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Abstract In this chapter, we focus on the use of robotic fish in animal behavior
studies. Specifically, we describe the design and control of a low-cost robot along
with accompanying enabling technologies for use in animal experiments. The
robotic fish appearance and movement are inspired by the zebrafish animal model.
The robot is capable of autonomous underwater operation. Two behavioral studies
demonstrate the use of the robotic fish to test hypotheses on zebrafish social
behavior. In the first study exploring zebrafish preference in a binary choice test, we
find that the robot is able to elicit attraction in both individuals and small shoals
when the other alternative is an empty compartment. At the same time, between
conspecifics and the robot, zebrafish prefer the former, highlighting design choices
that need further improvement. The second study describes the interaction between
the robot and shoals of zebrafish in a free-swimming environment. The robot swims
autonomously along predefined circular trajectories at three different speeds,
corresponding to increasing tail-beat frequency. The robot is found to modulate
zebrafish shoal cohesion, confirming expectations from the preference study result.
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In summary, the robotic fish platform described in this chapter provides a viable
and fully controllable three-dimensional interactive tool for animal behavior
experiments.

1 Introduction

Animals possess high interindividual differences in their behavioral response to the
same environment, even within the same species [1]. Obtaining a consistent
response in behavioral studies where live stimuli are used as independent variables
is therefore a challenging task. In this respect, robots constitute a valid tool for
testing hypotheses that would otherwise require extensive animal training and use
[2, 3]. As controllable machines can be made to look [4], sound [5], or even smell
[6] like animals, robots can be assigned a set of repeatable behaviors to elicit
consistent response from subjects [7], thus contributing to our understanding of
animal behavior [8, 9]. Furthermore, with frequent field deployments and greater
degree of autonomy [10], robots hold the promise of assisting behavioral studies in
the wild.

Fish-like robots have been used to gain insight into quorum sensing [4], lead-
ership [11], swimming hydrodynamics [12], and the effects of psychotropic drugs
on the regulation of emotions [7, 13]. Because fish in a majority of these studies use
vision as their primary sensory modality, the robot’s morphology plays an
important role in obtaining a consistent response. Studies in [4, 11] have shown that
it is possible to regulate fish behavior with a life-sized rigid replica that is
maneuvered inside a tank with a mobile magnetic base. At the same time, inves-
tigations using a bioinspired robotic fish with undulating body parts that mimic fish
locomotion have established that body movement plays an important role in fish
perception of their robotic analogs [12, 14, 15]. The bioinspired robotic fish used in
these studies has the swimming mechanism onboard, making it a viable alternative
for autonomous operation [15].

In this chapter, we describe the design of a low-cost, modular, bioinspired
robotic fish platform including the accompanying enabling technologies that are
used to quantify animal behavior and response. The original design of the bioin-
spired robotic fish is inspired by zebrafish, a model organism frequently used in
neurobehavioral, developmental, and preclinical research [16–18]. Since its
inception, several versions of the robotic fish platform have been used in a range of
experimental studies to investigate spatial preference, boldness and shyness, anxi-
ety-related response, hydrodynamic implications of swimming, information flow
during social interactions, effect of color morphs on courtship, and collective
behavior in fish [7, 12–15, 19–30]. Here, we summarize two of those studies. The
first study focuses on the preference of zebrafish individuals and shoals for an
anchored version of the robotic fish [20], and the second study focuses on the
response of small shoals to an autonomous version of the robotic fish [15].
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2 Customizable Robotic Platform for Lab Fish Studies

In this section, we describe the hardware components of the robotic platform and
the enabling technologies used in behavioral studies [15, 31]. We designed the
robotic platform for low-cost assembly, customization, and ease of implementation.
The robot has the actuation and control mechanism onboard and can be controlled
to perform specific maneuvers, similar to other prototypes [32–40]. Fish–robot
interactions and fish behavior are quantified using standard methods of data
collection and data assimilation that require minimal user training.

2.1 Hardware

The robotic fish body is modeled in a computer aided design (CAD) software
(Fig. 1). We selected the body size to (a) match the aspect ratio of a zebrafish, and
(b) to contain sufficient room for housing the electronics needed for autonomous
operation. The robot itself consists of two parts, a body and a movable tail. A
flexible caudal fin attached to the tail provides the necessary propulsion for
swimming underwater. The length, width, and height of the robot body are 15.4 cm,
4.8 cm, and 2.6 cm, respectively. This size permits inserting a servomotor in the tail
section; the body section can hold a microcontroller for controlling the servomotor,
a transceiver to send and receive the control signals, and a rechargeable battery that
can hold charge for up to an hour of regular operation.

