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Abstract: This paper introduces the near-field detection system of an underwater robot based on
the fish lateral line. Inspired by the perception mechanism of fish’s lateral line, the aim is to add
near-field detection functionality to an underwater vehicle. To mimic the fish’s lateral line, an array
of pressure sensors is developed and installed on the surface of the underwater vehicle. A vibrating
sphere is simulated as an underwater pressure source, and the moving mechanism is built to drive
the sphere to vibrate at a certain frequency near the lateral line. The calculation of the near-field
pressure generated by the vibrating sphere is derived by linearizing the kinematics and dynamics
conditions of the free surface wave equation. Structurally, the geometry shape of the detection system
is printed by a 3D printer. The pressure data are sent to the computer and analyzed immediately to
obtain information of the pressure source. Through the experiment, the variation law of the pressure
is generated when the source vibrates near the body, and is consistent with the simulation results
of the derived pressure calculation formula. It is found that the direction of the near-field pressure
source can distinguished. The pressure amplitude of the sampled signals are extracted to be prepared
for the next step to estimate the vertical distance between the center of the pressure source and the
lateral line.
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1. Introduction

Recently, a great deal of research about underwater vehicles has been conducted by researchers
around the world. Underwater vehicles have been applied in the areas of marine resources exploration,
dam exploration, underwater rescue and so on [1]. Great progress has been made in the mechanical
design and motion control of underwater vehicles. Additionally, the underwater vehicle’s perception
of the environment is also an important focus [2]. Any change under the water will directly determine
whether the vehicle can work properly because of the particularity and complexity of the underwater
environment. Therefore, underwater vehicles equipped with the sensing system can provide us with
flow information and have applications in the detection of incoming current [3] or incoming objects,
such as walls and other obstacles [4].

Recently, different sensing systems have been equipped on the underwater vehicles. At present,
sonar and vision systems are mostly used to detect underwater targets and locate them.
However, blind areas exist in sonar detection, and it is not suitable in close-range operations [5]. Due to
the refraction and scattering of light, the underwater images obtained by the visual image method
have the disadvantages of distortion and low contrast [6]. Additionally, a Doppler analyzer is too
heavy and expensive to use on small underwater vehicles [7]. Due to these limits, how underwater
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vehicles perceive the changes of water flow at a close range, detect underwater targets, and accomplish
underwater tasks more accurately are urgent problems to solve.

Now, researchers are focusing more attention to the movement and perception mechanism of
fish. Fish can survive in the complex marine environment for long periods of time, without being
affected by the rapidly changing flow. It was found that fish possess a unique organ called lateral line
that consists of superficial neuromasts and canal neuromasts [8]. Owing to this, fish can detect prey,
steer clear of obstacles, and avoid predators [9].

To imitate perception mechanism of fish’s lateral line, many artificial lateral line sensors have
been fabricated. There are two types of structure including a hair-like structure based on a cantilever
beam and flat structure [10]. For example, Ahmad Dagamseh et al. designed a hair-based flow sensor
to imitate the lateral line sensor in fish and determined flow velocity of dipole fields [11]. Asadnia et al.
developed flexible and surface-mountable arrays of MEMS artificial hair cell flow sensors and used
them localize an underwater dipole stimulus [12]. Fernandez et al. developed a MEMS pressure
sensor array in a flat structure and demonstrated the discrimination between moving cylindrical
obstacles of circular and square cross sections [13]. Asadnia et al. presented thin-film piezoelectric
pressure sensor arrays to locate underwater objects which are packaged on a flexible liquid crystal
polymer substrate [14]. DeVries et al. combined IPMC sensors and embedded pressure sensors to
form closed-loop control and tested to estimate flow rates, angles of attack, and the relative position
of upstream obstacles [15]. Additionally, many researchers selected off-the-shelf pressure sensors.
For example, Venturelli et al. selected the MS5407-AM sensor and determined that a distributed
pressure sensing mechanism has the capability to discriminate Karman vortex streets from uniform
flows [16]. Wei Wang et al. chose pressure sensors CPS131 and verified that this artificial lateral line can
detect its neighboring robot and the distance between the robots [17]. Freescale MPXV7007 pressure
sensors were chosen to identify the angle of attack of the underwater vehicle relative to the incoming
flow for control feedback [18]. SM5420C-030-A-P-S piezoelectric pressure sensors were selected to
realize velocity estimation [19].

