complex to model because of its jointless 
framework. Bernoulli-Euler beam equation is utilized 
for modeling such a compliant tail in robotic fish kine-
matics[73–75]. The force generated along the lateral di-
rection[76] by a differential element on the flexible tail is 
given by: 

2

2

( , )
[ ( , ) d ] ( , ) ( , )d

( , )
                                    ( )d ,0 ,

x t
x t x x t x t x

x

x t
m x x x L

t


  




  


Q
Q Q f

y
(8) 

where Q(x, t) is a shearing force, f(x, t) is transverse 
force per unit length caused by shearing force, y(x, t) is 
transverse displacement, m(x) is mass per unit length and 
L denotes tail length. The effect of shear force deforma-
tion can be ignored because this distortion is small 
compared to bending deformation; Ref. [76] for further 
details. The main drawback of this model is that it be-
comes non-linear if the flapping magnitude is large. This 
theory is valid only if the compliant tail length to 
thickness ratio is greater than 10. Yu et al.[77] have dis-
cussed on kinetic model of drift-less unicycle vehicle 
which comprised of two independent actuators con-
nected on common axle whose direction was rigidly 
linked to the robot chassis. For unicycle type robot the 
kinematic model equation is expressed as: 

( ) ( )cos ( )

( ) ( )sin ( )

( )( )

t t t

t t t

tt




   
   
   

     

x v

y v

ωθ

= ,





                     (9) 

where, (x, y) is position variables in the cartesian coor-
dinate system, θ denotes the direction, v(t), ω(t) 
represent the linear and angular velocity of fish robot. 
This model cannot be asymptotically stabilized at a 
preferred posture using continuous feedback[78], hence, 
resulting in overall instability.  

The commonly adopted kinematic model of a multi-  
link robotic fish is in the form of sinusoidal body wave 
called as Lighthill’s traveling wave equation, or travel-

ing wave equation[36,79,80], which given by Eq. (10):  

2
1 2( , ) ( )sin( ),x t A x A x x t   y          (10) 

where, y is the transverse (side) displacement of the fish 
body, A1 is the linear wave amplitude envelope, A2 is the 
quadratic wave amplitude envelope, x is the displace-
ment along head to tail axis (forward), β indicates the 
wave number (β = 2π/λ), λ the body wavelength, and ω 
body wave frequency. In order to assure head stability in 
robotic fish modified Lighthill’s body wave equation[81] 
was proposed as: 

2
1 2 3 1( , ) ( )sin( ) sin ,y x t A x A x x t A A x t       (11) 

where, A3 is scaling factor used to vary the magnitude of 
body wave.  

Lighthill[82,83] formulated the fish motion as trav-
eling wave displacement vector h(x, t):  

( , ) ( ) ( ),
x

x t f x g t
c

 h                       (12) 

where, f(x) represents the magnitude term, g(x) 
represents frequency dependent wave function, and c 
represents the body velocity. Lighthills’ slender body 
theory[82] includes the lateral displacement in undulatory 
propulsion, which is given by: 

( , ) ( ) ( ).x t
t x

 
 

 
h h

V u                     (13) 

 
5.2  Dynamic modeling 

Dynamic modeling is the study of motion, which 
relates contact forces with actuation and acceleration 
with motion trajectory. The general equation of motion 
can be written as: 

,M T D a                            (14) 

where, T is the forward thrust force, D is the drag force 
due to body friction of the robotic fish and hydrody-
namic properties, M is mass of the fish, and a is accele-
ration. The dynamic motion equation of fish robot ob-
tained using Lagrange-Euler formulation is given by: 

d
( ) , 1,2,..., .

d i
i i

i n
t q

 
  

 q
 

             (15) 

The Lagrange function ( ) is expressed as the 
difference between kinetic (KE) and potential energy 
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(PE), qi is the joint variable of ith coordinate, and τi is the 
generalized force at ith joint acting on the head. 

.E EK P                             (16) 

For dynamic modeling, it is assumed that the fish 
robot consists of rigid links united by joints same as a 
serial link manipulator. The equivalent model of the fish 
robot in a body-fixed frame coordinate system is shown 
in Fig. 11. The Lagrange-Euler dynamic formulation for 
link-i of the equivalent model is: 

2( ) ( , ) ,i i i i i i i i   M θ θ C θ θ θ Bθ Kθ F            (17) 

where, ( )iM θ  is inertia coefficient, ( , )i iC θ θ  is Cori-
olis force coefficient, B is damping coefficient, K is 
spring constant, iF  is force on link-i including hydro-
dynamic forces, and iθ  is angle between the successive 
links[37]. The dynamic modeling of robotic fish involves 
two stages, as shown in Fig. 12 namely, hydrodynamic 
parameter identification and hydrodynamic modeling. 
The main challenge lies in modeling the hydrodynamics. 
Currently, researchers follow two methods to model the 
same, namely numerical and analytical methods. Nu-
merical methods are systematic in approach but arduous 
as it necessitates solving complex Navier-Stokes equa-
tions[84], whereas analytical methods are direct and rea-
listic. The numerical approaches for hydrodynamic 
modeling are summarized in Table 1 with pros and cons. 
Various analytical methods and their significance are 
listed in Table 2. They adopt the resistive theory[89], 
waving plate theory[90], and Lighthill’s theory[11–13]. It is 
evident that Lighthill’s theory is more practical and 
hence, frequently used for hydrodynamic modeling. Two 
extended versions of Lighthill’s theory, such as Ligh-
thills’ Elongated Body Theory (EBT)[12] and Large 
Amplitude Elongated Body Theory (LAEBT)[13] are also 
well suited for robotic fish modeling in a dynamic en-
vironment. Reactive theory-based EBT[12] is the pre-
ferable choice for high-speed carangiform propulsion 
system, and LAEBT combines resistive and reactive 
theory for modeling the deformed tail body[13].  

