
Citation: Salem, K.M.; Rady, M.; Aly,

H.; Elshimy, H. Design and

Implementation of a

Six-Degrees-of-Freedom Underwater

Remotely Operated Vehicle. Appl. Sci.

2023, 13, 6870. https://doi.org/

10.3390/app13126870

Academic Editor: Yudong Zhang

Received: 14 May 2023

Revised: 28 May 2023

Accepted: 2 June 2023

Published: 6 June 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

applied  
sciences

Article

Design and Implementation of a Six-Degrees-of-Freedom
Underwater Remotely Operated Vehicle
Khaled M. Salem 1 , Mohammed Rady 2,* , Hesham Aly 3 and Haitham Elshimy 4,5

1 Department of Basic and Applied Science Engineering, Arab Academy for Science, Technology and Maritime
Transport (Smart Village Campus), Smart Village, Giza 12577, Egypt; khaled.selem1997@adj.aast.edu

2 Construction and Building Engineering Department, College of Engineering and Technology, Arab Academy
for Science, Technology and Maritime Transport (AASTMT), B 2401 Smart Village, Giza 12577, Egypt

3 Department of Electronics and Communication Engineering, Arab Academy for Science, Technology and
Maritime Transport (Smart Village Campus), Smart Village, Giza 12577, Egypt; hesham_aly@aast.edu

4 Department of Mechanical and Aerospace Engineering, United Arab Emirates University,
Al Ain 15551, United Arab Emirates; haithamelshimy@uaeu.ac.ae or haitham.elshimy@nsst.bsu.edu.eg

5 Department of Space Navigation, Faculty of Navigation Science and Space Technology, Beni Suef University,
Beni Suef 62521, Egypt

* Correspondence: mohammed.radhy@aast.edu

Abstract: In recent decades, there has been considerable interest in developing underwater remotely
operated vehicles (ROVs) due to their vital role in exploring ocean depths to perform missions in various
applications, including offshore oil and gas, military and defense, scientific research, and aquaculture.
To this end, researchers must consider multiple aspects to develop ROVs, such as general design, power
and thrust system, navigation and control, and obstacle avoidance. Accordingly, this paper proposes an
integrated framework for designing and implementing an ROV prototype, considering the mechanical,
electrical, and software systems. Eventually, image processing was implemented using Python to
examine the ROV’s capabilities in performing underwater missions. The proposed design employs
six thrusters to provide controllability of the ROV in six-degrees-of-freedom (DOF). We coated the
track width of the printed circuit board (PCB) with a composite mixture of tin, silver, and gold to resist
corrosion and harsh environments, enhance the circuit performance and solderability, and increase its
life span. The PCB was designed to sustain 30 A with 10 cm × 10 cm dimensions. The image processing
results revealed that the proposed ROV could successfully identify the benthic species, follow the desired
routes, detect cracks, and analyze obstacles.

Keywords: ROV; ocean robotics; underwater detection; marine; image processing; sensors

1. Introduction

The water surface covers almost three-fourths of our planet’s total surface area, pro-
viding humans with a variety of mineral and natural resources. With terrestrial reserves
being depleted, a growing focus has arisen on exploring the seabed for resources such
as gas, oil, and minerals. However, traditional manned systems and human divers are
limited in investigating vast and often hazardous underwater environments. To overcome
these challenges, remotely operated vehicles (ROVs) have gained popularity among gov-
ernmental agencies and commercial companies as they can undertake complex missions
without risking human lives [1]. ROVs are often equipped with cameras, sensors, and
manipulator’s arms, allowing operators to remotely navigate and interact with the un-
derwater environment [2–6]. They are operated from a surface vessel or a control room
onshore, using a tether that provides power and communication between the vehicle and
the operator. ROVs have revolutionized how we explore the ocean, allowing us to gather
data and samples, perform maintenance and repairs on underwater infrastructure, and
conduct scientific research in inaccessible areas [7–10].
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Ali et al. [11] developed a twin-controller approach using Matlab to regulate the behav-
ior of underwater ROVs. The controller design comprises proportional-integral-derivative
(PID) to tune the adaptive gains of the aquatic system and model reference adaptive control
(MRAC) to mitigate the dynamic system’s disturbance. Dong et al. [12] proposed a depth
control strategy that combines fuzzy PID and dynamic compensation. Using ANSYS, the
hydrodynamics analysis of ROV was conducted to find out the relationship between the
resistance of water and moving velocity in the heave direction. The depth control can vary
by 3 cm, which is practical for the reactor pool.