In this paper, motivated by the lateral line of fish, a new kind of near-field detection system is
proposed. The shape of underwater robot is designed and printed by a 3D printer. To detect water
pressure, eight piezoelectric sensors were placed on the side of the underwater robot. The direction
of the pressure source can be calculated from the feedback data of the sensor. When compared to
commercially available underwater robots, the fish-like robots are mimicking real fish, and have less
impact in marine life. Have better maneuverability and generate less acoustic noise than propeller
driven underwater robots. The underwater vehicle which is equipped with this fish lateral line sensory
system can be applied to detect impending walls, approaching obstacles and other target objects.
These objects can be detected by analyzing the pressure distribution obtained from the sensory system.
The underwater vehicle with the fish lateral line and the application scenes are shown in Figure 1.

Figure 1. The application scenes of underwater vehicles with lateral sensing systems.
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2. Sensing Mechanism of the Fish Lateral Line

Fish in darkness still show excellent abilities in swimming because they have an incomparable
perception system that is the lateral line. The basic sensory unit of the lateral line is the neuromast.
The neuromasts are distributed along the fish’s head and body. The neuromasts have two forms: the
superficial neuromast and the canal neuromast. Firstly, the superficial neuromast stands on the skin of
fish and protrudes directly to the open water. The superficial neuromast respond to flow variations.
Secondly, the canal neuromasts are open to the external flow field through a series of pores at a small
distance and are enclosed in the fluid filled canals. The flow motion drives a pressure difference
between successive pores and stimulates the canal neuromast [20]. This sensing mechanism provides
a new perspective for researchers and engineers to build such a sensing system that could be used
in the field of underwater environmental sensing for manned or unmanned underwater vehicles.
The distribution of fish lateral lines is shown in Figure 2 [21].

lateral line

Figure 2. Fish’s lateral line.

According to the unique mechanism of the pressure gradient sensed by the lateral line, an array
of commodity piezoelectric pressure sensors is utilized to be the sensing platform on the underwater
vehicle to act as the fish’s lateral line. Our aim is to capture the near-field flow feature generated by
a source by recording and analyzing the measured pressure data.

3. Prototype and Experimental Block Diagram

The lateral line detection system in this work consists of a 36 cm long, fish-shaped body with
eight piezoelectric pressure sensors. Eight pressure sensor nodes are distributed on the body surface
to act as the fish’s lateral line. These pressure sensors are evenly and symmetrically distributed with
a horizontal spacing of 40 mm and an aperture of 10 mm. When an object creates disturbing ripple
pressure in the water, the each sensor can detect different pressure values. Then, through analysis
and calculating the obtained pressure values, a simple mathematical model is built. The pressure
source direction and distance can be determined. The detailed specifications of the pressure sensor
are discussed in Section 5. Here, the shape is simplified and the caudal and pectoral fins are not
considered. The outline drawing of the body designed symmetrically in Solidworks (Solidworks is
a solid modeling computer-aided design (CAD) and computer-aided engineering (CAE) computer
program that runs on Microsoft Windows. SolidWorks is published by Dassault Systemes. Based in
Waltham, MA, United States.) is shown in Figure 3. The cross-section and longitudinal section of
this shape are elliptic. It is convenient to import the user-defined shape into a 3D machine to print.
The Solidworks model with sensor distribution is shown in Figure 3. The dimension is listed in Table 1.

Table 1. Dimensions of our fish-shaped structure (mm).

Length Width  Height SensorInterval  Tube Diameter Tube Height  Thickness
360 70 130 40 5 41 1

Eight pressure sensors are embedded into the holes one by one and sealed with 703 soft silicone
to waterproof. After cooling, sensors are connected and silicone DuPont lines are led out. Then the
prototype is fixed on the stainless-steel bracket with a thin rod to ensure that the underwater vehicle



Electronics 2019, 8, 566 40f12

does not shake back and forth when it is impacted by water waves. The micro-controller is connected
to the pressure sensors and the computer. The stepper motor driving the ball screw is used as a moving
mechanism and controlled by a micro-controller via the control port. The stepper motor is powered by
the switching power supply. The sphere is driven by the motor back and forth. It is necessary that the
strength of the rod is sufficient to ensure no deformation during movement. The block diagram of
experimental principle and picture is shown in Figure 4.

