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Abstract— Fish possesses a unique sensory organ called the
lateral line. The lateral line provides fish with flow-related
information. It is accepted that fish can use the lateral line
to sense states of its neighbours in schooling behaviors. In this
study, we investigate how a focal robotic fish senses the states of
its swimming neighbour by using its onboard artificial lateral
line system for the first time. Dye flow visualization is used
to characterize the large-scale structures of the wake behind a
swimming robotic fish. In the experiment, the Reverse Karman
Vortex Street generated by the anterior robotic fish was sensed
by the artificial lateral line of the focal robot. The results show
that the robot’s artificial lateral line can detect the beating
frequency of its neighbouring robot and the distance between
the robots. It is promising that artificial lateral line sensing
could become one of the most popular close interaction methods
for a group of underwater robots in the near future.

I. INTRODUCTION

During 500 million years of evolution in water, fishes have
possessed a specialized sensory system termed the lateral line
to sense and response to their fluid environment. The lateral
line consists of flow-responsive receptors distributed all over
the fish body, with many of them situated on the surface
of the skin and others in subepidermal canals [1]. Each
sensory mechanoreceptor unit of the lateral line is called a
neuromast. The lateral line enables fish to achieve a variety
of underwater activities, such as slaloming between vortexes
[2], schooling [3] and localization and tracking of moving
prey/predators [4].

For the upcoming autonomous underwater robots, the flow
sensing offers great potential to pick up control related
information in the surrounding water of the robot. Therefore,
from the first artificial lateral line system was developed [5],
artificial lateral line research has been drawing more and
more attentions in recent years. Some of the reported major
studies in the literature include dipole source localization [6],
[7], local analysis of the surrounding steady and unsteady
flows [8], flow-relative control of an underwater robot [9],
and flow features extraction while considering self-motion ef-
fects of the robot [10], [11]. These studies have progressively
advanced the understanding of hydrodynamic signatures by
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extracting meaningful information from the flow sensor read-
ings. However, the stimulus sources of the lateral line used in
these studies are typically unnatural, such as the steady flow,
the dipole-like wave generated by a vibrating sphere and the
Karman Vortex Street behind a cylinder or a semi-cylinder.
These stimulus do not consider important natural stimulus
properties like vorticity and turbulence. Little attention has
been drawn on the study of natural lateral line stimuli.

Biorobotics research has drawn increasing attention in
recent years. Inspired by the speed, agility and efficiency
of biological fish, different types of fish-like robots called
robotic fish have been developed [12]–[15]. The robotic fish
always mimic the swimming waveform of fish and generate
Reverse Karman Vortex Street behind it, just similar to the
natural vortex wake produced by the real fish [16], [17].
Therefore, robotic fish can be used as a scientific tool to
generate more natural flow stimuli in lateral line research.
On the other hand, there has been an ever-growing interest
in using very large numbers of small bio-inspired underwater
robots in swarms. Such swarms offer the potential to increase
sensor density within the same, or lower, system cost and
provide excellent adaptability and flexibility in the task
execution. However, because of the particularity of the water,
the local information interaction for a group of underwater
robots is challenging. One possible solution for underwater
robot interaction is electric sensing inspired by electric fish
[18]. The basic principle of these artificial electro-sensing
is that objects that differ in impedance from water distort
the self-generated electric field, and an array of electrode
sensors on the robot detect these distortions. In the literature,
several artificial electro-sensing systems have been developed
for underwater target localization [19], [20] and control of
underwater robot groups [21]. On the other hand, we propose
that the lateral line can provide another useful model for
successful interaction among underwater robots.

Based on above analysis and our previous work on robotic
fish studies [15], [22]–[26], this paper investigates how a fo-
cal robotic fish detects the states of its swimming neighbour
by using its onboard artificial lateral line system. Specifically,
dye flow visualization is used to characterize the large-scale
structures of the flow behind the swimming robotic fish in
a low-turbulence level water channel. The Reverse Karman
Vortex Street generated by the anterior robotic fish was
sensed by the onboard artificial lateral line of the focal robot.
Pressure data were analysed to extract the useful information.
Finally, the beating frequency of the neighbouring robot
and the distance between the two robots are evaluated by
the artificial lateral line system. It is the first time that the
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fish-like Reverse Karman Vortex Street is studied by the
artificial lateral line system, thereby, providing a new method
to study the natural lateral line stimuli. Meanwhile, this paper
explores the local sensing between underwater robots by
using the artificial lateral line system, therefore, also offering
a new insight for future underwater robot interaction.