The total cost to manufacture a single robot including the electronics is less than
100 USD [41]. The robotic fish is fabricated in a 3D prototyping machine using ABS

Fig. 1 The robotic fish is designed to match the zebrafish color pattern, aspect ratio, and caudal fin
shape. The robot has onboard electronics and motor that allow it to swim autonomously
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plastic. A single-cell rechargeable lithium polymer battery, an Arduino Pro mini
microcontroller (Sparkfun Electronics, Boulder, Colorado, USA), and an nRF2401A
transceiver chip (Nordic Semiconductor, Oslo, Norway) are all assembled outside
the body and can be replaced if needed. A Hitec HS-55 servomotor (Hitec RCD 155
USA Inc., Poway, California, USA) in the tail section actuates the body–tail joint
and propels the robot in a carangiform/subcarangiform movement. The robot is
remotely controlled using an Arduino Duemilanove microcontroller (Sparkfun
Electronics, Boulder, Colorado, USA) that interfaces with a computer and an
nRF2401A transceiver chip. The onboard microcontroller is used to control the tail-
beat frequency, amplitude, and offset, which in turn controls the robot speed and
turning rate [31]. The robot can be controlled in real time to perform interactive
experiments. In [14], for example, the platform is augmented to allow the robotic fish
to beat its tail in response to fish position. This is achieved by tracking the fish
position in real time to control the tail-beat frequency of the anchored robot.

The robotic platform is highly customizable. Besides its use in laboratory
experiments, we have extensively used the robotic fish in outreach programs that
encourage the involvement of K-12 students in science, technology, engineering,
and mathematics (STEM) fields [42–45]. For example, students in an outreach
activity have been tasked with designing the geometry of the caudal fin to maximize
the swimming thrust based on observations of animal morphology at the New York
Aquarium [42–44]. The modular design also permits disassembly and changing of
individual parts on-the-go making the platform ideal for testing hardware perfor-
mance [41]. The caudal fin can be attached and removed easily to test the effect of
different shapes and sizes on swimming performance [42]. The body can be painted
with nontoxic pigments to match the color pattern of a zebrafish. Finally, to make
the robot accessible for users in a wide age-group, such as those who are likely to
participate in a public event, we custom designed a smart phone application to
replace the remote control unit [44].

2.2 Enabling Technologies

Animal behavior studies often entail the continuous observation of live animals
over a considerable amount of time [46]. Quite often, this task is performed by
human observers and is prone to bias and fatigue, whereby an experimenter may
involuntarily score a behavior that is not present. In this respect, a data assimilation
workflow that allows automatic quantification of fish behavior would overcome all
these limitations. Enabling technologies for such a workflow include a video
multitarget tracking system and behavioral analysis scripts that can calculate
behavioral measures directly from video data [47–49]. Running in real time, these
tools offer the capability to control the robot to perform specific maneuvers [15, 27]
as well as to respond to fish behavior [14].

While human-assisted behavioral phenotyping was adopted in the first
study discussed in this chapter, a multitarget tracking software was developed in
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MATLAB (R2011a, Mathworks, Natick, Massachusetts, USA) for the second
study. The input to the tracking system was video from an overhead camera view.
The output was two-dimensional position and velocity estimates of each fish (and
the robot, if present) in the tank at each frame. The tracking algorithm included a
measurement extraction procedure where, in each frame, individual fish were
segmented as blobs after background subtraction. An optimal filtering algorithm
called a Kalman filter was used to estimate the position and velocity of each fish. A
global optimal assignment algorithm [50] was used to preserve fish identities in
scenarios where the fish swam close to each other. In a recent version of the
tracking system [51], fish occlusions are resolved automatically as follows: a
normal distribution of fish size in pixels is created and updated at each frame until
five hundred points are available. Once the distribution is constructed, each blob on
the frame is checked to ensure that it is less than two standard deviations of the
average size. If the size of the blob is larger, an expectation–maximization (EM)
algorithm is used to split the large blob into individual blobs. In particular, the EM
algorithm optimally fits multiple Gaussian distributions to the occluded blob so that
individual fish shapes are approximated as two-dimensional ellipses [52]. The
tracking system consists of a graphical user interface, also developed in MATLAB,
which is used to manually verify and repair fish trajectories. In the event of an
unresolved occlusion, missed detection, or a false detection, a user can switch, add,
and delete tracks projected on the video.