Bykanova et al. [13] developed a small-sized ROV for shipwrecks with a variable
storing moment by rotating the wing in the vehicle’s plane. The ROV had four horizontal
thrusters to increase the range of maneuverability. Furthermore, the ROV was enhanced
with a lithium battery to reduce the tether’s weight and return to the coast in case of
emergency or damage to the cable.

Omerdic et al. [14] designed a prototype platform to test and validate new technologies
for marine operations. The designed ROV was equipped with advanced 3D visual displays,
an easy pilot interface, voice control navigation, and low-level controllers with an auto-
tuning system. The position of a fully actuated underwater ROV with a manipulator
was stabilized by Ali et al. [9]. They applied the proposed control algorithm on an eight
degrees-of-freedom (DOF) ROV to control the erratic deviations. The simulations proved
that the designed ROV could effectively reach the desired position.

Other researchers assessed different control methods using neural networks, demon-
strating their benefits, shortcomings, and applications [15,16]. Caccia and Veruggio [17]
developed an ROV navigation system through pre-programmed controllers to control
the speed. Do et al. [18] designed an adaptive control mechanism to ensure a 6-DOF
ROV follows the desired route. Hoang and Kreuzer [19] proposed a hybrid PID con-
troller for the dynamic orientation of ROVs to ensure the accurate execution of tasks near
underwater structures.

Despite the efforts of previous researchers to enhance the performance of ROVs,
little attention has been paid to integrating the various phases of design and fabrication.
Thus, the main objective of this study is to develop an entire framework that considers
the design, manufacturing, and assembling of a portable ROV system. Furthermore, a
coating technique of track width in the printed circuit board (PCB) is presented to reduce
the size of the electrical enclosure and, consequently, the vehicle’s size. Subsequently, an
image processing technique is developed to enhance the ROV’s capabilities for performing
various tasks in underwater environments. This paper is arranged as follows: Section 1
provides a background and literature survey, Section 2 presents the mathematical model of
ROV, Section 3 illustrates the mechanical design structure, Section 4 discusses the electrical
system design, Section 5 presents the software system, Section 6 presents the experimental
setup, Section 7 presents the results and discussion, and finally, Section 8 presents the
conclusions, limitations, and recommendations for future work.

2. Mathematical Model
2.1. Assumptions

The ROV’s dynamic model is complex and requires several parameters. Hence, the
present study considered the following assumptions to simplify the mathematical model [4].

• The ROV is symmetrical about its 3 planes.
• The center of buoyancy of the ROV is located on the geometric symmetry plane.
• The ROV was simulated as a rigid body; therefore, no geometrical and bending

deformations were considered.
• The ROV’s hydrodynamic coefficients were not variable.

2.2. Coordinate System

The analysis of the kinematic and kinetic models is a part of the ROV’s modeling.
To create the six-DOF nonlinear dynamics model of the ROV, we first introduced the



Appl. Sci. 2023, 13, 6870 3 of 20

coordinate system and specifications of its motion parameters based on two reference
coordinate systems (Figure 1).
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Figure 1. The underwater ROV coordinate system.

The ROV has two vertical thrusters and four horizontal thrusters. Thus, the following
state vectors are utilized with the six-DOF equation of motion [20,21]: η =

[
ηT

1 ηT
2
]T

illustrates the linear positions and Euler angles vector of the ROV in the earth-fixed (EF)
frame E − XEYEZE, an explanation of the linear position η1 =

[
x, y, z]T and the angular

position η2 =
[
φ, θ, ψ]T ; The ROV’s linear position is indicated by the letters x, y, and z;

ϕ, θ, and ψ, roll, pitch, and yaw, three Euler angles, respectively; v =
[
vT

1 vT
2
]T represents

the velocities vector in the body-fixed (BF) frame B− XYZ, explaning the linear velocity
v1 =

[
u, v, w]T and the angular velocity v2 =

[
p, q, r]T .