Another important part in dynamic modeling is 
identifying hydrodynamic parameters like drag, lateral, 
and buoyancy forces. These parameters can be predicted 
from standard data, Computational Fluid Dynamics 
(CFD)   simulation,   experimental   measurements,   and  

 

Fig. 11  Equivalent model of fish robot in body-fixed frame 
coordinate system, where L0 – L4 represent link lengths from head 
to tail, m0 – m4 represent the center of mass of links L0 – L4 and θi 
is the angle between the successive links. 
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Fig. 12  Stages in dynamic modeling of robotic fish. 
 

real-time data analysis (data-driven model approach)[70]. 
Prediction from standard data is suitable only for known 
shapes and environmental conditions. CFD provides a 
qualitative prediction of fluid flow using mathematical 
modeling, numerical methods, and software tools 
through simulations. Phase lag during undulation of fins,  
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Table 1  Numerical methods used for hydrodynamic modeling with its pros and cons 

Numerical methods Pros & Cons 

Newton–Euler formulation[81] 

1. Computationally simple 

2. More intuitive 

3. This method is based on the principle of force balancing 

4. Futile computations particularly in closed chain dynamics 

Kane’s method[85] Computationally efficient method for closed-loop systems with precise motion equations 

Navier–Stokes equations[84] Accurate but time-consuming 

Lagrange method[86,87] 
1. Energy based model which relates kinetic and potential energies of each link with resultant torque 

2. Computationally complex 

Morison equation and Strip 
method[70] 

1. Simple and more intuitive 

2. Directly relates velocity and acceleration with body motion 

3. Not suitable for a body having larger dimensions with respect to wave height and not smaller compared to the incident 
wavelength[88] 

Coupled dynamic model[73] Distributed model, which couples rigid body dynamics with vibrating tail dynamics 

 
Table 2  Analytical methods and their significance 

Analytical methods Significance 

Resistive theory[89] Fluid forces compose of longitudinal skin friction and lateral drag forces. Neglecting inertial forces remains the main drawback 

Waving plate theory[90] Models fish as undulating infinitesimal height 2-D plate, which is a theoretical one 

Lighthill’s theory[12,13,83] 

Lighthill’s theory describes the dynamic forces experienced by a fish in a horizontal plane and is widely used for dynamic modeling. 
The following are the advantages of the same. 

1. Greater computational efficiency[80] 

2. Easy to estimate the hydrodynamic parameters 

3. Considered to be a standard motion model for robotic fish motion. 

4. Lighthill’s wave function with multi-degree of freedom generates different swimming patterns like carangiform, anguilliform, 
etc.,[82] 

Elongated Body Theory incorporates the effect of added mass[12] 

Large Amplitude Elongated Body Theory (LAEBT) best suits for giant deformations of the tail[13] 

LAEBT with Euler-Bernoulli theory models the deformation of flexible tail movement[91] 

Airfoil theory[51,73] 
1. Used for body and Fin surface modeling 

2. Parameters for the medium of contact (air) is completely different 

 
drag, and lift coefficients can be identified using the 
CFD tool for real-time modeling of robotic fish[92,93]. In 
the experimental approach, the gray box identification 
algorithm is used to build the setup for dynamic para-
meter identification. This algorithm does not encompass 
the entire dynamics of real-time water bodies, leading to 
inaccuracies[94,95].  

Data-driven modeling is simple, and the hydrody-
namic parameters can be captured using sensors 
mounted on the fish robot. Additionally, in real-time 
several hydrodynamic parameters are identified, and the 
controller needs to be tuned accordingly, which is really 
challenging, and thus giving an extra lead to a da-
ta-driven approach. This approach has been widely stu-
died in ships and underwater propeller-based vehicles. 
Yu et al. developed data-driven modeling for a multi- 
joint fish robot with an irregular geometric profile[70]. 

More experimental trials should be conducted to capture 
the complete dynamics of the system in the data-driven 
approach, thus increasing the data size. The amount of 
thrust generated by the fish depends on the velocity and 
mass of the displaced water (added mass). Like in aero-
dynamics, where airfoil influences the vortices, in robotic 
fish, the tail acts as a hydrofoil to generate vortices. 
These vortices result in water particle movement along 
the fish body, thus inducing a thrust. According to 
Lighthill’s theory, the thrust generated around the fish has 
three components, (a) reactive forward pushing force,  
(b) rate of change of momentum at the tip of tail blade 
and (c) rate of change of momentum due to the displaced 
mass of water. Dynamic modeling involves mathematical 
formulations based on application requirements. Nguyen 
et al. proposed a model using Kirchhoff’s equation for 
motion with Euler-Bernoulli beam theory based vibrating 
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caudal fin model and Morison equation for hydrody-
namic analysis. The instantaneous thrust generation in 
the tail tip was approximated using LAEBT[38]. Yuan et 
al. integrated hydrodynamic study by solving the Mor-
rison equation and dynamic modeling based on Newton- 
Euler formulations. Finally, the state-space model relates 
a dynamic analysis to the head coordinate system. The 
thrust generated for one undulation is oscillatory in na-
ture and hence, is averaged for one cycle and converted 
to the discrete domain for effective thrust control[70]. To 
derive the relationship between control input and thrust 
generation in the fish robot, the LAEBT mechanism was 
incorporated by Verma and Xu[96]. Most significantly, the 
thrust is modeled as a linear function of control input, so 
that affine-in control can be achieved. Inclusion of thrust 
delay in controller design improves the speed control 
performance considerably[97]. 

