
Robotic Fish

By Paul Phamduy, Raymond LeGrand, and Maurizio Porfiri

Design and Characterization of an Interactive iDevice-Controlled  
Robotic Fish for Informal Science Education

I n this article, we present the design, development, and 
characterization of a biomimetic robotic fish remotely con-
trolled by an iDevice application (app) for use in informal 
science education. By leveraging robots, biomimicry, and 
iDevices, we seek to establish an engaging and unique 

experience for free-choice learners visiting aquariums, zoos, 
museums, and other public venues. The robotic fish incorpo-
rates a three-degree-of-freedom tail along with a combined 
pitch and buoyancy control system, allowing for high maneu-
verability in an underwater three-dimensional (3-D) space. 
The iDevice app implements three modes of control that offer 
a vividly colored, intuitive, and user-friendly theme to 
enhance the user experience when controlling the biomimetic 
robotic fish. In particular, the implemented modes vary in the 
degree of autonomy of the robotic fish, from fully autono-
mous to remotely controlled. A series of tests are conducted 
to assess the performance of the robotic fish and the interac-
tive control modes. Finally, a usability study on elementary 
school students is performed to learn about students’ percep-
tion of the platform and the various control modes.

Robotic Fish Exhibits 
Technology facilitates learning and expression in both aca-
demic and nonacademic environments [1], [2]. In particu-
lar, the use of robotics in university-level classes and muse-
ums has been shown to effectively excite and educate 
students and free-choice learners [3], [4]. In the context of 
underwater robotics, various robotic fish have been devel-
oped and displayed for the entertainment and education of 
the general public in exhibits at aquariums [5], expositions 
[6], and water gardens [7]. Although these robots have gen-
erated considerable interest from onlookers, none of the 
exhibits offered opportunities for people to directly interact 
with the robotic fish.

Interactivity in exhibits is a crucial part of science learning 
in informal settings, whereby interactive components are rec-
ognized to improve subject retention and enhance both socia-
bility and curiosity in participants [8], [9]. To this end, smart 
devices have become increasingly popular as a tool for 
enhancing education through the use of interactive applica-
tions [10], [11]. Young participants have been shown to prefer 
the use of smart devices over traditional mediums, and better 
educational outcomes are attained with this growing technol-
ogy [12]. To actively engage participants, museums, galleries, 
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and zoos have started incorporating touchscreen tablets and 
smart devices into their displays [13]–[15]. These experiences 
allow free-choice learners to interact through their smart 
devices with images and animations in information kiosks or 
projected displays [13]–[15].

While the integration of interactive smart devices with the 
state-of-the-art robotics in informal science education is still 
untapped, our group has demonstrated the feasibility of 
increasing the engagement of young participants in a formal 
robotics-based program through the smart devices [16]. The 
program takes place at the New York Aquarium, where small 
classes of young students are first given a tour of the aquarium 
to learn about fish swimming and then tasked with designing 
the caudal fin of a robotic fish based on what they have 
observed [17]. Students are ultimately given the chance to drive 
their robotic fish with a remote control in races with their col-
leagues, which serves as a validation of the students’ bioinspired 
design. In a series of events, participants indicated an increased 
interest in science, technology, engineering, and mathematics 
careers after the program [17], and, similar to the utilization of 
touchscreens in the classroom [12], they showed a preference 
for touchscreen devices over traditional controllers for remotely 
controlling their robotic fish [16]. In this study, students also 
found the interface of touchscreen devices to have a higher 
usability as compared with a traditional remote. 

Here, we leverage these findings toward the design and 
development of a biomimetic robotic fish remotely con-
trolled by an iDevice app for use in informal science educa-
tion. We specifically envision the deployment of this plat-
form in informal science venues in which free-choice 
learners can interact with the robotic fish in a series of activi-
ties through their smart device. The robotic fish builds on 
the work of [5] and [18] and incorporates a three-degree-of-
freedom tail, a pitch control system, and a buoyancy control 
system to enable 3-D underwater servomotors that are indi-
vidually controlled to simulate fish undulation. The novelties 
in the robotic fish design include the implementation of a 
combined pitch and buoyancy control system for 3-D loco-
motion, the independence between the robotic fish shape 
and its waterproofed electronics, and the inclusion of biomi-
metic swimming patterns.

In addition to such robotic advancements, we introduce a 
spectrum of user-friendly touchscreen applications that are 
created to engage free-choice learners in control of the robotic 
fish while delivering salient educational content on robotics 
and biology. An iDevice, specifically the Apple iPad mini, is 
selected as the appropriate hardware for this app due to its 
widespread usage as well as its portability, wireless networking 
capacity, and high-resolution graphics. The general public’s 
familiarity with and interest in these devices are expected to 
contribute to more natural interactions with our exhibit plat-
form. The novel app affords three modes of control, which 
vary in the degree of autonomy of the robotic fish. Beyond the 
remote control of the robotic fish [16], we propose two addi-
tional modes of control in which the robotic fish is either pre-
scribed a route to follow by the user through real-time video 

feedback, similar to [23], or is tasked to autonomously navi-
gate the environment through infrared (IR) sensors. To dem-
onstrate the feasibility of the platform, we perform a usability 
study on elementary school students.