Trajectory data from the tracking system is stored in the form of text files that
can be further processed for behavioral analysis. For example, the following select
behavioral measures (Fig. 2) can be automatically computed from the tracking
system output:

R

(a) (b)

(c) (d)

Fig. 2 Trajectory data is used to classify fish behavior into a preference for the robot (R)
compared to the empty side (0) in a tripartitioned tank; b cohesion, where left group is more
cohesive than the one on the right; c polarization, where the group on the left is more polarized
than the one on the right; and d freezing, which is the percentage of experimental time when the
fish stays within a radius of 2 cm for 2 s or more
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Preference: the experimental tank is virtually divided into three parts and the
time spent by the fish in each part is recorded. Preference for a given choice is then
computed as the ratio of the time spent near one end of the tank and the total time
spent by the subject in the two parts near the tank ends. For a shoal, preference is
computed for each fish individually and averaged over the experimental time.

Cohesion: the degree of cohesion of zebrafish shoals is computed using indi-
vidual fish positions in terms of the average nearest neighbor distance (ANND).
Given the two-dimensional position of fish i at time k as ri[k], the ANND at k is

ANND k½ � ¼ 1
N

XN

i¼1

min
j2 1;...;Nf g;j 6¼i

ri k½ � � rj½k�
�� ��� �

; ð1Þ

where N is the total number of fish and �k k denotes the standard Euclidean norm.
Another measure of cohesion is the average pairwise distance (APD), which is
computed by averaging the distances between all pairs of shoal members within the
focal group.

Polarization: the degree of group coordination is calculated using fish velocity
in terms of polarization that quantifies the degree of alignment in fish motion. Given
the two-dimensional velocity vi of fish i at time k, polarization is computed as

Pol k½ � ¼ 1
N

XN

i¼1

v̂i k½ �
�����

�����; ð2Þ

where v̂i k½ � ¼ vi½k�
vi½k�k k is the direction of motion. Polarization varies between 0 and 1,

with a value of 1 corresponding to all fish moving in the same direction and close to
0 if the fish move in randomly distributed directions.

Freezing: fish stress is measured directly from trajectory data in terms of the
amount of time spent freezing during each trial. A fish is considered freezing if it
spends two continuous seconds within a ball of radius 2 cm [14].

3 Fish Behavioral Studies

3.1 Zebrafish Animal Model

Behavioral research rests upon our understanding of model organisms that share
similarities with mammals at developmental, genetic, and behavioral levels [53].
Among such organisms, zebrafish (Danio rerio) is rapidly emerging as a valid
animal model [54–59] due to its elevated degree of homology with human genes,
ability to rapidly absorb psychoactive compounds with minimal invasiveness, short
intergeneration time, and high stocking densities [16].
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Adult zebrafish are typically 3–4 cm in size and are characterized by a striped
color pattern on their body (Fig. 1), hence the name “zebrafish” [60]. They exhibit
strong shoaling behavior that has been associated with improved foraging efficiency
and predator detection [61]. Zebrafish are especially useful in robotics-based
research due to their propensity to form groups based dominantly on vision [16, 17,
62], a sensory modality that can be preferentially exploited by designing the robot
morphology to match that of the fish shape and color pattern.

3.2 Preference Experiments

The classical preference test utilizes an experimental setup where a fish is observed
as it swims between two different choices presented on either end of an experi-
mental tank [63–65]. In our case, this setup serves to test the hypothesis that a
robotic fish, which is inspired by zebrafish in its shape, color pattern, and motility,
will attract single individuals as well as shoals of zebrafish. The robotic fish is
anchored to one side of the tank and actuated externally. The size of the robotic fish
allows for housing all the electronics necessary for self-propulsion, toward further
implementation beyond choice tests. This permits using the results of this experi-
ment to inform future studies. For example, protocols for free-swimming and field
experiments that require the robot to be autonomous and interact with the fish
without any tethering can be designed on the basis of the average distance of the
fish from the robot quantified from preference studies. Similarly, the color pattern
and preferential frequency in one study can be used as a reference condition in the
next [15, 21].