@) (b)

Figure 3. The fish-shaped prototype inspired by the trout lateral line. (a) Side view of the model; and

(b) Top view of the model.
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Figure 4. (a) The block diagram of the whole experimental principle. (b) The picture of the
experimental setup.

4. Problem Formulation

Fish can detect disturbances in the water flow using its lateral line organs. The most commonly
used form of disturbance in the research is simulated by vibrating sphere motion [22,23]. In this work,
we also consider that a potential flow is generated by a vibrating sphere. The research problem is
transformed into the localization of a sphere. It is assumed in this work that the flow is incompressible,
inviscid, and irrotational. The nonlinear kinematics and dynamics conditions of the free surface wave
equation are linearized [24]. The equations of linear waves include:

V2 =0 )]

__,% >
P==pP5 ~P8Y &)

Equation (1) is the fundamental equation of incompressible fluid where ¢ denotes velocity
potential. Equation (2) is a linear equation of free surface condition. p denotes pressure difference
between actual pressure and hydrostatic pressure; p denotes the water density; g denotes gravitational
acceleration; y denotes the distance to water surface. According to these, we obtain a mathematical
solution of the near-field fluid pressure.
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To ease the discussion, we consider the condition that the lateral line sensor and the vibrating
sphere are located in the same plane (xoy plane), which is shown in Figure 5. As depicted in Figure 5,
the center position of sphere source is (x5, ys). The sphere vibrates at the amplitude of X and frequency
w, and the displacement from equilibrium is denoted by X = Xj sin(wt). The vibration direction is
shown by the red double arrow, which is vertical to the lateral line sensors. The position of sensor i is
given by (x;, y;). r; is distance between the sensor i and sphere’s center, which is r; = (x5 — x;, Ys — V).
0 is the angle between vibration axis and r; [25].

y

6vDipole source
(X5 ¥s)

Sensor i
(x5, yi)

X

Figure 5. Illustration of the problem formulation.

The velocity potential ¢ is a scalar function. At a point on the plane, it can be expressed as:

a3 (Xr)
2|IrP?

2(r,t) = ®)
which is widely adopted in [26-28]. Substituting the parameters into Equation (3), the velocity potential
¢ is given by:

a>Xosin(wt) cos 6 a*Xo sin(a)t)|ys - yi|

a(r,t) = - 4
(r,1) 52 03 )
where 7 is the radius of vibrating sphere.
Substituting the parameters into Equation (2), we get that:
@’ Xow cos wt

P:‘E)Z#cose—pgy ®)
and:

cos 6 = |ys _ yl| (6)

V= )% + (s - )

Thus, the pressure calculation of the near-field generated by the vibrating sphere is obtained by:

3 — v

pa’Xow cos wt |]/s Y |

P(xs,ys, t) = > . ! - 7 _ pgy (7)
[Ges =x)? + (s — )]

When wt = 0, Equation (7) becomes:

3 Xow ‘ys - yi‘
P(xs,ys) = P
2 [(xs - xi)z + (ys - %’)2]

3/2 —p8Y ®)

It is noted here that p is the pressure difference between actual pressure and hydrostatic pressure.
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5. Design of Control System

The control system of the near-field detection system of underwater vehicle is composed of a
micro-controller, a pressure detection module, a source movement module, and a host computer data
acquisition module. After the selection of the micro-controller and the pressure sensor, the circuit
construction and PCB design are performed. The software design mainly includes pressure data
transmission and the control of the moving mechanism. The pressure data is sent to the computer for
processing and analysis. The control system block diagram is shown in Figure 6.

Data acquisition [USART| STM32 | SPL|  Pressure
module | Cortex-M3 "l detection module

|

Source movement
module

Figure 6. The control system block diagram.
5.1. Hardware Design

This section is mainly to complete the hardware design of the close detection system including the
selection of the micro-controller and pressure sensors, and the design of the source movement module.