Hardware Description
The robotic fish developed in this article is shown in Figure 1. 
The mechanical design consists of a motorized tail, an elec-
tronics housing, a pitch control system, and a buoyancy con-
trol system. This design is selected for its implementation 
simplicity, ability for underwater swimming in 3-D, and 
decoupling of the hardware from the aesthetics. Tail beating 
allows for swimming in two dimensions (2-D), while the 
pitch and buoyancy control system, located in the head of the 
fish along with the electronics housing, are utilized for diving. 
The cover of the robotic fish is designed in SolidWorks, tak-
ing inspiration from a scup fish, Stenotomus chrysops [24], 
and built out of solid-packing acrylonitrile butadiene styrene 
(ABS) material printed from a Stratasys rapid prototyping 
machine. Finally, the cover is painted using nontoxic colors 
inspired by the natural color pattern found in scup fish [24]. 
The robotic fish measures 46 cm in length, 19 cm in height, 
and 10 cm in width and weighs 1,170 g. The servomotors and 
electronics are individually waterproofed to improve the 
durability of the robot and facilitate variations of its aesthetics.

Electronics Housing
The electronics housing contains the power elements, the 
control unit, and the mechanical pitch control system [see 
Figure 2(a)]. The electronics housing is a polycarbonate 
waterproof Bulgin box enclosure with two mounting holes 
that are used to connect to the remainder of the assembly. The 
primary electronic components include an Arduino Pro Mini 
microcontroller, a RFM22B radio transceiver, and a 2,200 
mAh 7.4 V Traxxas LiPo battery. The microcontroller is 
selected for its size, simple interface, and limited cost.  
The RFM22B radio transceiver, which communicates at an 

(a)

(b)

10 cm

Figure 1. The front and side views of the (a) computer-aided design 
(CAD) and (b) physical prototype of the robotic fish.
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ultrahigh-frequency of 434 MHz, provides a greater range of 
transmission though water, as compared with a direct Wi-Fi 
connection at 2.4 GHz [25], which is effective only for a few 
centimeters. A printed circuit board (PCB) is designed using 
Eagle PCB software and fabricated in-house on an LPKF Pro-
toMat circuit board plotter to connect the electronic compo-
nents. In addition, a battery charge sensor, composed of a 
voltage divider utilizing two 10-kX resistors, is included to 
measure the battery power level, which is read by the Arduino 
using an analog-to-digital conversion of the output voltage. 
The robotic fish is powered by the 2,200-mAh battery, which 
lasts 2.5 h while swimming continuously.

The PCB is connected internally to the pitch control sys-
tem and externally to the tail, two Sharp GP2Y0A21YK0F IR 
sensors, and the buoyancy control system. At the mounting 
holes, the wires to the external electronics are fitted through a 
3-D printed tube and sealed with rubber silicone. For naviga-
tion, the sharp IR sensors, pointing 120° apart, are attached to 
the front of the robotic fish to detect the distances to walls or 
other obstacles. The circuits of the IR sensors are water-
proofed with a layer of general-purpose epoxy. Rapid-proto-
typed parts are fabricated from ABS material to hold the elec-
tronics, sensors, and battery in place.

Pitch Control
The pitch control system is used in conjunction with the buoy-
ancy control system to regulate the depth of the robotic fish. 
The design implements a pitch control system similar to [26], 
whereby a known mass is shifted to change the center of gravity 
of the robotic fish. Unlike other robotic fish prototypes that 

employ the anal fin [27], pecto-
ral fins [28], and glide wings 
[29] for 3-D swimming, the 
implementation with the bal-
ance mass decouples the 
mechanics of diving from the 
robotic fish cover. Herein, a 
tungsten mass is used rather 
than a battery pack as in [26] 
[see Figure 2(b)]. The pitch of 
the robotic fish is controlled 
using a Hitec HS-65MG servo-
motor, modified for continu-
ous rotation by severing an 
internal physical stop con-
nected to a 12-mm-diameter 
lead screw. When the servo-
motor is actuated, the lead 
screw linearly shifts a tungsten 
mass of 165 g within the elec-
tronics housing. To constrain 
the travel of the tungsten mass, 
two limit switches are inte-
grated at opposite ends of the 
lead screw. When the balance 
mass collides with a limit 

switch, the microcontroller sends a command to the pitch con-
trol servomotor to stop further movement in the direction of 
the pressed switch. The balance mass is designed with a 2.2-cm 
travel length. A sequence of three steps is used to reach the cen-
ter position of the travel length. First, the pitch mass is shifted to 
contact the limit switch in the direction of the head; second, it is 
moved to the second limit switch while being timed; and, third, 
it is returned to the center based on half of the time measured 
in the second step.