6  Control mechanism and controller design 

This section describes various strategies of control 
and control parameters used in robotic fish. It also ela-
borates on generalized closed-loop control used in ro-
botic fish to achieve desired navigation. Various con-
trollers used in this field and the scope of other control-
lers in robotic fish are also discussed, which can provide 
a future direction in controller design.  

 
6.1  Control strategies  

Locomotion control employed in robotic fish can 
be classified into five categories namely, (i) direction 
control, (ii) depth control, (iii) speed control, (iv) stabi-
lization and trajectory control. Different motion control 
mechanism addresses different control parameters to 
achieve desired motion in robotic fish and is summa-
rized in Table 3. Direction control approach manipulates 
the robotic fish to create forward/backward and turning 
motions. Proper selection of amplitude, frequency, and 
phase angles of actuation promises the desired direction 
of motion. Forward motion is achieved by flapping the 
caudal fin in equal amplitude with respect to the body 
axis, as shown in Fig. 13. Selection of unequal actuation 
amplitudes with reference to body axis enables the fish 
robot to make a turn[35]. Pectoral fin flapping and head 
swing also play a significant role in direction control. 

Depth  control in  a robotic fish  is achieved through  

Table 3  Summary of motion control parameters for different 
motion control strategies 

Type of motion control Control parameters 

Direction control Undulation amplitude, frequency and phase 

Depth control Pitch angle, position of center of gravity 

Stability control Pitch, yaw, and roll angles, buoyancy force 

Speed control 
Amplitude of undulation or oscillation, undula-

tion pattern, flapping part length, frequency, 
thrust delay, and drag force 

Trajectory control Current pose, speed, and reference of guidance

 

A
B

B
A BA

A = B A < B

Forward swimming Left turn Right turn

A > B

Central body axis

 

Fig. 13  Direction control mechanism in fish. 
 

different techniques like ballistic tank approach, tilted 
pectoral fin arrangement, and sliding mass. Ballistic tank 
approach is a widely preferred choice, where robotic fish 
weight is altered by changing the volume of water in the 
tank. Vertical motion can be achieved by increasing the 
weight force until it exceeds the buoyancy force. In 
sliding mass control, the vertical motion is achieved by 
changing the center of gravity using movable masses. 
Adjusting the attack angle of pectoral fins to achieve 
depth control has also been investigated[81,98]. Here, 
depth control is closely related to the swimming velocity. 
During forward swimming, the angle of attack induces 
pitch angle variation and makes the robotic fish move 
up/down. Stability can be achieved by adjusting the 
pitch and roll angles of the fish robot. A four-tank ba-
lancing system for pitch and roll angle adjustment for 
robot stabilization is reported in Ref. [99], and it is a 
very slow process. A 1-DoF barycentre mechanism can 
adjust the center of gravity of the fish robot to maintain 
stability[100] in one direction. To achieve both pitch and 
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roll angle stabilization, a 2-DoF barycentre mechanism 
was implemented[101] using sliding mass control. 

Speed control in robotic fish depends on several 
parameters like undulation amplitude, undulation part 
length, undulation pattern[35], frequency, etc. The lite-
rature illustrates the ease of frequency manipulation as 
compared to other identified parameters. Robotic fish 
velocity is affected by thrust gradient, thrust delay, and 
drag force[96], which has to be compensated to achieve 
the desired speed. From literature, it is seen that a top 
speed of 3.7 m·s−1 was achieved using a 4-joint caran-
giform robotic fish iSplash-II[3]. Trajectory control is 
naturally a closed-loop system involving both direction 
and depth control modes. It predicts the current status 
(position, orientation, and velocity) of the fish robot and 
control the same with respect to the reference trajectory. 
Straight and circular path 3-D trajectory tracking was 
investigated in simulation platform[37] with negligible 
tracking error using 6-DoF (heave, surge, sway, roll, 
pitch, and yaw) robot model.  

 

6.2  Closed-loop control systems 
Major objective of a robotic fish is to (i) mimic the 

real fish motion and (ii) track the reference trajectory or 
reference speed. The motion of real fish is fundamentally 
a sequential operation of caudal fin muscles. Two differ-
ent approaches, namely kinematic based approach[3,82,102], 
and Central Pattern Generator (CPG)[103–107], has been 
widely employed in literature to achieve such sequential 
operations. Kinematic based control involves inverse 
kinematic fish model to generate the required joint an-
gles and sequences. Increase in number of joints makes 
the inverse kinematic solution tedious. On the other hand, 
CPG control eliminates the need for an inverse kine-
matic solution to determine the individual joint position. 
It modulates the higher-level parameters like amplitude 
and frequency of the body wave equation based on the 
required pattern. Then, the body wave equation is dis-
cretized to generate required position of individual joints. 
CPG focuses on the generation of coordinated move-
ments along the fish body, which is important to gener-
ate desired pattern for achieving enhanced thrust, ve-
locity, and acceleration. It is well-suited for serial joint 
manipulator employed in an unstructured and dynamic 
environment.  This  makes  CPG  a  preferred  choice  of  
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Fig. 14  Basic block diagram of the closed-loop control system in 
robotic fish. 

 
actuation for robotic fish. However, it involves many 
uncertain parameters which are heuristically chosen for 
achieving better performance[36].  