5.1.1. Micro-Controller

In this paper, we select a STM32F207ZGT6 micro-controller whose core is Cortex-M3.
The micro-controller has rich resources. The main frequency satisfies the SPI communication frequency
of the pressure sensor. The pressure sensor can be conveniently controlled through the SPI or 12C
communication interface. The high-speed DMA function is adopted to quickly transfer the collected
pressure data to the upper computer software for data analysis. Therefore, STM32F207ZGT6 fully
meets the requirements of the experiment.

5.1.2. Pressure Sensor

As the sensing element underwater, the determination of the sensor is the key to the underwater
robot detection system. We choose the piezoelectric pressure sensor MS5803-05ba [29].

The MS5803-05BA miniature pressure sensor is a new generation of high-resolution pressure
sensors from MEAS Switzerland with SPI and I2C interfaces. The size is 6.2 X 6.2 X 2.88 mm,
which occupies less space and is easy to install. Waterproof rubber and an anti-magnetic stainless-steel
ring guarantee the sensor waterproof performance. The MS5803-05BA provides high-precision 24-bit
pressure and temperature digital output. The conversion speed and power consumption can be
configured according to the application demand. The specifications of this pressure sensor are listed in
Table 2. Figure 7 is a real object of MS5803-05BA.

Figure 7. Pressure sensor MS5803-05BA.
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Table 2. Sensor specifications.

Detail Specification
Pressure sensor type MS5803-05BA
Number of pressure sensors 8
Range 0-6 bar
Analog to digital converter 24 bit
Resolution 0.036 mbar
Response time 0.5 ms
Data sampling frequency 40 Hz

After temperature compensation and A/D conversion, the sensors and STM32F2 are communicated
through the SPI interface. The pressure data is sent to the STM32F2 for processing. The clock of the
SPI1 is obtained by dividing the frequency by eight.

5.1.3. Source Movement Module

At present, vibrating spheres are widely used in the study of fish lateral lines. This type of
stimulus can imitate underwater small objects. In this paper, we also take the vibrating sphere as
the prototype of the pressure source. The movement of the sphere is used in the experiment as the
pressure source.

In the moving mechanism, a stepping motor driving the ball screw converts the rotation of the
motor into a linear motion. The sphere is connected to the moving mechanism and moves left and right.

5.2. Pressure Data Acquisition

The process of pressure data acquisition contains pressure sensors, the microcontroller and the host
computer. STM32 and pressure sensors are communicated through the SPI interface. Then the pressure
data are transmitted to the host computer through the serial port communication to observe the change of
the pressure data in real-time. The software flow chart for reading pressure data is shown in Figure 8.
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v

‘ Setting SPI rate ‘

v

‘ Sensors reset ‘

Reading calibration
coefficients: C1~-C6
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and temperature values
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Calculating temperature:
TEMP

T

- Y
\TEMP<20“C > Temperature
compensation
N
‘ Calculating pressure }47

¥

Sending to the host
computer

L]

Figure 8. The software flow chart for reading pressure data.
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6. Comparison between Simulation and Experiment

In the experiment, the fish lateral line prototype is fixed on a custom stainless-steel bracket
and placed in a custom pool. The prototype in the water is 20 mm away from the water surface.
The vibrating sphere moves back and forth around the lateral line at a certain frequency. The frequency
is set to 2 Hz and the amplitude of displacement is 50 mm. The diameter of the vibrating sphere is
50 mm. While the sphere vibrates at a certain frequency, the sensor array equipped on the fish lateral
line prototype collects pressure data in real-time. It is noted that the pressure value in the figure is the
pressure difference with respect to the hydrostatic pressure. During a period of time, eight sensors
measure the corresponding pressure values in the still water respectively. We average the eight values
separately, and then subtract the average from the data obtained in the experiment.

The sensor nodes on the lateral line of the fish are assumed to be on the same line (x axis).
The experimental diagram is shown in the Figure 9.

yn

‘7«

Figure 9. Experimental diagram.