The shifted mass is used to control the center of gravity of 
the robotic fish with respect to the center of buoyancy, thus 
tilting the robotic fish upward or downward. When the 
robotic fish is close to neutral buoyancy and the tail is com-
manded to undulate, the pitch control provides the capability 
for rising or diving.

Buoyancy Control
The buoyancy control system allows the robotic fish to be set at 
neutral buoyancy by adjusting the density within a rigid volume 
tank [Figure 2(c)]. The system consists of two Haiper GS-
V1412N water pumps encased in a rigid volume enclosure fab-
ricated using rapid prototyping. The tank contains two 
chambers, with one chamber encasing the motors and the sec-
ond holding water. The water pumps in the first chamber are 
waterproofed by filling the chamber with a petroleum-based gel. 
The buoyancy control system utilizes the first motor to pump 
water into a 74.4-ml holding chamber and the second motor to 
pump water out of the holding chamber. The motors pump 
water between the holding chamber and the surrounding envi-
ronment using airline tubing. Both motors are controlled by the 

Electronics

IR Sensor

(a) (b)

(d)

Water FlowIntake Pump

Outtake Pump Holding Chamber
Buoyancy Control

Pitch Control

Balance
Mass

Switches

Lead Screw

Pitch
Motor

Motor 1

Motor 3Motor 2

(c)

Figure 2. (a) The waterproof housing displaying the exposed electronics, sensors, and pitch control system. 
(b) The pitch control motor, lead screw, balance mass, and limit switches. (c) A CAD illustration of a cutaway 
top view of the buoyancy control tank, water pumps, and holding chamber. (d) A CAD illustration of a cutaway 
view of the robotic fish tail including the servomotors, links, and caudal fin.
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microcontroller in the electronics housing. Neutral or slightly 
negative buoyancy is achieved when the robotic fish dips below 
the water surface as the pump is taking in water. This procedure 
is conducted heuristically to calibrate the system before starting 
the app. The response time for the buoyancy control system 
alone to dive or rise is on the order of 15–20 s.

Fish Tail
The propulsion of the robotic fish is generated by the undu-
lation of the tail, which comprises three Hitec HS-82MG ser-
vomotors and a rubber silicone caudal fin. The servomotors 
actuate three rigid links at three joints, while a rubber sili-
cone fin is affixed to the last link in the tail [Figure 2(d)]. The 
maximum allowable angle at each joint is 31°, 41°, and 30° 
for motor 1, motor 2, and motor 3, respectively, based on the 
design of the cover. The caudal fin is cut from a 2.5-mm-
thick rubber silicone sheet into a bioinspired shape. The cov-
ers for the tail servomotors, fabricated with a rapid prototyp-
ing machine, are designed to be spaced 2.1 cm apart to allow 
for sufficient clearance during the tail undulation.

For the robotic fish to mimic the locomotion of a scup fish, 
its movement is based on a simplified model for carangiform 
fish swimming [30], [31]. This model is often used to charac-
terize the motion of live fish as well as to implement the same 
motion into bioinspired robotic fish [19], [30], [32], [33]. The 
sinusoidal amplitude, period, and phase offset parameters for 
each servomotor are derived from this model and then pro-
grammed into the microcontroller inside the robotic fish. The 
tail beating, that is, the lateral deflection of the tail mid-axis, of 
carangiform swimming y elmod  is defined by the wave number 

,k  the tail-beat frequency ,f  and the shape envelope of the 
undulation c1  and c2  [30] by the following equation:

 ( , ) ,cosy x t c x c x kx ft2 2model
1

2 2 r= + -` ^j h  (1)

where t  is the time variable and x  is a coordinate along the 
fish’s body, with its origin located at the first servomotor joint 
(for convenience, the fish’s body length is scaled to unit length). 
Figure 3(a) displays a typical tail undulation produced by caran-
giform swimming. Following [18], such undulation is repli-
cated by considering 30 samples in an oscillation period and 
interpolating the model shape using three rigid links for each 
time sample, as shown in Figure 3(b). All of the computations 
are performed in MATLAB. The link lengths are measured 
using a CAD model of the robotic fish, which yields lengths of 
2, 2, and 3 cm from the first servomotor to the fin. Figure 3(b) 
shows the interpolation along with the angles , ,1 2i i  and 3i  
that should be imposed at the joints of motors 1, 2, and 3 [Fig-
ure 2(d)]. Ultimately, the 30 samples of each servomotor angle 
are fitted using a MATLAB nonlinear regression method to a 
sinusoidal function whose amplitude and phase are stored and 
tabulated for input to the robotic fish [Figure 3(c)].

Software Description
Interaction with the robotic fish is enabled through an app for 
the iDevice offering three modes of control: 1) manual, 2) 

semiautonomous, and 3) autonomous. The modes differ in 
the degree of autonomy of the robotic fish, spanning from full 
autonomy to remote control by the user. At one extreme, the 
robotic fish is able to swim on its own without the need for 
user commands, while, at the other extreme, it is completely 
maneuvered by the user. In between is a mode in which the 
user controls the robotic fish via commanded waypoints. 
These modes are implemented through custom-developed 
software and a packet-based communication protocol.