The remainder of this paper is organized as follows. The
robotic fish prototype with the artificial lateral line system
is briefly introduced in Section II. Section III presents the
materials and methods for the experiment. The experimental
results and corresponding analysis are described in Section
IV. Section V concludes this paper with an outline of future
work.

II. THE ROBOTIC FISH PROTOTYPE

A. The Robot and Sensor Array

The robot is inspired by a kind of yellow-spotted boxfish.
It is an improved version of the boxfish-like robot in [23]. As
depicted in Fig. 1(a), it consists of a well-streamlined main
body, a pair of pectoral fins and one caudal fin. Diversified
sensors such as camera, IMU and infrared sensor are installed
on the robot. The dimension (L × W × H) of the robot is
about 400 mm×140 mm×142 mm. Moreover, an array of
nine pressure sensors is distributed over the surface of the
body, as shown in Fig. 1(b). The distribution of pressure
sensor was used to provide an array roughly mimicking a
natural system [27]. The pressure sensor CPS131 (shown
in Fig. 1(c)) from Consensic, Inc. is used for the robot.
It provides a 0.1 Pa resolution and 30 kPa∼120 kPa full-
scale via I2C interface. Before experiments, the sensors were
tested for variations in depth and sensitivity to background
noise. We found that drifts occurred in recordings longer than
two minutes. To minimize this effect, the duration of each
experiment was kept short (less than two minutes).

A credit-card sized micro computer, Raspberry Pi, is
adopted as the main controller of the robot. Meanwhile, three
32-bit auxiliary processors (STM32F103) are used as fol-
lows: one for multi-sensor data preprocessing, one for basic
locomotion control and another for IMU data processing. The
robot is autonomously operated by a Linux system. Other
details of the robot can be found in our pervious work [15],
[28].

B. The Robot Locomotion

The robot is controlled by an artificial CPG network whose
stability has been strictly proved in our previous paper [24].
The linear CPG model takes the form

ȧi = αi(Ai−ai) (1a)
ẋi = βi(Xi− xi) (1b)
φ̇i = 2π fi + ∑

j∈Ti

µi j(φ j−φi−ϕi j) (1c)

θi = xi +ai cos(φi) (1d)

where ai, xi, and φi are the state variables representing
the amplitude, offset and phase of the ith oscillator, and the
variable θi is its output. The parameters fi, Ai and Xi are the
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Fig. 1. The robot prototype with an artificial lateral line. (a) Overall
configuration of the robot. (b) Distribution of pressure sensors around the
surface of the body from top view. (c) The pressure sensor.

control parameters for the desired frequency, amplitude and
offset of the oscillations. µi j and ϕi j determine the coupling
weight and phase bias of the jth oscillator to the ith oscillator.
αi and βi are structure parameters, representing the dynamic
performance of ith oscillator. Ti is the set of neighbours
of oscillator i exerting couplings on the ith oscillator. Note
that the subscripts i = 1,2,3 in this paper represent the left
pectoral fin, right pectoral fin and caudal fin of the robotic
fish, respectively. Based on the CPG model, the robot can
produce natural Reverse Karman Vortex Street behind the
tail in forward swimming behavior, just like its counterpart.

III. MATERIALS AND METHODS

A. The Fluid Environment

The experiments were conducted in a low-turbulence level
water channel in the State Key Laboratory for Turbulence
Research in Peking University. The working section of the
channel is 6000 mm×400 mm×400 mm. An AC motor
is used to create the circulation inside the water channel
and permits controlling the laminar flow speed with 1 cm/s
accuracy. The laminarity of the flow is checked and the flow
speed is calibrated using a digital particle image velocimetry
(DPIV) system. All tests in the water channel were carried
out in the center of the working section.

B. Dye Flow Visualization

Before conducting the artificial lateral line sensing exper-
iments between the two robotic fish, the vortex generated by
the swimming robotic fish should be characterized first to
determine some of the control conditions for the following
experiments. Dye flow visualization was used to investigate
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the large-scale structures of the flow around the beating tail
of the robot.

Fig. 2 shows the built flow visualization setup. The robot
directly faced to the incoming flow was placed centrally
within the water column. The front tip of the robot was
positioned at 15 cm depth of the water. The robot was
controlled to mimic the fish-like swimming with a certain
set of CPG parameters. The velocity of the water channel is
set to be equal to the free-swimming speed of robotic fish
for the same set of CPG parameters. One end of a small tube
filled with ink was adhered to the tail of the robot. Because
of gravity, the dye was continually injected into the flow and
thus the wake generated by the robot could be visualized. A
overhead camera was used to record the wake behind the
robot.