Several closed-loop control techniques[81,85,96,97,108,109] 
have been reported and the basic methodology adopted 
is shown in Fig. 14. Current position (Ẑa) of the robotic 
fish in a 3D space is determined by the Inertial Mea-
surement Unit (IMU) and vision sensors. IMU integrates 
accelerometer and gyroscope data to determine the po-
sition and orientation, respectively. Due to poor visibil-
ity caused by turbidity & scattering effect[110–114], vision 
sensors are less employed for underwater robotic ap-
plications. To determine flapping motion of a robotic 
fish, the controller uses error between the target (Zr) and 
the actual position predicted by the sensors. The signal 
generated by the controller describes the flapping angle, 
amplitude, phase, and frequency of body wave equation. 
Each joint position (θ1 to θn) is controlled either by the 
inverse kinematic solution or CPG mechanism based on 
the generated body wave equation. Water current is a 
major source of perturbation in realizing the fish motion. 
Thus, the objective of the controller is to maintain sus-
tained motion of each articulated joints for target track-
ing and stability maintenance. 

Controllers employed in robotic fish can be cate-
gorized into three types, namely, (i) Classical, (ii) Intel-
ligent and (iii) Hybrid control technique as illustrated in 
Fig. 15. Classical control involves the use of Propor-
tional-Integral-Derivative) PID controller[73] to minim-
ize the tracking error. Proportional controllers are used 
in guided swimming to control the orientation of robotic 
fish[115]. A passive approach using proportional controller- 
based  locomotion  employed  for  swimming  along  the  
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Fig. 15  Category of controllers used for robotic fish (*white box – 
indicates controllers implemented in the fish robot, grey box – 
indicate unimplemented controllers in robotic fish but have scope 
for investigation). 

 
wall of a glass aquarium is investigated[86]. Pressure 
variation due to the wall in an aquatic environment is 
sensed using pressure sensors distributed along the head 
and body of robotic fish. Current distance and orientation 
of the robot with respect to the wall is identified from the 
ratio of pressure magnitude and its variation. Based on 
this ratio, a PID controller is employed to decide the 
further course of action for the robot to follow the wall 
closely. Image theory approach was utilized for measur-
ing these pressure variations theoretically and verified 
through simulations as well as real-time studies. A good 
correlation was observed, and hence, it was recom-
mended for coordination control in robotic fish[86]. Linear 
quadratic control and Sliding Mode Control (SMC) has 
received a lot of attention over recent years. SMC is 
capable of handling unstructured disturbances like water 
currents and can minimize the tracking error[96]. Model 
Predictive Control (MPC) and fractional order PID con-
troller are highly successful techniques in controlling a 
serial link manipulator[78]. This brings in a lot of research 
scope in extending this MPC for robotic fish. Non-linear 
nature of robotic fish gives scope for investigating the 
application of fractional order PID controller in that area. 
Serial joints of the fish robot body can be considered as a 
cascaded system, and hence, the inverse model of the 
system can also be employed for control applications.  

In intelligent control methods, fuzzy control is a 

powerful tool to handle uncertainties and non-linear 
dynamics, which makes it an ideal choice for motion 
control of robotic fish. Robustness of fuzzy logic sys-
tems can provide efficient depth control amidst poor 
image quality in underwater[81]. Control of depth and 
direction simultaneously is difficult to achieve. Hence, 
depth control is performed using a reference depth value 
of the artificial target initially, followed by direction 
control to reach the real target. In this study, the robotic 
fish uses spiral motion to reach the required depth. Other 
techniques involve the use of ballistic tanks, gliding 
motion, fins, sliding mass to make the fish robot dive in 
a 3D environment. Fuzzy control of paired pectoral 
fins[116] and heading control[117] to achieve desired mo-
tion has also been investigated, which outperforms in 
terms of maneuverability and stability. Machine learning 
techniques are found to be an ideal tool for fish robot 
modeling with affine in control. The neural network 
offers good approximation for non-linear control me-
thods and is used for trajectory tracking applica-
tions[87,118]. Iterative Learning Control (ILC) mechanism 
is capable of learning the complex fish dynamics and is 
effective in handling repetitive tasks. It performs speed 
tracking during entire operation interval rather than 
asymptotic error convergence in the time domain. It also 
facilitates improvement in tracking performance amidst 
partial knowledge of model parameters[109]. In contrast to 
ILC Repetitive Control (RC) is period based pointwise 
learning approach, which is not suitable for robotic fish 
systems because of the control action (frequency, am-
plitude, and phase) update is possible only at the begin-
ning of each undulatory cycle not during undulation.  

Hybridization of multiple controllers has also been 
evaluated to control robotic fish. Combination of clas-
sical PID with a fuzzy controller for Point-To-Point 
(PTP) locomotion is investigated. In this, PID and fuzzy 
logic are used for speed and orientation control, respec-
tively. Fuzzy based PID controller uses fuzzy logic to 
determine the PID control parameters (KP, KI, and 
KD)[119]. Hybridization of neural network and fuzzy logic 
with SMC is found to provide optimal tracking con-
trol[118,120]. Wen et al. investigated that fuzzy based PID 
controller outperforms in terms of settling time, rising 
time, steady-state error, and thrust efficiency[121]. Block 
control mechanism collaborated with feedback lineari-
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zation is addressed[122] in aerial vehicles for position 
control. Block control mechanism divides the multi- 
variable system into a single-input-single-output system, 
which simplifies the feedback linearization process. For 
trajectory tracking in underwater robots, this mechanism 
can become a potential application and can be further 
investigated. 