Communication Protocol
The robot is controlled through a custom app running on an 
iDevice [Figure 4(a)]. The main nodes of the communication 
protocol are the robotic fish, base station, iDevice, and com-
puter. The base station comprises an Arduino Uno microcon-
troller, an RFM22B radio shield, an Arduino Ethernet shield, 
and a Netgear wNR1000 wireless router. When the iDevice 
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Figure 3. (a) The biomimetic model of a fish tail beating at various time 
instants. (b) The robotic link interpolation for a fixed time. (c) A nonlinear 
fitting of the time traces of the servomotor angles for . ,c 0 251 =  c2 =

. ,0 15-  ,k 4=  and Hz. .f 1 0=  The required angles at various time 
instants are indicated by the red triangle markers (motor 1), the green 
square markers (motor 2), and the blue circle markers (motor 3). The 
nonlinear fittings for the motors are shown in their respective colors.
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communicates to the robotic fish, the commands are relayed 
through the base station. The commands are first sent as packets 
through Wi-Fi to the wireless router in the base station using the 
user datagram protocol (UDP). Within the base station, the 
router forwards the commands to the microcontroller. The 
microcontroller then translates the commands using an RF22 
library for Arduino and transmits a signal through the RFM22B 
radio transceiver to the transceiver located in the robotic fish. In 
other words, the base station converts the UDP commands 
from the app into a radio signal transmitted to the robotic fish.

While no additional hardware is required for the imple-
mentation of both the autonomous and the manual modes, an 
external computer and a Web camera are employed for real-
time tracking and control in the semiautonomous mode. A 
Microsoft LifeCam Web camera is installed above the water 
surface in a setup similar to [34] and connected to a computer 
running Ubuntu 12.04 on an Intel Core i5 Processor. The 
computer is set to stream video at 15 frames/s to the wireless 
router in the base station utilizing a motion JPEG (MJPG)-
streamer video library. Within the app, the GStreamer open-
source library is used to receive and display the video stream 
from the Wi-Fi signal. Figure 4(b) shows the communication 
flow of this system. Two-way communication between the 
robotic fish and iDevice is achieved through this setup. The 
iDevice app is written in the Objective-C programming lan-
guage using the Apple Xcode development environment.

iDevice App and Robot Control
A separate screen of the iDevice app is used for each mode of 
control, and a menu bar allows the user to switch between the 
modes. Figure 5 displays the three separate screens along with 
the welcome screen displayed upon activation of the app.

Manual Mode
In the manual mode, a screen with sliders, buttons, and indi-
cators is presented to enable direct control of the robotic fish. 
The buttons and sliders are clearly identified with a label to 
indicate their function. The available functions are the speed 
control, steering, diving, and ascension of the robotic fish. 
Indicators are displayed for the connection status, battery 
level, IR sensors, and an identifier for the robotic fish in the 
event that multiple robotic fish are in the water tank. To have 
a consistent biomimetic locomotion, the robotic fish is set to 
follow a wave pattern of constant ,k  ,c1  and c2  values. To 
control the speed of the robotic fish, a slider located on the 
left of the screen acts as a throttle for varying the propulsion. 
In particular, the throttle controls the robotic fish’s speed by 
adjusting the tail-beat frequency. Steering the robotic fish is 
possible by sliding the steering button located at the bottom-
center of the screen, which generates an offset angle for each 
of the sinusoidal functions transmitted to the servomotors.

Such an offset, in turn, produces a turning maneuver simi-
lar to the methodology proposed in [35]. In particular, by 
sliding the steering button to the maximum rightmost posi-
tion, an offset angle of 18° is added to each of the sinusoidal 
functions transmitted to the servomotors. When the slider is 
in the neutral position, the offset angle is zero.

The diving of the robotic fish is controlled through a 
button labeled Dive! located toward the bottom-right of the 
screen, while the rising of the robotic fish is controlled 
through a button labeled Surface! located toward the top-
right of the screen. Pressing the diving or the rising buttons 
causes the robotic fish to rise or dive for 25 s before leveling 
off by modulating its pitch.

In addition to control of the robotic fish, the manual mode 
graphically displays the feedback from the IR sensors between 
the dive and rise buttons. The microcontroller is programmed 
to set the threshold value of both sensors to 15 cm. Each sen-
sor indicates to the microcontroller if there is any obstacle 
within 15 cm in front of that sensor. When the IR sensors are 
clear of obstacles, the indicator displays two green smiley 
icons. When one of the IR sensors detects an obstacle, the cor-
responding smiley icon changes into a red frowning icon, indi-
cating danger ahead.

On the top-left of the screen, a textbox indicates which 
robotic fish the iDevice is currently controlling, providing a 
way to maneuver multiple robotic fish located in the same 
water tank. On the top-middle of the screen, the connection 
status between the robotic fish and the iDevice app is indicated 
with a green icon being displayed when the connection is sta-
ble and a red icon when the connection is unavailable. Finally, 
the battery status is displayed as a percentage of remaining bat-
tery power on the top-right of the screen.