2.3. Kinematic Equations

Since two coordinate systems are utilized in the ROV model, a coordinate transforma-
tion matrix is used to transfer the ROV’s motion representation from the BF frame to the EF
frame or vice versa. Hence, the kinematic equations for an ROV are expressed as follows:

.
η1 = J1(η2)v1 (1)

.
η2 = J2(η2)v2 (2)

J1(η2) =

cψcθ −sψcφ + sφsθcψ sψsφ + sθcψcφ
sψcθ cψcφ + sφsθsψ −cψsφ + sθsψcφ
−sθ sφcθ cφcθ

 (3)
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J2(η2) =

1 sφtθ c(φ)tθ
0 cφ −sφ
0 sφ/cθ cφ/cθ

 (4)

where s, c, and t denote sin, cos, and tan, respectively.

2.4. Kinetic Equations

Generally, the ROV’s motion is represented by the six-DOF nonlinear equation. Here,
the following is a matrix representation of the nonlinear dynamic of the ROV in the BF
frame [22]:

M
.
v + C(v)v + D(v)v + G(η) = τ + τd (5)

where M is the global inertial matrix, C(v) denotes the coriolis and centripetal matrix, D(v)
denotes the damping matrix, G(η) denotes the matrix of restoring force and moments, τ
denotes the thruster forces and moments, and τd denotes the external disturbance forces
and moments.

2.4.1. Inertial Matrix

The global inertial matrix refers to the sum of the ROV’s inertial matrix MRB and
an additional hydrodynamic inertial matrix MA due to the surrounding fluid’s inertial
(Equations (6)–(8)).

M = MRB + MA ∈ R6×6 (6)

MRB =



m 0 0 0 mzG −myG
0 m 0 −mzG 0 mxG
0 0 m myG −mxG 0
0 −mzG myG Ixx Ixy Ixz

mzG 0 −mxG Iyx Iyy Iyz
−myG mxG 0 Izx Izy Izz

 (7)

MA =



Xi
.
u 0 0 0 0 0

0 Y .
v 0 0 0 Y.

r
0 0 Z .

w 0 Z .
q 0

0 0 0 K .
p 0 0

0 0 M .
w 0 M .

q 0
0 N .

v 0 0 0 N.
r


(8)

where m stands for the mass of the ROV; xG, yG, and zG denote the mass center of the ROV,
respectively; and Iij is the inertia tensor for each axis of subscripts.

2.4.2. Coriolis and Centripetal Matrix

The Coriolis and centripetal matrix refers to the sum of a rigid-body Coriolis and the
ROV’s centripetal matrix CRB(v) and an added-mass Coriolis and centripetal matrix CA
(Equations (9)–(11)).

C(v) = CRB(v) + CA(v) ∈ R6×6 (9)
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CRB(v) =



0 0 0
0 0 0
0 0 0

−m(yGq + zGr) m(yGq + w) m(zG p− v)
m(xGq− w) −m(zGr + xG p) m(zGq + u)
m(xGr + v) m(yGr− u) −m(xG p + yGq)

m(yGq + zGr) −m(xGq− w) −m(xGr + v)
−m(yGq + w) m(zGr + xG p) −m(yGr− u)
−m(zG p− v) −m(zGq + u) m(xG p + yGq)
−m(zG p− v) −m(zGq + u) m(xG p + yGq)

0 −Iyzq− Ixz p + Izzr Iyzr + Ixy p− Iyyq
Iyzq + Ixz p− Izzr 0 −Ixzr− Ixyq + Ixx p
−Iyzr− Ixy p + Iyyq Ixzr + Ixyq− Ixx p 0

]

(10)

CA(v) = −



0 0 0 0 −Z .
ww Y .

vv
0 0 0 Z .