7  Analysis of performance parameters  

Fish movements can be studied through two ways 
such as (i) body bound position and (ii) earthbound po-
sition. In body bound position, the movement of fish is 
studied with reference to the central axis of the fish body. 
It is described by parameters like undulation magnitude, 
propulsive wavelength, and frequency. This is important 
to generate the required pattern along the fish body for 
achieving the desired motion. Unlike body bound posi-
tion, the earth-bound position is an outcome (navigation) 
based study. Parameters like speed, distance, accelera-
tion, deceleration, and turning radius are some of the 
outcomes to evaluate the fish robot performance. 

Recent days, most of the robotic fish design focuses 
on improving these earth-bound parameters, which can 
increase propulsion speed and enhances maneuverability. 
To achieve these, efficient mechanical structure and 
motion control strategies are vital requirements. Design 
of mechanical structure involves either hyper-redundant 
discrete body design[123,124] as shown in Fig. 16 or con-
tinuous body design[18,110]. The former uses the Multi- 
Motor Multi-Joint (MMMJ) mechanism and later uses a 
Single-Motor Multi-Joint (SMMJ) mechanism. The fish 
robot is discretized into small parts (links L0, L1, L2…LN) 
from head to tail, as shown in Fig. 16 to achieve bending 
motion mimicking a real fish. Here, the links are made 
up of rigid bodies united by joints. To imitate a real fish 
movement, the number of joints in the fish robot needs to 
be increased. These joints may be driven either by a 
single actuator system or multiple actuators. The latter 
uses motors (J1, J2, … JN – active joints) at each joint and 
can be driven independently but, former uses only one 
motor to drive the primary joint (J1 – active joint) and all 
other secondary joints (J2, J3, … JN – passive joints) are 
driven either by wire or translational elements like gears. 
The MMMJ mechanism produces good propulsion 
speed and maneuverability at the cost of  more electrical  

J1 J2 J3 JNJN−1

L1 L2L0

Rigid
head

LN−1 LN

 
Fig. 16  Multi-joint robotic fish design. 

 
power to drive the actuators. On the other hand, the use 
of a single motor in SMMJ mechanisms improves 
energy efficiency[79]. This method is reported to produce 
lesser propulsion speed, mainly due to rigid links that 
have to be driven by a single actuator system. Use of 
flexible links can overcome this problem enabling it to 
reach higher propulsion speed[3]. 

Summary of various fish robots currently in exis-
tence along with their locomotion parameters reported in 
the literature are listed in Tables 4 and 5. Observing the 
effect of undulating or oscillating frequencies on speed 
of the robot, it is evident that higher speeds are achieved 
at certain critical frequencies. This frequency is depen-
dent on number of joints participating in the action of 
undulation or oscillation, body structure, oscillation 
magnitude, and body-fluid interaction. A sailfish is ca-
pable of reaching 110 km·h−1 linear velocity, and Pike 
fish can accelerate as high as 249 m·s−2[6], whereas a fish 
robot can navigate at 13.32 km·h−1 (3.7 m·s−1)[3]. 

Comparing turning rates of various robotic fishes 
given in Table 6, multi-joint fish robot achieves maxi-
mum turning rate than single-joint variants. The multi- 
joint robot can easily generate C-shape movement, 
which drastically reduces the turning radius and rises 
turning speed[43]. A peak turning speed of 4500˚/s[6] is 
recorded in archerfish, whereas a fish robot achieves 
670˚/s with an MMMJ configuration. Realizing a fish 
robot close to these natural behaviors is still challenging 
and ongoing research. The performance parameters 
listed in Tables 4 and 5 is used for the comparison of 
swimming speeds of different swimming styles of robot 
fishes. It is grouped into four styles, as discussed  
in section 2, such as BCF-oscillation (BCF-O), 
BCF-undulation (BCF-U), MPF-oscillation (MPF-O), 
and MPF-undulation (MPF-U). Fig. 17 shows the fre-
quency versus swimming speed plot of various works 
reported in the literature. For better visualization of 
performance parameters, logarithmic scale is used in the  
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Table 4  Typical electrical actuator based robotic fishes and its performance parameters 

Reference 
Swimming speed 

Body length (m) Frequency (Hz) Swimming mode Swimming style Number of joints Number of actuators used 
BL·s−1 m·s−1 

Ref. [125] 0.65 0.3 0.46 0.6 MPF-U Rajiform 6 6 DC motors 

Ref. [126] 0.8 0.4 0.5 1 MPF-U Rajiform 4 4 Servo motors 

Ref. [123] 0.65 0.7 1.08 1 BCF-O Sub-carangiform 4 4 Servo motors 

Ref. [124] 0.8 0.32 0.4 2 BCF-O Carangiform 4 4 Servo motors 

Ref. [16] 1.02 0.2 0.2 0.5 BCF-U Carangiform 4 4 Servo motors 

Ref. [127] 1.15 0.57 0.5 6 BCF-O Sub-carangiform 4 1 DC motor with 3 passive joints 

Ref. [18] 3.4 0.87 0.26 6.6 BCF-O Carangiform 1 1 (Magnet-based actuator) 