The zebrafish used in this study were acquired from local pet stores (Petland
Discounts, Brooklyn and New World Aquarium, Manhattan, New York City, USA)
and acclimatized for at least two weeks in the housing facility at New York
University Polytechnic School of Engineering before use in the experiments. The
housing tanks were maintained at 26 ± 1 °C temperature and 7.2 pH. Lighting was
controlled according to a 12 h light/day circadian rhythm [66] and the stocking
density was maintained at less than 1 fish per liter at all times.

The experimental setup consisted of a 74 cm × 30 cm × 30 cm glass tank with
the longest side partitioned into three distinct regions using a perforated transparent
plexiglass (Fig. 3). The central region where the experimental subjects were present
was 54 cm long and the choice regions on either side of the tank were 10 cm long
each. The plexiglass partition permitted physical separation between the subject and
the stimuli while preserving visual communication. The tank surface was lit by two
50 W fluorescent lamps on either side to ensure a uniform and diffused lighting.
Fish behavior was recorded with a high definition video camera (Canon, Vixia
HG20, Japan) mounted approximately 150 cm above the test tank. The test setup
was isolated from external disturbances using black curtains on all four sides of
the tank.
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The experimental procedure consisted of sixteen experimental conditions1 that
tested different combinations of choices with single individuals and small shoals of
zebrafish (Fig. 4). In particular, the choices available for the subjects in the central
compartment were Robot (R), one fish (1), ten fish (10), static replica that had no tail
actuation (SR), and empty compartment (0). To investigate the effect of noise due to
servomotor, the absence of visual cues, one-way visual feedback, and physical
separation, the setup was modified so that experiments were performed without
lighting (Dark), using one-way glass (Glass), and without the transparent plexiglass
(Free). Ten trials were conducted for each condition, where each trial consisted of a
10 min habituation period followed by a 5 min experimental time during which the
fish were observed every thirty seconds. The robotic fish, wherever present, was
anchored to one side of the tank at an angle of 45° with tail beating at 2.3 Hz
frequency at 3 cm amplitude (except in the case of SR when tail-beat was absent).
The tail-beat frequency and amplitude were selected on the basis of engineering
constraints and biological observations. Experimental trials for each condition were
distributed uniformly between 10 am and 7 pm to ensure no bias existed because of
the time of the day. In this first exploratory study involving large fish populations,
fish were sometimes tested more than once in a randomized protocol.

Fish behavior was quantified in terms of preference for a stimulus, APD and
ExtendedANND(EANND).Given two choicesA andB, and nA and nB the number of
instances spent by a subject near the stimulus A and B, the preference for A was

Fig. 3 Schematic of the
preference test experimental
apparatus. The two choices
are the robotic fish and an
empty compartment (© IOP
Publishing. Reproduced by
permission of IOP Publishing
and [19]. All rights reserved)

1The experimental procedure was approved by Polytechnic Institute of New York University (now
New York University Polytechnic School of Engineering) Animal Welfare Oversight Committee
AWOC-2011-101.
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computed as nA/(nA + nB). Extended ANND was computed in the same manner as
ANND in (1) but including the robotic fish as part of the group and only considering
positions along the length of the tank. Fish preference was compared to no preference
within a condition using chi-square statistical tests andfishAPD (also computed along
the length of the tank) andEANNDwere compared using one-wayANOVA [67]. Post
hoc comparisons, wherever significance was found, were performed using Fisher’s
protected least significant difference tests. Significance level was set to p < 0.05.

The results from statistical comparisons are summarized in Table 1 and Fig. 5.
These results show that both individuals and small shoals tend to join larger shoals
when given a choice between a shoal of ten conspecifics and one. Comparison
between an empty compartment and robotic fish preference indicate that both
individuals and small shoals of zebrafish tend to prefer the bioinspired robotic fish,
and that this preference is independent of the existence of a physical barrier between
them. At the same time, when given a choice between the robotic fish and live
conspecifics, the subjects preferred the live fish, indicating that the robotic fish is
not perceived as a conspecific. Control conditions show that the noise from the
servomotor in the dark has a negative effect on fish preference whereby they spend
significantly more time near the empty compartment when unable to see the robotic
fish. The presence of holes or visual feedback did not have a significant effect on
fish preference. Finally, robot body movement played an important role as shown
by the increased preference for the robot moving its tail over a static replica.