Semiautonomous Mode
In the semiautonomous mode, the user is shown an overhead 
view of the fish tank through a Web camera. On this screen of 
the app, a red box is drawn on top of the robotic fish as a 
tracker to aid the user in visually identifying the robotic fish. 

Robotic Fish

Robotic Fish

Transceiver

Camera
USB

Computer

Ethernet Base
Station

Transceiver

(a)

(b)

iDevice

iDevice

Wi-Fi

Wi-Fi

Radio

Base
Station

Figure 4. A schematic representation of (a) the communication 
protocol between the robotic fish and the iDevice for the manual and 
autonomous modes and (b) the additional components required for the 
experimental setup in the semiautonomous mode. 
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The user is instructed to create waypoints by tapping the 
screen, toward which the robotic fish is tasked to automati-
cally swim in the order they are given. This created path is 
drawn on the screen using green circles and lines to distin-
guish it from the background video. The waypoints are pro-
grammed to remain inside the borders of the app and to not 
overlap with other waypoints by finding the closest valid posi-
tion relative to the original position tapped by the user.

In the semiautonomous mode, the position and orientation 
of the robotic fish are controlled by a feedback algorithm 
implemented off board on a computer to minimize the relative 
error between the current and desired orientations. The com-
puter utilizes image processing on the live video feed and 
MATLAB computer vision libraries to track the position of the 
robotic fish, which is then fed into a Kalman filter to obtain the 
current orientation using a method similar to [34]. Once the 
current orientation is known, a proportional-integral-deriva-
tive (PID) controller implemented in the same MATLAB 
script minimizes the error between the current and desired 
orientations, similar to [20]. The error is calculated as the pro-
jection on the plane perpendicular to the camera view of the 
cross product of the current orientation vector and the desired 
orientation vector. The error in pixels is then fed into the PID 
controller, which produces an offset angle as an output. This 
output is constrained in the MATLAB script to limit the maxi-

mum offset angle to 18° for each servomotor to avoid damage 
to the robotic fish. Finally, turning is implemented in the same 
method as the manual mode, whereby the offset angle is 
added to the sinusoidal functions at each servomotor.

Autonomous Mode
In the autonomous mode, the user is presented with a screen 
showing an animated fish swimming straight. The animated 
fish offers the user a visual representation of the swimming 
decisions of the robotic fish while in the autonomous mode. 
When only one IR sensor detects an object within its vicinity, 
a red brick wall appears in front of the animated fish on the 
corresponding side detected by the IR sensor. The animated 
fish then rotates to turn away from that wall. When both IR 
sensors detect an object, two red brick walls appear in front of 
the animated fish. The animated fish then makes a u-turn on 
the screen and swims away from the walls. The animated fish 
is reset to look forward and swim straight if objects are no 
longer detected by the IR sensors.

The animations on the screen are coordinated to the 
robotic fish swimming in the autonomous mode. In general, 
the robotic fish will swim straight until it detects an obstacle 
on either or both sensors. In the event that an object is 
detected within the threshold, the robotic fish performs a pre-
programmed sharp turn maneuver, whereby the tail contracts 

(a) (b)

(c) (d)

Figure 5. Screenshots of the iDevice app showing the (a) welcome screen, (b) manual mode, and (c) and (d) autonomous mode. 
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and expands rapidly to move away from the direction of the 
detected object, following [36]. In particular, when the tail 
contracts, each servomotor is sequentially commanded, start-
ing from motor 1, to an angle offset of 30° in 1.1 s, and, when 
the tail uncurls, each servomotor’s angle offset is returned 
back to zero in 0.45 s. The servomotors are commanded to 
increase the angle offset linearly with time. This turning 
implementation is selected to reduce the likelihood that the 
robotic fish will spend excessive time in a corner while swim-
ming. When both IR sensors detect an object, the robotic fish 
activates a right-turn maneuver in an attempt to avoid the 
obstacles. The robotic fish continues to make turning maneu-
vers until no obstacles are detected.

Methods
To characterize the performance of the robotic fish, experi-
ments are conducted in both the manual and semiautonomous 

modes. In the manual mode experiment, the performance of 
the robotic fish in the manual mode is assessed through a set of 
swimming tests conducted in a large swimming pool, a pitch 
test performed in a small tank, and a diving test conducted in 
the same large swimming pool used for the swimming tests. In 
the semiautonomous mode, an instrumented water tank with 
an overhead camera is used instead to demonstrate its feasibility.