Ref. [128] 1.9 0.17 0.09 10 BCF-O Thunniform 4 4 DC motors 

Ref. [43] 1.21 0.53 0.44 2.6 BCF-O Sub-carangiform 1 1 Servo motor 

Ref. [38] 0.7 0.32 0.45 1.4 BCF-O Sub-carangiform 2 1 Servo motor with one passive joint

Refs. [79,129] 3.07 1.14 0.37 4 BCF-O Carangiform 2 1 Servo motor with one passive joint

Ref. [3] 11.6 3.7 0.32 20 BCF-O Carangiform 4 1 Servo motor with 3 passive joints

Ref. [130] 0.5 1.2 2.4 1 BCF-O Carangiform 1 1 DC motor 

Ref. [2] 0.98 0.58 0.59 0.6 BCF-U Carangiform 4 4 Servo motors 

Ref. [131] 1.1 0.32 0.29 4 BCF-O Carangiform 1 1 Servo motor 

Ref. [132] 0.6 0.06 0.1 10 BCF-O Sub-carangiform 5 5 Magnet-In-Coil Propulsor 

Refs. [75,132] 0.85 0.1 0.12 2 BCF-O Carangiform 2 1 Servo motor with one passive joint

Ref. [17] 4 2 0.5 NA BCF-O Sub-carangiform 3 3 Servo motors 

Ref. [133] 0.85 0.43 0.5 2 BCF-O Carangiform 2 2 Servo motors 

Ref. [134] 0.25 0.25 0.99 0.6 BCF-U Anguilliform 10 10 Servomotors 

Ref. [135] 0.38 0.42 1.1 1.2 BCF-U Anguilliform 12 12 DC motors 

Ref. [136] 0.52 0.4 0.77 0.4 BCF-U Anguilliform 7 7 DC motors 

Ref. [137] 0.06 0.07 1.19 NA BCF-U Anguilliform 9 9 DC motors 

NA – Not Available 

 
graph. From the comparison of four swimming styles, 
the BCF-O style achieved better swimming speed at 
high frequencies in most of the literature. The BCF-U 
style also achieved good swimming speed at medium 
frequencies compared to MPF styles. It is understood 
that the MPF style locomotion is well suited for special 
locomotion characteristics like braking, turning, and 
hovering and not for achieving high-speed swimming.  

Locomotion data from Table 4 can be grouped 
based on single and multiple actuator systems with their 
swimming speed, as shown in Fig. 18. It is observed that 
the use of single or multiple actuators for multiple joint 
systems does not necessarily decide the swimming speed. 
This is mainly due to the impact of various parameters 
like frequency, efficient mechanical energy transfer at 
higher frequencies, streamlined body structure, and sta-
bility[3]. Hence, it is important to concentrate on these 
parameters as well to attain enhanced swimming per-
formance, which is achieved in the literature[17,18] and 
highlighted in Fig. 18. Recent research work involves 

usage of an optimization tool for the structural design as 
it provides the best outcome in terms of thrust. The 
propulsion parameters, such as flapping frequency and 
velocity, are directly related to the link lengths and joint 
angles. Optimization of link lengths and joint angles 
provide the best fit on traveling wave equation, thus 
achieving maximum thrust[1,70,148]. The real fish dimen-
sions provide a good base for the development of bio-
inspired fish robots. Body length, shape, and mass are 
the important parameters to mimic a real fish structure. 
Mass of a real fish is not always constant as it changes 
based on depth. The body length and shape of the fishes 
can be utilized as a reference for the design of robot 
fishes. Some of the real fish body lengths and its 
swimming speeds presented in Table 7 are taken for the 
comparison of robot fishes, as shown in Fig. 19.  

The comparison of smart actuators-based locomo-
tion, electrical actuator-based locomotion, and natural 
fish locomotion shown in Fig. 19 concludes that there  
is a significant gap between smart and electrical actuator         
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Table 5  Typical smart actuator based robotic fishes and its performance parameters 

Reference 
Swimming speed Body length 

(m) 
Frequency (Hz) 

Swimming 
mode 

Swimming style
Actuator 

type 
Propulsion part 

Max deflection 
angle BL·s−1 m·s−1 

Ref. [57] 0.125 0.02 0.16 2 BCF-O Carangiform IPMC Caudal fin 15 

Ref. [58] 0.053 0.0042 0.08 0.4 MPF-U Rajiform IPMC 
Extended Pectoral fin  
(Manta ray inspired) 

15.5 

Ref. [59] 0.067 0.0074 0.11 0.1 MPF-U Rajiform IPMC 
Extended Pectoral fin 
 (Manta ray inspired) 

40 

Ref. [52] 0.119 0.021 0.18 1.5 BCF-O Thunniform IPMC Caudal fin NA 

Ref. [46] 0.038 0.05 1.32 0.4 MPF-U Rajiform IPMC 
Extended Pectoral fin (Manta ray 

inspired) 
NA 

Ref. [50] 0.067 0.012 0.18 0.714 BCF-O 
Thunniform & 

Labriform 
IPMC Caudal and two Pectoral fins NA 

Ref. [56] 0.06 0.0078 0.13 1 BCF-O Carangiform IPMC Caudal fin NA 

Ref. [138] NA 0.0015 NA 0.67 NA Jet Propulsion IPMC Jellyfish inspired NA 

Ref. [53] 0.245 0.024 0.1 2 BCF-U Carangiform IPMC Caudal fin NA 

Ref. [54] 0.034 0.007 0.21 0.157 MPF-U Rajiform IPMC 
Extended pectoral fins (cownose ray 

inspired) 
10 

Ref. [139] 0.092 0.0115 0.13 NA Oscillation Turtle inspired SMA Chelonia mydas turtle inspired NA 