Ink

The robot

Camera

The exit of ink

40 cm

Fig. 2. The built flow visualization setup in the experiment. In dye flow
visualization the experiment, the ink outflows all the time. The vortex behind
the beating tail will visualize by the dye. The process of flow visualization
is recorded by an overhead camera.

Fig. 3 shows a snapshot of vortexes shedding by the
robotic fish while swimming in water channel. For every
flapping cycle T (1/ f ), two Reverse Karman Vortex Street
were shed from the tail. As the time went on, the vortex
became weaker. The Reverse Karman Vortex Street disap-
peared in one body length from the view. Therefore, the
distance between the two robots should be controlled less
than one body length in the artificial lateral line sensing
experiment. We attempted various sets of CPG parameters
to obtain an optimal state where the robot could produce
clear vortex wake with a long-distance sustain. Finally, the
beating frequency f = 1.5 Hz and the amplitude A3 = 15◦

were chosen and the corresponding speed of the flow was
20 cm/s.

Ink

The robot

Camera

The exit of ink

40 cm

Fig. 3. Snapshot of Reverse Karman Vortex Street behind the swimming
robot.

C. Experiments

To precisely control the robot state, a six-freedom position
control setup was built above the water channel, as illustrated
in Fig. 4. The setup could separately control the positions of
two robots in x, y and z axes. The position accuracy of the
setup is 0.1 mm. The air-water interface of the open-channel
design did generate surface waves with microturbulence
evident at the higher freestream velocities [11]. Therefore,
the robots were fixed by the setup centrally within the water
channel at 15 cm depth to avoid surface effects. However,
we found that when the anterior robot was swimming under
the water, waves generated on the surface of the water still
had a significant effect on the pressure readings. To solve
the surface effects drastically, a plastic plate was placed on
the surface the water area over the sensing robot. In the
experiment, the sensing robot was in line with the anterior
swimming robot, as depicted in Fig. 5. In the experiment, the
distance between the end point of swimming robot and the
front tip of sensing robot was changed from 5 cm to 35 cm
every 2 cm. For each distance, the experiment was repeated
three times.

The process of the experiment at each distance was
described as follows. At first, the sensing robot was in the
flow and the anterior robot was above the water. At this time,
the pressure sensor readings were recorded for 10 s. These
data were used as a background reference to analyse pressure
readings. After that, the anterior robot was controlled to
decline into the water and started fish-like swimming with the
selected optical CPG parameters. After 10 s, the wake behind
the swimming robot was stable and the sensing robot began
to record its pressure readings for 30 s. After that, the anterior
robot was lifted out of water to prepare for next experiment.
The sensing robot did not swim in the experiment.

D. Measured Parameters

Mean value, dominant frequency, and vortex intensity
were calculated from the onboard pressure data. These
measured parameters were further analysed together with
the states of swimming robot. The raw pressure data were
filtered to remove noises which possibly originated from
water environment, the robot or the pressure sensors. A low-
pass filter with a 4 Hz cut-off frequency was applied.
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Fig. 4. The six-freedom position control setup for the artificial lateral
line sensing experiments. In the experiment, the swimming robot was
controlled motionless, while the sensing robot was controlled to moving
in the streamwise direction by a position controller.
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Fig. 5. Top view of the two robots in a group with a streamwise distance d
in the water channel. The flow speed is set to be 20 cm/s in the experiment.
The lateral distance between the robots is zero.

The vortex shedding frequency (VSF) was computed by
analysing the frequency spectrum of each pressure reading.
Through frequency spectrum, the frequency with the highest
amplitude was extracted to analyse the underlying relation-
ship between VSF and beating frequency of the swimming
robot. The vortex intensity was calculated as the standard
deviation of the whole sensor reading. The vortex intensity
was used to evaluate the distance between the swimming
robot and sensing robot.

IV. RESULTS

This section demonstrates how the states of the neighbour-
ing robot can be detected by an artificial lateral line of the

sensing robot.
Fig. 6 shows the pressure readings of the artificial lateral

line while the anterior robot is swimming. Because the vortex
behind the robot shed alternately, the pressures oscillated as
the time went on. We can see that from the tip to two sides
of the robot, the oscillation amplitude gradually deceased. In
other words, the sensors on the head of the robot are more
sensitive than the sensors on the sides of the robot, which is
consistent with the studies in [29]. This was probably due to
the geometry of the robot.
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Fig. 6. Pressure sensor readings from each sensor when the distance
between the robots is 15 cm. The pressure oscillation becomes weaker from
the head to two sides of the body.