Manual Mode
All swimming tests are conducted in a 3.8-m deep swimming 
pool at the New York University Coles Sports and Recreation 
Center. Therein, the speed of the robotic fish is measured as its 
swims according to the carangiform model [19], [30], [32], [33]. 
In particular, in a sequence of conditions, the model parameters 
( , , ,c c k1 2  and f ) are varied to determine the influence of the 
wave number, tail-beat amplitude, and tail-beat frequency on 
the robotic fish’s speed, similar to [37]. For a given condition, 
trials are repeated to obtain an accurate measurement of the 
robotic fish’s speed. For each trial, the robotic fish is recorded 
using a Canon Vixia HF R300 video camera while swimming in 
a straight trajectory alongside a measured length of 137 cm near 
the edge of a swimming pool. The motion of the robotic fish is 
recorded starting from rest to its terminal speed. A 10-s interval 
in which the robotic fish swims at its terminal speed is extracted 
from each recorded video and is separately analyzed through 
the motion tracking software ProAnalyst.

To determine the influence of the wave number on the 
robotic fish’s speed, the parameters ( . , . ,c c0 25 0 151 2= =-  
and Hzf 1= ) are held constant while trials are conducted 
for four wave number conditions, , , ,k 1 2 4=  and 8, with 
three trials per condition. To isolate the role of the tail-beat 
amplitude from the tail-beat frequency on the speed of the 
robotic fish, we also vary the values of the tail-beat amplitude: 
there are three different tail-beat amplitudes of 1.63, 3.26, and 
4.89 cm, referred to as amplitudes 1, 2, and 3, respectively. 
Such amplitudes are obtained by selecting the following 
parameter sets: 1) ( . ,c 0 0831 =  .c 0 052 =- ), 2) ( . ,c 0 1671 =  

.c 0 102 =- ), and 3) ( . ,c 0 251 = .c 0 152 =- ). For each of 
these parameter sets, trials are conducted with a wave number 
k 4=  and at the tail-beat frequencies . , . ,f 0 25 0 5 1=  and 
2 Hz with at least two trials per condition. In total, four condi-
tions are executed when the wave number is varied, and 12 
conditions are executed when the tail-beat amplitude and the 
tail-beat frequency are varied.

The static pitch test is conducted in a cm51 #  
cm . cm32 26 5-#  water tank. When the robotic fish is set to 

neutral buoyancy, the pitch is controlled by the position of 
the balance mass inside the electronics housing. The maxi-
mum downward pitch angle is obtained when the balance 
mass is shifted toward the front of the robotic fish, while the 
maximum upward pitch angle is obtained when the balance 
mass is shifted toward the back of the robotic fish. The pitch 
angle is recorded using the Canon camera and measured 
from digital still images of the recording.

The diving test is performed in the same swimming pool 
used for the swimming tests. Therein, the robotic fish is set to 
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Figure 6. (a) The speed performance for various wave numbers and  
(b) the various amplitudes and frequencies. The conditions for 
amplitude 1 are indicated by the blue circle markers, while amplitude 
2 is indicated by the green square markers, and amplitude 3 is 
indicated by the red triangle markers.
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neutral buoyancy with maximum downward pitch and com-
manded to swim with the parameters ( . ,c 0 251 =  

. ,c 0 152 =-  , Hzk f4 2= = ) corresponding to one of the 
conditions considered in the swimming tests. The robotic fish 
is recorded using the Canon camera as it dives from the sur-
face of the pool to the bottom. The dive rate of the robotic fish 
is calculated from the time the robotic fish takes to reach the 
bottom of the pool, measured with a stopwatch.

Semiautonomous Mode
The semiautonomous mode experiment is conducted 
through a test in a laboratory setting at the New York Univer-
sity Polytechnic School of Engineering. The setup consists of a 

cm cm cm120 120 20-# #  water tank with each surface cov-
ered with white contact paper to provide a consistent back-
ground, similar to [34]. In this case, the water depth is main-
tained at 18 cm throughout the test and the Microsoft 
LifeCam Web camera is placed 142 cm above the water sur-
face so that the image resolution is 2.76 mm/pixel. The PID 
controller is set with gains of .K 5 25p =  (°/pixel), 

.K 7 5 10i
3#= -  [°/(pixel # s)], .K 7 5 10d

4#= -  (°#s/pixel) 
corresponding to the proportional, integral, and derivative 
terms, respectively. The robotic fish is initially placed next to a 
wall of the water tank and tasked with tracking a circular path 
constructed by sequentially assigning 24 waypoints with a 
radius of 96.8 cm through a MATLAB script. In this test, the 
parameters are ( . ,c 0 251 =  . ,c 0 152 =-  ,k 4=  . Hzf 1 0= ), 
corresponding to one of the conditions considered in the 
manual mode swimming tests.

Results

Manual Mode
The effect of varying the wave number on the robotic fish’s 
speed performance is shown in Figure 6(a). Therein, we find 
that the terminal speed of the robotic fish increases as the 
wave number increases. Notably, a low wave number indi-
cates a motion similar to thunniform or carangiform, while a 
high wave number indicates a motion similar to subcarangi-
form or anguilliform [31]. Thus, our results suggest that 
when the tail beating is set to resemble subcarangiform or 
anguilliform swimming, the robotic fish swims faster.