3.3 Free-Swimming Experiments

The results from preference experiments demonstrate that zebrafish individuals and
shoals preferred the robotic fish to an empty compartment. The robotic fish design

1 2 3

4 5 6

Fig. 4 Successive snapshots of a sample experimental video. Six frames from an experimental
video one-second apart show the robotic fish and the live zebrafish. The first frame is at full
resolution and the following frames zoomed in for better visibility. The fish is circled in each frame
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permits autonomous operation using onboard electronics. In a second study, we
allow the robotic fish to swim autonomously with the help of the online tracking
system to test the hypothesis that robot fish spatial movement will modulate the
behavior of small shoals of zebrafish.

Zebrafish used in this study were acquired from an online aquarium (LiveAquaria.
com, Rhinelander, Wisconsin, USA) and maintained in 37.8 l tanks at a stocking
density of at most 1 fish per two liters. The fish were acclimatized for at least 10 days
to the new environment before starting the experiments. Fish tanks were lit under a
12 h light/day circadian rhythm [66]. Water temperature and pH in the holding and
experimental tanks were maintained at 27 ± 1 °C and 7.2, respectively.

The experimental setup comprised a large square water tank of 120 cm side
length and 20 cm high mounted on an aluminum frame (Fig. 6). The water level
was maintained at 10 cm during the experiments. A Web camera (Life Cam,

Table 1 Synopsis of the main results

Conditions Dist. from
stimulus (cm)

Center
(%)

Preference
(%)

χ2

(df = 1)
p APD

(cm)
EANND
(cm)

Single fish

1 v 0 18.4 24.6 72.0 117.2 0 – –

10 v 0 16.0 25.6 79.6 208.8 0 – –

10 v 1 17.1 20.4 71.6 119.3 0 – –

R v 0 22.6 40.9 63.7 35.4 0 – –

R v 1 29.6 33.4 40.6 19.0 0 – –

R v 0
(Free)

30.1 20.1 62.3 38.8 0 – –

0 v 0 26.3 37.3 53.4 2.4 0.080 – –

R v 0
(dark)

31.2 41.8 38.1 26.4 0 – –

R v SR 23.5 43.3 56.6 7.9 0.003 – –

1 v 0
(dark)

27.1 44.7 51.2 0.3 0.702 – –

R v 1
(glass)

31.9 41.4 35.0 42.1 0 – –

Shoal of four fish

1 v 0 30.5 35.8 61.1 101.0 0 10.5 3.9

10 v 0 15.4 28.8 83.8 1041.9 0 10.5 3.8

10 v 1 17.2 26.4 77.1 692.8 0 12.3 3.3

R v 0 24.2 46.7 60.5 74.9 0 9.5 3.7

R v 1 31.0 43.1 34.5 175.4 0 14.1 3.4

Distance from stimulus is the mean position from the first stimulus in the condition. The length of
the central compartment is 54 cm in all conditions except those that are performed without
partitions (Free) where it is 74 cm. Center denotes the average percent of occurrences over all trials
in the condition in which the subjects were found in the central compartment. Preference gives the
mean percent preference for the side of the apparatus containing the first stimulus. Chi-square
values compare the preference for either stimulus. p < 10−5 is shown as 0 (© IOP Publishing.
Reproduced by permission of IOP Publishing and [20]. All rights reserved)
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Microsoft Corp., Seattle, Washington, USA) was mounted 150 cm above the water
surface to film an overhead view of the tank. The tank was lit by diffused light from
four 150 W fluorescent tubes mounted 100 cm above the water surface. The
multitarget tracking and control algorithm was run on a 2.5 GHz Pentium dual core
desktop computer with 3 GB memory. The experimental setup was isolated using
dark curtains on all sides of the tank.

(a) (b) (c)

Fig. 5 Graphical synopsis of preference data: histograms of position data points for zebrafish
position frequency for each tested pair of conditions reported in Table 1. Column a presents main
experiments on single individuals, column b presents control experiments on individuals, and
column c presents main experiments on shoals. In the condition labels, R is the bioinspired robot
and SR is the static replica. In addition, Free refers to the free-swimming scenario, Dark to the
experiments in the dark, and Glass to the use of one-way glass partitions. Note that the region
available for fish to swim in the free-swimming case is larger than all other conditions (© IOP
Publishing. Reproduced by permission of IOP Publishing and [20]. All rights reserved.)
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The control algorithm consisted of a Proportional Integral Derivative (PID)
controller to maneuver the robotic fish in fixed-size circular trajectories in the
presence of groups of zebrafish (Fig. 7). The control signal was sent to the robot via
the transceiver every three-fifths of a second to follow a set of sixteen waypoints,
ws, s = 1, …, 16, spaced equally on a 40 cm circle centered in the tank in a
clockwise motion. In particular, the control input to attain the desired direction of
motion v̂dR½k� was computed using estimates of robot position rR[k] and velocity
vR[k] at each k as