Ref. [140] 0.905 0.057 0.06 0.4 Oscillation Jet Propulsion SMA Jelly fish inspired NA 

Ref. [141] 0.77 0.112 0.15 2.5 BCF-O Carangiform SMA Caudal fin NA 

Ref. [142] 0.43 0.057 0.13 0.64 MPF-U Rajiform SMA 
Extended Pectoral fin (Manta ray 

inspired) 
20 

Ref. [47] 0.35 0.07 0.2 1 MPF MPF SMA Star fish inspired NA 

Ref. [61] 3.5 0.6 0.17 15 BCF-U Sub-carangiform PFC Entire body NA 

Ref. [143] 0.093 0.0252 0.27 0.9 BCF-O Thunniform PFC Caudal fin NA 

Ref. [64] 0.228 0.04 0.18 5 BCF-O Thunniform others Caudal fin 45 

Ref. [64]* 0.138 0.018 0.13 5 BCF-O Thunniform others Caudal fin 45 

Ref. [144] 0.77 0.077 0.1 1.5 Oscillation 
Leg inspired mo-

tion 
others Swimming legs NA 

*Two versions implemented in same paper; NA – Not Available 

 
Table 6  Turning speed of typical robotic fishes 

Prototype  Number of joints Turning speed (˚/s) 

Ref. [145] 2 33 

Ref. [16] 4 120 

Ref. [102] 4 120 

Ref. [146] 2 38 

Ref. [79] 2 90 

Ref. [128]  1 14 

Ref. [43] 1 12 

Ref. [147] 4 670 

Ref. [130] 1 75 

 
locomotion as well as a remarkable gap between natural 
fish and electrical actuator locomotion. This gap is due 
to the variations in the structure, body length, undula-
tion/oscillation frequency, and actuation principle used 
for propulsion. Comparing electrical actuators, smart 
actuators body length and frequency lies in lower range 
as indicated in Figs. 19 and 20, which results in very low 
swimming speed.  

8  Challenges 

This section provides a detailed discussion on 
challenges in structural design, modeling, and control 
strategies of fish robots. The research gaps and possible 
future directions of research in this area are identified 
and presented below.  

Though real fish locomotion inspires many designs 
in biomimetic fish robot, there still exist significant 
challenges to be addressed. The maximum swimming 
speed of swordfish is 27 m·s−1, whereas in robot fish 
maximum speed of only 3.7 m·s−1 have been achieved 
till date. Similarly, the maximum turning speed of arc-
herfish is 4500˚/s[150], whereas a robot fish achieves 
670˚/s. Additionally, real fish exhibits special behaviors 
such as a maximum quick start of 249 m·s−2 in pike fish, 
escape maneuvering, braking, and hovering. Achieving 
these special behaviors in robot fish needs integration of 
BCF and MPF styles, which encounters synchronization  
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Fig. 17  Comparison of swimming speeds versus frequency using 
different swimming styles. 
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Fig. 18  Single versus multiple actuator systems with respect to 
the number of joints and swimming speed. 

 
Table 7  Parameters of real fish includes body length and top 
speed[149] 

Name of the fish Swimming style
Average length 

(m) 
Top speed

(m·s−1) 

European Eel Anguilliform 0.75 0.8 

Giant Moray Anguilliform 3 2 

Sea Snake Anguilliform 0.63 0.8 

Chum Salmon Sub-carangiform 0.65 5 

Chinook Salmon Sub-carangiform 1 6 

Lake Sturgeon Sub-carangiform 2 1 

Swordfish Carangiform 4.55 27 

Bonefish Carangiform 0.77 17 

Giant Trevally Carangiform 1.7 13 

Yellowfin Tuna Thunniform 1.3 16 

Mako Shark Thunniform 2 13 

Bottlenose Dolphin Thunniform 3 11 

Banded Wrasse Labriform 0.27 0.84 

Spotted Wrasse Labriform 0.158 0.58 

Schelegel’s Parrotfish Labriform 0.22 0.85 

Box Fish Ostraciiform 0.13 0.88 

0.0016

0.0080

0.0400

0.2000

1.0000

5.0000

25.0000

125.0000

0.04 0.20 1.00 5.00
Body length (m)

Electrical actuators Natural fish Smart actuators  
Fig. 19  Swimming speed comparison of biological and artificial 
fishes with the body length. 
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Fig. 20  Comparison of speed versus frequency of robots using 
different actuators. 
 
problem and design complexity that needs to be ad-
dressed by the research community. Optimization algo-
rithms have potential applications in design and control 
parameters of robot fish. Investigation on use of evolu-
tionary optimization techniques like genetic algorithm, 
ant colony optimization, particle swarm optimization for 
robot fish design will be the possible future area of re-
search. The choice of swimming style in robot locomo-
tion plays a vital role in achieving appropriate locomo-
tion characteristics. From literature, thunnniform pro-
vides energy-efficient locomotion[151], carangiform and 
sub-carangiform achieve high-speed swimming. Im-
plementation of these styles in real-time applications 
like underwater exploration, oil, gas leakage inspection, 
and behavioral study of aquatic lives brings in lot of 
complexities in stability and buoyancy maintenance 
demanding precise design.  