The effects of varying the tail-beat frequency and the  
tail-beat amplitude on the robotic fish speed are shown in 

Figure 6(b). The dependence of the speed on the tail-beat 
amplitude is more evident at higher tail-beat frequencies, 
whereby increasing the tail-beat amplitude from amplitude 1 
to 3 produces an increase in the average speed of 7.4 cm/s for 
a tail-beat frequency of 2 Hz, while only a modest increase of 
0.1 cm/s is found for a tail-beat frequency of 0.25 Hz. This 
result is in line with findings on other robotic fish designs, 
whereby a speed increase can be achieved by increasing the 
tail-beat frequency [18], [21] or tail-beat amplitude [37]. Fur-
thermore, when the model parameters are set to ( . ,c 0 251 =  

. ,c 0 152 =-  ,k 4=  Hzf 2= ), the robotic fish exhibits an 
average speed of 13.7 cm/s, or 0.30 body lengths per second 
(BL/s), which is comparable with the speed of other robotic 
fish designs based on caudal fin propulsion, ranging from 
0.17–1.2 BL/s [38].

In the static pitch test, when the robotic fish is set to neu-
tral buoyancy and the balance mass is at the center of its travel 
length, the robotic fish is pitching neither upward nor down-
ward, as shown in Figure 7(a). On the other hand, Figure 7(b) 
shows that the robotic fish pitches downward at -17.4° with 
respect to the horizontal plane when the balance mass is 
shifted to the front. Similarly, Figure 7(c) shows that the 

(a) (b) (c)

Figure 7. The pitch performance for the robotic fish. The robotic fish can be set to (a) neutral pitch, (b) maximum downward pitch, or (c) maximum 
upward pitch.

1.6 s 3.6 s 5.6 s

7.6 s 9.6 s 11.6 s

13.6 s 15.6 s 17.6 s

Figure 8. A sequence of snapshots of the robotic fish during the 
diving test. 
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robotic fish pitches upward to an angle of 31.5° when the bal-
ance mass is shifted toward the back. Thus, the total pitch 
range of the robotic fish is then 48.9°.

The combination of the pitch adjustment and the tail-beat 
undulation determine the ability of the robotic fish to dive in 
the swimming pool. In particular, Figure 8 suggests that the 
dive rate of the robotic fish is 21.6 cm/s, which corresponds to 
0.47 BL/s. This value is highly comparable with the speed of 
the robotic fish for in-plane locomotion, thus offering indirect 
evidence for the ability of the robot to effectively maneuver in 
a 3-D environment.

Semiautonomous Mode
In the semiautonomous mode test, the robotic fish is com-
manded to follow a circular path for 5 min. As the robotic fish 
follows this path, it maintains an average speed of 9 cm/s. Fig-

ure 9 compares the path taken by the robotic fish to the circu-
lar path approximated by the waypoints. To quantify the accu-
racy of the waypoint tracking, we measure the radial error as 
the difference between the current position of the robotic fish 
and the nearest point on the desired circular path. The radial 
error is continuously calculated throughout the entire test at 
12 frames/s for 300 s, and the average is calculated to be 1.05 
cm with a standard deviation of 4.23 cm. In other words, as 
the robotic fish follows the circular path, 95% of the time it 
will remain within a range from 9.45 to -7.35 cm of the 
desired circular path. This test demonstrates the feasibility of 
utilizing the semiautonomous mode to accurately track 2-D 
trajectories prescribed by the user.

Usability Study
As a demonstration of the potential of the proposed platform 
in aiding informal science education, a preliminary usability 
study is designed and conducted. The goal of this article is to 
assess the level of engagement of children and the degree to 
which they find the platform usable. The manual and semiau-
tonomous modes are chosen for their interactive compo-
nents. The survey is conducted at the New York University 
Polytechnic School of Engineering and includes 17 elemen-
tary school students with an average age of 9.2 years, without 
prior experience using the robotic fish.

The study is conducted as follows. First, the students are 
given a short lecture by a trained biologist from our group 
about the research on robotics and biology performed in our 
laboratory. Following this, the students are individually 
shown the robotic fish and given the iDevice app. The stu-
dents are then encouraged to use both modes for at least 1 
min per mode. Nine students are randomly assigned the 
manual control mode first, and eight students are given the 
semiautonomous control mode first. (The setup for the semi-
autonomous mode is analogous to that described in the 
“Methods” section.) Once the student is satisfied with con-
trolling the robot, she/he is administered a survey asking for 
her/his opinion on usability, preferred mode of control, and 
enjoyment while interacting with the robotic fish.

To learn about the perceived usability of the platform, a 
student is asked the following question: for each of the follow-
ing modes of control, please circle the word that describes 
how easy it was to control the robotic fish. The possible 
responses are easy, medium, and difficult. To learn about the 
students’ enjoyment of the platform, the student is asked the 
following question: for each of the following modes of con-
trol, please circle the letter under the face that describes how 
much you like to use that mode of control. The possible 
responses are a for a smiley face, b for a neutral face, and c for 
a frowning face. To clearly identify which mode the student 
feels is easier to use, the student is asked the following ques-
tion: please circle the mode that is easier for you to use. Simi-
larly, to clearly identify which is the preferred mode, the stu-
dent is asked the following question: please circle the mode 
that you prefer to use. For the responses to each of these ques-
tions, the student is given a binary choice between the manual 

Table 1. The results of the response to usability  
and enjoyment survey questions.