Fig. 6 Schematic of the free-swimming test experimental apparatus. The experimental apparatus
consisted of a square shallow tank and an overhead camera for real-time tracking (Reproduced
with permission from [15])

Fig. 7 Overhead view of robotic fish swimming autonomously in the presence of a zebrafish
shoal. Individual trajectories of robotic fish and zebrafish are also shown as tan solid lines and blue
dashed lines, respectively
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v̂dR k½ � ¼ ws k½ � � rR k½ �
ws k½ � � rR k½ �k k ;

where ws[k] is the waypoint-to-reach at the current time-step. At frame k′, when the
robot was within a threshold distance (15 cm) of the current waypoint-to-reach, the
value of the current waypoint was updated. The control input was computed as a
function of the error e[k] = sin(θ[k]), where h kð Þ ¼ argðv̂R k½ � � vdR k½ �Þ is the angle
between the robot direction of motion and the desired direction of motion. The
resulting PID control was

u k½ � ¼ Kpe k½ � þ Ki

Xk

l¼k0
e l½ �Dt þ Kd

De½k�
Dt

;

where Kp, Ki, and Kd are the proportional, integral, and derivative control gains and
De[k] = e[k] − e[k − 1]. The control gains were tuned so that the robot followed the
circle closely for over five minutes in the test trials. Figure 8 shows the robot
trajectory in comparison to the waypoints on the tank region.

We tested four experimental conditions2 covering a range of swimming speeds
(0, 2, 3, and 4 cm/s) corresponding to different tail-beat frequencies (0, 1, 2, and
3 Hz) of the robotic fish as it swam in fixed-size circles within the tank. The tail-
beat frequencies corresponded to variations about the 2 Hz value used earlier in the

−60 −40 −20 0 20 40 60
−60

−40

−20

0

20

40

60

cm

cm

0 1 2 3 4 5
−20

−10

0

10

20

er
ro

r 
(c

m
)

time (min)
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Fig. 8 Robot trajectory with reference to waypoints (a) and the error (b) (Reproduced with
permission from [15])

2Experiments followed protocol numbers AWOC-2012-101 and AWOC-2013-103 that were
approved by the Animal Welfare Oversight Committee of the Polytechnic Institute of New York
University (now New York University Polytechnic School of Engineering).
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preference tests [20]. The remote control unit was programmed to receive control
parameters namely tail-beat frequency, tail-beat amplitude, and tail-section offset
via a universal serial bus (USB), which were then transmitted wirelessly to the
robot. In our experiments, we kept the tail-beat amplitude constant at 20°. The
heading of the robot was controlled by varying the tail-section offset from a trim
value of zero degrees when the robot body was in line with the tail section.
Additional experiments where the fish were observed without a robot in the tank
(No Robot), and where the robotic fish was held stationary in a place with its tail
beating at 2 Hz (Fixed) were tested to control for the presence of robot in the tank
and its body movement. Eight trials were performed for each condition with three
experimentally naive fish used per trial.

Fish response to the robot was quantified in terms of average speed, ANND, and
polarization. Fish interaction with the robot was quantified using average and
minimum distance to the robot, and relative group speed. Freezing behavior was
measured in terms of percentage of the total experimental time. All comparisons
were made using one-way ANOVA statistical tests and post hoc comparisons were
made using Tukey-HSD tests [67]. One-way ANOVA was used to compare the
experimental conditions with the control conditions.

The results of the experiment are summarized in Fig. 9. Statistical comparisons
of group behavior show that group cohesion (ANND) varied significantly with
robot speed (p = 0.0126). The maximum and minimum values of ANND at 14.87
and 3.6 cm were recorded when the robot swam at 3 and 4 cm/s, respectively. Post
hoc comparisons with control conditions did not show a significant difference due
to the presence of the robot (No robot and 0 Hz, p = 0.099) and the presence of tail-
beat movement only (Fixed and 2 Hz, p = 0.243). Group coordination as measured
using polarization failed to reach statistical significance (p = 0.123). As with
cohesion, the presence of the robot (No robot and 0 Hz, p = 0.172) and tail-beat
movement (Fixed and 2 Hz, p = 0.740) did not have an effect on polarization.
Although group speed was not affected by the robot speed (p = 0.151), the presence
of a robot produced a significant effect (No robot and 0 Hz, p < 0.01). Finally, the
time spent freezing was not significantly affected by robot speed (p = 0.171), robot
presence (No robot and 0 Hz, p = 0.091), or due to tail-beat movement (Fixed and
2 Hz, p = 0.642).