Apart from rigid bodies, soft bodies structures are 
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also employed for improving 3D maneuverability of 
robot fish. Smart and soft actuators are majorly utilized 
for achieving flexible structures in robot fish. It en-
counters the problem of poor body stiffness, controlling, 
and slower response resulting in challenges in terms of 
material selection, actuator selection, and controller 
design. Actuator systems with smaller size, lesser weight, 
and simplified control are preferred to design a fish robot. 
Smart actuators such as SMA, IPMC, PFC actuators, and 
soft actuators are used for propulsion in soft robot fish-
es[47,50,54,110,152]. The IPMC and PFC based smart actua-
tors can generate flapping motion through deformation 
process, but natural muscle of fish is capable of gene-
rating multi-dimensional motion. Therefore, emulation 
of muscles using IPMC and PFC actuation is a very 
complex process. Moreover, the interaction studies of 
soft body with water are challenging as the change in 
shape of the system is continuous along its body. Ac-
cording to the literature, predominantly flapping fre-
quency for smart actuators is very low (< 5 Hz) as shown 
in Fig. 20. It limits the smart actuators to achieve 
high-speed swimming and turning. As a conclusion, the 
2-D maneuvering of robot fish using smart actuators 
provides energy-efficient flapping, but for high speed 
and 3-D maneuverability, lots of design improvements 
need to be carried out to reduce actuation time and 
achieve synchronization. 

Dynamic modeling in a non-linear environment and 
online identification of hydrodynamic parameters like 
drag force, buoyancy, and thrust force is a promising 
area to be investigated. Predominantly, Lighthill’s EBT, 
LAEBT models, and Lagrangian models are utilized for 
the rigid body robot fish modeling, which often en-
counters linearization problem. Bernoulli-Euler beam 
equation is utilized for modeling flexible body robot fish, 
which limits the flapping magnitude. Data-driven mod-
eling can be a potential candidate to overcome the above 
limitations in conventional techniques. Data-driven 
models tend to learn about robot fish dynamics using the 
input and output data, which are collected through trail 
runs. Offline modeling techniques like neural networks 
and adaptive neuro-fuzzy inference systems use the data 
collected from various experiments to encapsulate the 
robot fish dynamics. However, randomness in the dy-
namic nature of the medium demands an action-oriented 

online modeling like reinforcement learning, which 
could be the possible future direction of research in robot 
fish modeling.  

CPG controller is used to generate gaits in robot 
fish to mimic real fish locomotion. Due to non-linear 
load variations or occasional overloading at high-speed, 
the actuators face the danger of break down or choking, 
which may lead to undesired pattern formation for 
swimming. Real-time identification and correction of 
such faults in the fish robot are essential for autonomous 
navigation. This situation demands a fault tolerance 
control mechanism, which monitors the faults conti-
nuously and provides control action in accordance. From 
the literature, it is seen that the implementation of fault 
tolerance control in robotic fish is sparse[153] and de-
mands further investigation. Predominantly model-based 
feedback controllers are employed for motion control of 
non-linear robotic fish. However, the performance of 
these controllers takes a setback, when they use linea-
rized model for real-time applications. Complexity in 
precise modeling and non-linear hydrodynamics makes 
the controller design challenging. Alternatively, intelli-
gent controllers are recently investigated for imple-
menting a model-free design so that it can retain  
the non-linearity. ILC, fuzzy, neural, and equilibrium- 
based learning controllers are investigated in litera-
ture[24,87,109,118,154], where the convergence of tracking 
error is significant. These intelligent controllers require 
prior knowledge about the robot dynamics and their 
interaction with the underwater environment. Hence, 
design of these controllers with appropriate knowledge 
about the robot dynamics can potentially improve the 
tracking performance. Alternatively, non-linear dynam-
ics of robot fish also encourages the use of adaptive 
controllers. Implementation of adaptive controllers de-
mands online estimator to track the parametric variation. 
Limited performance of underwater sensors makes the 
online estimation of these parametric variations highly 
challenging. Stochastic filters like Kalman filters, par-
ticle filters and their variants can be used to improve the 
estimation accuracy.  

9  Conclusion 

A comprehensive review on design, modeling, and 
control of robotic fish has been presented in this paper. 
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Based on the review, it is evident that high swimming 
speed is achieved in BCF type with oscillation mode of 
locomotion. Structural designs and control strategies for 
MPF style are investigated widely in literature. However, 
the performance parameters like swimming speed and 
maneuverability are not examined thoroughly, which 
augments the possibility of future research. Use of smart 
and soft actuators makes the design compact and pro-
vides better actuation close to a behavior of real fish 
muscle. A maximum swimming speed of 0.6 m·s−1 is 
reported in sub-carangiform robot using smart actuators. 
Hence, selection of actuator plays a major role in robot 
fish design and has wider scope of research.  

Through performance analysis, it was found that 
maximum swimming speed depends on a critical undu-
lation frequency. This critical frequency depends on the 
factors like actuation policy, energy transfer mechanism, 
and body stability. Optimal design of these factors 
enables to achieve a higher critical frequency and en-
hances the swimming speed. Hydrodynamic based 
modeling tools, precise control strategies, and auto-
nomous navigation are some of the important challenges 
that need significant attention. Machine learning and 
artificial intelligence tools show outstanding progress in 
modeling the non-linear dynamics, which encourages 
their usage in robot fish modeling. Literature shows that 
adaptive controllers are frequently used for non-linear 
control applications and can also be extended for fish 
robots. Here, the major challenge lies in effective sen-
sory feedback, which demands extensive research in the 
area of sensor development for underwater applications. 
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