X

When the vibrating sphere moves back and forth near the seventh sensor, the pressure curve
measured by the eight sensors respectively is shown in Figure 10a, and the curve after fitting is shown
in Figure 10b. The pressure data measured by the eight sensors are in a simple harmonic motion,
and the pressure value at the seventh point is the largest.
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Figure 10. Pressure curve measured (a) and after spline fitting (b) of the eight sensors, respectively.
According to the derivation of the near-field pressure in chapter 4, pressure simulation curve

of an individual node on the fish lateral line with time is shown in Figure 11. The pressure curve is
a simplified harmonic vibration with frequency of 2 Hz.
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Figure 11. Pressure simulation curve of an individual node.

In the experiment, the actual measured pressure curve of a single sensor on the lateral line with
time is shown in Figure 12. The spline curve fitting is carried out for the value of the sensor, and the
curve (b) is obtained. It is found that the vibration law is consistent with the simulated curve.
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Figure 12. The measured pressure curve (a) and spline curve (b) of an individual sensor.

When the vibrating sphere moves back and forth near the seventh node, the simulation curve
of pressure distribution of nodes on the entire lateral line is shown in Figure 13. We found that
the pressure is greatest at the seventh node, with the rest of the points gradually decreasing. It is
determined that the vibrating direction of the source is vertical to the seventh sensor.

Pressure(Pa)

40 T . . ‘
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30 E: \ 3
20 R ]
/ X
10 - 7_// _
0 — Y L L L L
0 0.04 0.08 0.12 0.16 0.2 0.24 0.28
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Figure 13. Simulation curve of pressure distribution of 8 nodes on the lateral line.

In the experiment, the pressure distribution curve at a certain time measured by eight sensors
on the fish lateral line is shown in Figure 14a. Figure 14b shows a spline fitting curve of eight

pressure measurements at a certain time. The pressure distribution curve is consistent with the
simulation results.
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Figure 14. The measured pressure distribution curve (a) and spline curve (b) of lateral line sensor.

After analyzing the raw data obtained from the experiment, we process them. Eight-second long
signals are selected from sampled original signals which last 30 s as the input of FFT to extract the
amplitude of pressure signals. The frequency-amplitude diagram of the seventh pressure measurement
is shown in the Figure 15. The pressure amplitude of sampled signals is extracted to prepare for the
next step to estimate the vertical distance between the center of the pressure source and the lateral line.
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Figure 15. Frequency-amplitude diagram of seventh sensor.
7. Conclusions and Prospects

Fish can survive for a long time in a complex marine environment, relying on the lateral line
organ to identify nearby creatures, bypass obstacles, and avoid predators. In order to imitate these
advantages of fish lateral lines, a great deal of effort has been made in recent years. It is hoped that
the fish lateral line system will be used in underwater sensing and detection of underwater objects,
such as impending walls, approaching obstacles, and so on.

Inspired by the lateral line of fish, an underwater near-distance detection system based on fish’s
lateral line is proposed in this paper, using a pressure sensor array to mimic the sensing function of
the fish lateral line. In structure, the shape of the underwater robot is designed and printed by a 3D
printer. The pressure sensor array, comprised of eight pressure sensors, is mounted on the surface of
the underwater robot body. When the mechanism is moving, the pressure quantities are measured in
real-time to obtain the water wave information. Finally, the experimental results are analyzed and
processed. The experimental pressure curve is consistent with the simulation results. The pressure
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value of a single point is a simple harmonic vibration at a certain frequency. It is found that the direction
of the pressure source, that is the sphere, can be easily identified from the pressure distribution curve.
The pressure amplitude of sampled signals is extracted to prepare for the next step to estimate the
vertical distance between the center of the pressure source and the lateral line.

In this paper, the lateral line detection system was designed based on fish lateral line. The system
includes inrush simulation drive system and fish side line detection system. When an object disturbs
the water surface, the direction of the object is located by detecting the pressure of each sensor.
The experimental results show that the sensing principle and conclusion of the lateral line detection
system proposed in this paper are consistent. In the future, the detection of a pressure source in
multi-angle motion will be studied. At the same time, the influence of sensor spacing on detection is
also a part of the future research.
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