ww 0 −X .
uu

0 0 0 −Y .
vv X .

uu 0
0 −Z .

ww Y .
vv 0 −N.

rr M .
qq

Z .
ww 0 −X .

uu N .
rr 0 −K .

p p
−Y .

vv X .
uu 0 −M .

qq K .
p p 0


(11)

2.4.3. Damping Matrix

The ROV’s damping matrix in the fluid D(v) ∈ R6×6, which consists of the force and
the moment of the first and second-order velocities, can be represented as follows:

D(v) = −diag
{

Xu, Yv, Zw, Kp, Mq, Nr
}
− diag

{
Xu|u|

∣∣∣u∣∣∣, Yv|v|

∣∣∣v∣∣∣, Zw|w|

∣∣∣w∣∣∣, Kp|p|

∣∣∣p∣∣∣, Mq|q|

∣∣∣q∣∣∣, Nr|r|

∣∣∣r∣∣∣} (12)

2.4.4. Restoring Forces and Moments

Considering the center of buoyancy of the ROV, as stated in the BF frame is [xb, 0, xz]
T ,

the restoring forces and moments G(η) ∈ R6×1 could be expressed as follows [21,23]:

G(η) =



(W − B)sin θ
−(W − B)cos θsin φ
−(W − B)cos θcos φ

−(yGW − ybB)cos θcos φ + (zGW − zbB)cos θsin φ

(zGW − zbB)sin θ + (xGW − xbB)cos θcos φ
−(xGW − xbB)cos θsin φ− (yGW − ybB)sin θ

 (13)

where W and B represent the gravity force and the buoyancy force, respectively.

3. Mechanical Design Structure

The proposed mechanical design should provide an easy-to-assemble, lightly weighted,
and maneuverable ROV capable of performing tasks efficiently in a reasonable time. Accord-
ingly, we sought a balance between high performance and innovative design of ROV [22].

3.1. Structure of ROV

There are three phases to build the structure of ROV. Firstly, in the brainstorming phase,
various free-hand sketches have been drawn, edited, and discussed to reach an efficient
design for ROV. Subsequently, the design that could meet the electrical requirements was
chosen. Accordingly, we designed our ROV in a circular shape to allow easy rotational
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movement, smoothness of motion, and reduction in turbulent flow. The curvature in the
electrical enclosure enables the reduction in drag force due to the streamlined shape.

Several computer-aided design (CAD) programs were utilized for the design process.
Inventor was used for simulating the solid model and assemblage of ROV. AutoCAD was
used for preparing the final files of ROV for printing and fabrication. At the end of the two
phases, we discussed the materials based on the calculations and costs of the suggested
materials for ROV’s upper plate, lower plate, and electrical enclosure. Figure 2 illustrates
the ROV’s structure.
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3.2. Material Selection

Selecting materials for an ROV depends on various factors, such as the intended
use of the ROV, operating conditions, budget, and performance requirements. The ROV
consists of upper and lower plates held together by four shafts. The electronic enclosure
is connected to the upper plate via six bolts, and the lower plate is for the four horizontal
thrusters. Two cameras were installed on the ROV. The upper and lower plates were made
of acrylic with 10 thicknesses to resist corrosion and ease manufacturing. The electric
housing dome was also made of acrylic due to its light transmittance, ability to withstand
water pressure, and ease of insulation.

Stainless steel was chosen for shafts, rivets, washers, and nuts because of its ability to
resist corrosion under water. Additionally, it can withstand high strength and power. Two
holders were placed for the vertical thrusters between the two plates. Many screw holes
were located on the upper and lower plates to enable easy installation of tools in the plates
and for motor positioning. Figure 3 illustrates the developed prototype.
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3.3. Configuration of Thrusters

We calculated the maximum force to move our vehicle up and down to choose the
suitable type of thruster and determine whether the thrusters could dive. We used six Blue-
robotics T100 thrusters. Compared to bilge pumps, they have a greater thrust-to-physical
size ratio [6]. Accordingly, they can provide more free space to install the mechanisms re-
quired for the required tasks. However, the T100 thrusters have a high-power consumption
at high-speed operations. Equation (14) expresses the computation of the drag force D:

D = 0.5AρV2Cd (14)

where D is the drag force, A is the ROV’s cross-sectional area, ρ is the fluid’s density, V is
the object’s speed relative to the fluid, and Cd is the drag coefficient.