The mean values of pressure L1, 0 and R1 were calculated,
as shown in Fig. 7. As the distance between the robots
became larger, all the values gradually approached to zero.
This indicated that the vortex influence on the sensing robot
became smaller as the distance became larger. This appears
in accordance with the flow feature in Fig. 3. Moreover, the
mean value of pressure 0 was positive while the mean values
of pressure L1 and R1 were always negative. This suggested
that the robotic fish who was directly behind its neighbour
suffered a resistance, while the robot laterally behind its
neighbour could enjoy the drag reduction. The experimental
result partly supports the theoretical study that the fish school
should adopt a diamond formation to improve the swimming
efficiency [30].

Next, frequency spectrum of the pressure data was anal-
ysed to extract useful information from the view of frequency
domain. Fig. 8 illustrated the frequency spectrum of the
pressure readings when the distance was 13 cm. It was
observed that the VSF (1.5 Hz) could be obtained by the
frequency spectrum on each pressure data. However, the
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amplitudes of the dominant frequency were different. The
amplitudes of the dominant frequency for L1, 0 and R1 were
larger than that of two side sensors. Obviously, VSF was
equal to the tail beating frequency of the swimming robot.
Thus, the posterior robot may be able to track the beating
frequency of the anterior robot using artificial lateral line in
a group of robotic fish.

Frequency spectrum for pressure 0 was further analysed at
different distances, as shown in Fig. 9. The main frequency of
the data gradually became unclear as the distance got larger.
A more carefully inspection revealed that the frequency of
3 Hz also had a large amplitude for pressure 0. By contrast,
the frequency of 3 Hz was rarely detected in the other
pressure sensor data. From dye flow visualization, we know
that the robot sheds two vortexes in one beating period.
Therefore, the pressure sensor at the tip of the robot probably
encountered two vortex rings in one period. After that, these
two vortex rings separated from the head of the robot and
each vortex shed along one side of the body.

Finally, vortex intensity of pressure data was derived to
estimate the distance between the swimming robot and the
focal robot, as exhibited in Fig. 10. It can be seen that the
vortex intensity of side sensors did not have clear relation-
ship between the distance. However, the vortex intensity of
pressure 0 had an obvious relationship between the distance
of robot when the distance was less than 25 cm. The
relationship can be expressed by a quadratic equation taking
the form

Ip = 0.013d2−0.9d +20 (2)

where Ip is the vortex intensity of pressure 0 and d is the
distance between the robot whose unit is centimeter. Thus,
distance of robot can be evaluated by the artificial lateral line
system of robotic fish. d is one of the key factors in multi-
robot control. On the other hand, it was observed that large
asymmetry existed between the vortex intensity of pressure

0

5

0

5

0

5

0

5

0

5

0

5

0

5

0

5

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
0

5

Frequency (Hz)

A
m

p
li

tu
d

e

L4

L3

L2

L1

0

R1

R2

R3

R4
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L1 and R1. This was probably caused by an inaccurate
fixation of the robot in the experiment. That is, a small angle
between the main axis of the robot and the streamwise flow
existed. Following this question, the relative angle between
the robots might also be inferred by analysing the asymmetry
of the pressure data on two sides of the robot, which will be
further investigated.

V. CONCLUSION AND FUTURE WORK

The successful identification of the states of the neigh-
bouring robots could be potentially be useful to the control
of a group of underwater robots. In this paper, we have
used the artificial lateral line on the focal robotic fish to
evaluate the states of the neighbouring swimming robot for
the first time. First, dye flow visualization is carried out
to characterize the large-scale structures of the flow behind
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the swimming robotic fish. Then, the artificial lateral line
sensing experiments were conducted between two robotic
fish in a low-turbulence level water channel. The results
have demonstrated that the focal robotic fish is able to
evaluate 1) the beating frequency of the neighbouring robot
and 2) the distance between the robots by using its onboard
artificial lateral line system. This study provides a novel
local information interaction method for underwater robot
interaction.

In the following study, we will use artificial lateral line
to evaluate the relative angle between the robots. Moreover,
the self-motion effects of sensing robot will be considered
in the future study. In the future, we will do the research of
multi-robot control based on the developed artificial lateral
line system.
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