Fish–robot interactions measured in terms of average (p = 0.067) and minimum
(p = 0.093) distance to the robot were seemingly affected by the robot speed but
failed to reach statistical significance. While the average distance to the robot stayed
more than 45 cm, the 2 Hz condition saw the largest difference of 9.5 cm between
average and minimum distance. Relative group speed varied significantly
(p = 0.0154) with robot speed. Post hoc comparisons show that the fish tend to
match their speed with the robot closely at 2 Hz (3 cm/s) and that this value of
relative speed is significantly different from when the robot was stationary or
swimming at 1 Hz (2 cm/s).
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4 Discussion and Conclusion

The two experimental studies described here demonstrate the capability of using a
bioinspired robotic fish to modulate live zebrafish behavior. Results from the first
study show that both individual fish and small shoals display a robust attraction
toward the robotic fish when given a choice between the robot and an empty
compartment. This preference is lost when the choice is between the robot and live
zebrafish, showing that the former is not perceived as a conspecific. This same
response is confirmed in the second study where the ANND of fish shoals was
found to be considerably smaller than their distance to the robot.

The robotic fish in both studies present competing cues that on one hand attract
the zebrafish through its color pattern, body movement, and aspect ratio [21]; on the
other hand it repels them with its servomotor noise [20]. At the same time, pref-
erence due to the possibility of the robot being inspected as a novel object is remote
because of the 10 min habituation time [68] that provides ample opportunity for the
fish to come close. Fish shoals in the free-swimming test maintain a larger distance
from the robot as compared to those in the preference test. The closest analog in the
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Fig. 9 Group cohesion measured using ANND and group relative speed varied significantly with
robot speed (Reproduced with permission from [15])
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preference test is perhaps the R v 0 (free) condition that allows direct physical
contact, where the fish demonstrate significant preference for the robot. Since in the
free-swimming test the robot is additionally covering a large experimental region,
the presence of relatively large fish–robot distances suggests that the robot spatial
movement is unlikely to constitute an attractive stimulus. While we cannot dismiss
the possibility that the robot is perceived as a predator in the free-swimming
environment, we do not observe a significantly larger freezing response in the
presence of the robot. Compared to the preference test setup, a free-swimming
environment with a mobile robot presents a complex interplay of cues that require
further studies investigating the perception of robot motion by live zebrafish. In this
respect, we have conducted experiments to study the effect of number of robots,
their speed, and their configuration on zebrafish [27].

The collective behavior of the shoals is modulated by the robotic fish in both the
studies. In the preference test, the APD of approximately three body lengths and an
EANND of approximately one body length indicates that the preference of the shoal
toward the robot is likely a result of one-to-one interaction and not individual
preference, which would otherwise result in a ceiling effect. In the free-swimming
scenario, though the shoals maintain a relatively larger distance from the robot, the
fish exhibit maximum disparity between minimum and average distance to the robot
when the robot’s tail is beating at 2 Hz. This is also the frequency at which the fish
match their speed closely to the robot, and the shoal is least cohesive, suggesting
that visual cues at this combination of speed and body movement are relevant in
shaping fish–robot interactions. More importantly, this combination of body and
spatial movement of the robotic fish, where the fish tend to explore the uncon-
strained free-swimming environment, shows that both types of motion differentially
modulate zebrafish behavior.

In summary, an ethorobotics approach as described in this chapter presents an
important direction for the design of a robotic fish—one that bears direct relevance
to how robots may aid biology and in turn benefit their own design. The modular
design used here makes the robotic fish easy to customize; the actuation mechanism
adds a natural undulating movement that is shown to affect fish preference. The
robotic platform is complemented with enabling technologies that allow controlling
the robotic fish to perform specific maneuvers in a free-swimming environment, and
opens the possibility to actively interact with the fish [14]. Finally, open problems
include mitigating the repelling cues such as servomotor noise by using the alter-
native propulsion techniques such as ionic polymer metal composites and piezo-
electric materials [29, 30, 69–73].
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