According to Equation (14), to achieve suitable maneuverability and to introduce
lateral translation, four equally spaced thrusters were located on a prevalent plane and
were vectored at 45◦ angles in the corners as shown in Figure 4a. The two motors were
in front of ROV (a forward position), and the two thrusters were in the back of ROV (a
backward position). Two vertical thrusters were installed on the vehicle’s right and left
sides. As a result, the vehicle could achieve six-DOF (namely, Surge, Sway, Heave, Yaw,
Roll, Pitch). The 6-DOF of the ROV is illustrated in Figure 4b.

This configuration allows the thrusters to contribute to the power efficiently towards
better propulsion. It also reduces flow interference, considering the overcoming drag that
might interrupt the vehicle and the drag of the tether. Each blue-robotics T100 thruster has a
maximum forward thruster = 23.15 N and a maximum backward thruster = 17.85 N [24,25].
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Figure 4. Thruster configuration: (a) Motor Positioning [26], (b) Motion of ROV in 6-DOF. The red
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3.4. Gripper and Camera Enclosure

A pneumatically actuated manipulator was designed to perform underwater tasks
successfully. The actuator is a pneumatic cylinder (bore 30 mm and stroke 60 mm). It
depends on the mechanism of the parallel link to convert the linear motion of the cylinder
to a gripping action. The gripper’s jaws were designed especially for the missions as shown
in Figure 5a.
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To perform the tasks appropriately, we set up two cameras to allow the pilot to control
the vehicle. The main camera is set in the electronic enclosure and faces the front side of the
ROV. The cameras were also used for image processing at the request of our software tasks.
The second camera was installed to capture photos of the gripper. The enclosure was made
of artelon, with a gland at its end to pass the camera’s cable through. An acrylic drum was
added to allow the light to pass through for a better vision. The camera enclosure is shown
in Figure 5b.

3.5. Stress Analysis

Taking the weight and strength factors into consideration, a stress analysis was con-
ducted to determine the following:

• The maximum pressure that the upper plate and lower plate can withstand.
• The weight effect of the mechanical parts fixed to the upper and lower plates.
• The ability of the electric enclosure to withstand pressure under 7-m depth.

4. Electrical System Design

In terms of electrical design, standards must be set that regulate the electrical circuit.
It is important to know the distribution of energy in the ROVs, and to reach an electrical
circuit that works with the suitable efficiency and the least capabilities. This section aims to
develop a customer-oriented design that would optimize performance while maintaining
modularity and flexibility. The electrical system consists of the following primary com-
ponents: (i) surface control station, (ii) tether system, and (iii) onboard electronics [27].
Figure 6 shows the flowchart of the electrical system integration diagram (SID).
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The ROV was controlled from the surface using a laptop and a gaming controller.
Firstly, the electrical circuit was drawn as a hand sketch, enabling each component to be
placed in the electric circuit, extending each element that needs power. Subsequently, the
desired area of the electrical circuit was calculated, and the electrical circuit was modeled
using Eagle and Easy EDA software programs, and every part was determined in the
electrical circuit as shown in Figure 7.
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Control data was sent from the Arduino to a passive high-definition composite video
interface (HDCVI) transceiver connected by another passive HDCVI transceiver in the
ROV’s electric enclosure using a Category 6 cable connecting to the onboard Arduino mega
through two wires. A Category 6 cable was utilized because it provides high data. Through
put for the Ethernet cameras on the ROV. Since Arduino boards already have support
circuitry built in, the carrier board design was made simpler by using them throughout the
system. Additionally, because of their low cost, it is sometimes simpler and less expensive
to replace a whole defective Arduino board rather than isolated components.