Response to  
Usability

Manual Mode  
(Number of 
Students)

Semiautonomous 
Mode (Number of 
Students)

Easy 9 11

Medium 7 4

Difficult 1 2

Response to  
Enjoyment

Manual Mode  
(Number of 
Students)

Semiautonomous 
Mode (Number of 
Students)

a (smiley face) 15 15

b (neutral face) 2 2

c (frowning face) 0 0

Figure 9. The robotic fish swimming in a circular path utilizing a PID 
controller algorithm. The waypoints are indicated by the blue diamond 
markers. The next waypoint in the snapshot for the robotic fish is indicated 
by the green circle marker. The path taken by the robotic fish in 30 s is 
indicated by the red line.
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and semiautonomous modes. Finally, to qualify the overall 
experience of the student and understand her/his level of 
enjoyment, the student is asked the following questions: 

 ●  Did you enjoy spending time today interacting with the 
robotic fish? 

 ●  Would you like to learn more about how the robotic fish 
was created? 

 ● Would you like to learn more about how live fish swim? 
For each question, the student can then respond with either 
yes, not sure, or no. The results from the survey are shown in 
Table 1.

To test the significance of students’ opinions of the ease of 
use and enjoyment for the two modes, Cochran’s Q tests [39] 
are utilized and calculated through the statistical software R 
(version 3.0.2) with a significance level of 0.05. The survey 
results indicate that the options for usability (easy, medium, and 
difficult) are not equally chosen by students in both manual 
(Cochran . ,Q 6 11=  .p 0 047=  ) and semiautonomous 
modes (Cochran . ,Q 7 88=  .p 0 019= ). Only one student 
found the manual and two students the semiautonomous 
modes difficult to control the robotic fish. Similarly, the survey 
results indicate that the options for enjoyment (smiley, neutral, 
and frowning face) were not equally chosen by students in both 
the manual (Cochran . ,Q 23 41=  .p 0 0011 ) and semiauton-
omous modes (Cochran . ,Q 23 41=  .p 0 0011 ), whereby the 
vast majority of students enjoyed both modes. When compar-
ing the modes, the students did not find one mode easier to use 
(Cochran . ,Q 2 88=  .p 0 089= ) or more enjoyable (Cochran 

. ,Q 0 52=  .p 0 47= ) than the other. The students were also 
found to positively respond to the robotic fish and the iDevice 
system. In particular, in response to the question, did you enjoy 
spending time today interacting with the robotic fish?, 100% of 
students indicated yes. Furthermore, 88% of students stated that 
they wanted to learn more about how the robotic fish is created. 
In addition, 76% of students responded yes to wanting to learn 
more about how live fish swim.

As expected from our previous work on iDevice-controlled 
robots [16], the users indicated that the robotic fish is easy to 
control and that they enjoyed interacting with both the tested 
modes. As discussed in [16], these findings should be attrib-
uted to the students’ familiarity with touchscreen devices. As 
suggested by [12], children in fact demonstrated an increased 
mastery with repeated use on touchscreen devices. Another 
notable yet unexpected finding of this study is that students 
did not prefer one control mode over the other. It is likely that 
this may relate to the different learning styles of the relatively 
small group of students involved in this article [40]. In particu-
lar, active learners who rapidly understand the functions of the 
buttons and indicators may have chosen the manual mode, 
whereas reflective learners who engaged in the observation of 
the robotic fish swimming in the video feedback may have 
chosen the semiautonomous mode.

Conclusions
In this article, we have presented the design and development 
of a platform featuring a biomimetic robotic fish capable of 

3-D underwater locomotion and remotely controlled by a 
custom iDevice app. The design of this platform is primarily 
motivated by the need to encourage the interaction of free-
choice learners with exhibits at aquariums, zoos, museums, 
and other such informal science venues.

The novelties in the robotic fish design include the combi-
nation of the pitch and buoyancy control, custom-fabricated 
electronics, and biomimetic locomotion. The communication 
protocol between the iDevice, base station, and robotic fish 
through Wi-Fi and ultrahigh-frequency radio is also a novel 
feature of this platform. As such, the iDevice app enables the 
control of the robotic fish using ubiquitous smart devices 
through an original graphical user interface that offers three 
levels of autonomy. While more extensive usability studies for 
larger populations and users from different age groups are 
needed, our preliminary results indicate the feasibility of 
enhancing engagement in robotics and promoting curiosity in 
science and engineering through the unprecedented integra-
tion of robotic fish and iDevices in informal science learning.

Ultimately, this platform is expected to be integrated into 
informal science learning venues in New York City. In this 
direction, ongoing work is focused on devising techniques for 
operating the platform for several consecutive hours and test-
ing the use of multiple robotic fish by different users.
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