A 48 V power supply was delivered to the ROV’s PCB using 14 American wire gauge
(AWG) wires with an in-line 25-A fuse. The electric enclosure consists of three levels.
The first level contains the Power PCB, the second has the electronic speed controller
(ESC), and the third includes the Arduino Mega with a shield and a passive HDCVI
transceiver. The 48 V enters the Power PCB and is converted to 12 V through the Murata
DC-DC converter [28]. Subsequently, the 12 V is distributed by the Power PCB to the ESCs,
cameras, and a power converter from 12 V to 5 V to feed the Arduino [3].

4.1. Power Distribution

When all power usages are determined, the adequate DC power supply rating and
power distribution are selected [29]. Here, DC was used rather than AC because it is
simpler and more accessible for the portable ROV to use power supply by the generator.
The total available power is computed as follows:

Total available power = Power supply power − Tether power loss (15)

The ROV electricity consists of the following components: T100 thruster, ESC, cameras,
and Arduino digital video recorder (DVR). Table 1 tabulates the power distribution for
each component and the tether power loss due to temperature. The table shows that the
power consumption is lower than the available power [2].

Table 1. Power distrubiton.

Component Quantity Voltage (V) Power per Device (W) Total Power (W)

T100 Thruster 6 12 135 800
ESC 6 12 6 36

Cameras 2 12 6 12
Arduino Mega 1 12 6 6

DVR 1 12 15 15
Total power 879

Tether power loss 230

4.2. Power Board

The track width was estimated using Equation (16):

Width = Area/Thickness × 1.378 mile/oz (16)

For every 1 A, 1 mm track width is required for PCB input. Thus, a 30 mm track
width is necessary to meet the desired current (30A), resulting in a massive space for the
electronics in the electric enclosure [30]. To maintain a smaller track width size, we coated
it with a composite mixture of silver, tin, and gold. As the PCB thickness increases, the
track decreases. Figure 8 depicts the power board.

The power PCB receives 48 V from the tether and uses 2 Murata DC-DC converters
(buck) to convert the 48 V to 12 V with an excellent nominal efficiency of 96% [31]. They
were used due to their small size and low weight. Designing the power PCB that can
handle the required current in a small size to fit in the electric enclosure was a challenge.
After conversion, the 12 V bus was distributed into two buses; the first bus was converted
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to 5 V to DC-DC converter, and the second was distributed using terminals to provide the
ESCs and the cameras with the required operating power.
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4.3. Control Board

The control board was connected to the PCB board, as shown in Figure 9. The control
shield was mounted to Arduino. The shield was used to deliver the signals from the
Ardunio Mega to the components through terminals to fasten the wires gently and avoid
disconnection. The shield contains 20 terminals (7 for the signal, 7 for the ground, and
6 for the small power). A Tether cable was mounted between the vehicle and the tether
management system (TMS) for transmitting electrical power, optical signals and mechanical
loads using a thin, flexible, and durable cable [31].
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5. Software System

The first step of the software system involves the station between the Arduino micro-
controller and the joystick. The second step involves the bottom side between the top side
Arduino and the bottom side Arduino.
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5.1. Top Side System

The station was designed to allow the user to control the system thoroughly. The
station consists of a power supply, computer, screen, joystick controller, laptop, and upper
Arduino as a controller for the upper control station. The joystick and the upper Arduino
(transmitter) were connected to the laptop and was connected to the joystick. The upper
Arduino receives the information (i.e., coordinates) from the joystick and transmits it to the
bottom Arduino to operate the motors using “Processing IDE”. We developed a graphical
user interface (GUI) to allow the pilot to control the speed and motion of motors. The top
Arduino communicates with the bottom Arduino underneath the water through a universal
asynchronous receiver-transmitter (UART) to simplify the process that any of two Arduino
can send and receive data from each other.

The purpose of the code in the processing is to handle the top-side system and con-
nects the Logitech extreme with the upper Arduino. The joystick sends the speed to
the upper Arduino in a hexadecimal arrangement to save memory since the maximum
speed (255 ms) can be saved only in 2 bytes. The upper Arduino receives the speed and
sends it through serial communication in a UART cable to the bottom Arduino underneath
the water. We used Logitech 3D pro joystick. We programmed Logitech 3D pro joystick
using “Processing” and controlled motors using a Proportional-integral-derivative (PID)
control PID.

5.2. Bottom Side System

On the bottom side, the underwater software is managed by an Arduino Mega that
receives the motor speed and converts it into a decimal system which subscribes to the
node that maps the values and drives the thrusters through the ESCs. Accordingly, the
motors publish the readings of the sensors responsible for localization. The camera’s system
transmits the underwater data to the laptop by cat-6 Ethernet cable and passive transverse
module for image processing. Figure 10 illustrates the software map.
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5.3. Image Processing

Python was used for image processing because it is open source, has decent docu-
mentation, and has a great performance with relatively low-level libraries. Matplotlib and
NumPy were used. The process starts with capturing a frame from the camera feed and
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saving it to the appropriate directory on the control laptop. Subsequently, several filters
(from OpenCV) were applied to compensate for the ‘fuzziness’ caused by shooting under
the water. Eventually, the images become processed.

6. Experimental Setup

The experimental investigation was conducted to test the ROV’s applicability to
various missions. Prior to submerging ROV in a swimming pool, we ran extensive testing
to ensure it would be fully waterproof. We used a vacuum pump to pull a vacuum inside
the electronics enclosure, adjusting the seal if there was any sign of pressure change. Next,
we covered the enclosure in soapy water and pressurized the interior so that escaping air
would create bubbles and be easy to detect. We also allowed the ROV to run for 15 min
with the enclosure sealed to ensure that the interior did not get too hot.

The dimensions of the enclosed swimming pool used in the experimental investigation
are 25 × 20 × 7 m (Figure 11). First, the objects required for performing the missions of
ROV are placed in the swimming pool. To ensure the insulation of the electrical enclosure,
the ROV was tied with a rope and left underwater for twenty minutes without activating
the power. Subsequently, the pilot activates the power and uses the joystick to control the
vehicle in the desired direction through the GUI platform. During the experiment, the
installed cameras allow the pilot to display the desired objects on the laptop.
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7. Results and Discussion

A circular-shaped underwater ROV, which allows the utilization of six thrusters to
enhance the maneuverability and controllability of the vehicle by six DOF was fabricated.
Figures 12 and 13 show the final manufactured PCB and underwater ROV prototype,
respectively. Table 2 tabulates the key specifications of the proposed ROV. The maximum
speed and weight of the proposed ROV are in line with the recent findings reported by
Ali et al. [9].
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Table 2. Main specifications of the developed ROV.

Parameter Value Unit

Maximum speed 4.86 km/h
Maximum depth 7 m

Maximum current 30 A
Weight 16 kg

Size 46 × 64 × 55 cm
PCB size 10 × 10 cm

Life in water 3 h
Track width mixture 60% tin, 30% silver, and 10% gold -

7.1. Stress Analysis

According to the stress analysis in Figure 14, the acrylic upper and lower plates and
electric enclosure could withstand the pressure forces acting on them. Table 3 presents the
actual stress and strain results for each component.
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Table 3. Stress and strain results of the ROV parts.

Part Min. Stress (MPa) Max. Stress (MPa) Min. Strain Max. Strain

Upper Plate 0 0.2 0.0 0.010
Lower plate 0 70.0 0.0 0.030

Electrical
Enclosure 0 2.5 0.0 0.001

7.2. Proposed GUI Platform

The top side platform consists of a GUI screen for the pilot and co-pilot to observe the
motors’ conditions, movements, and speeds. Figure 15 depicts the proposed GUI. The GUI
allows the pilot to move the six-DOF ROV movement of six motors using LEFT, RIGHT
and ELEV boxes. Moreover, it pares the rotation movement and ROV transfer in line with a
recent study [2].
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7.3. Image Recognition
7.3.1. Red Line Follower

To autonomously follow the transect line, the forward-facing closed-circuit television
(CCTV) camera image was masked to filter out everything except the red line, as shown in
Figure 16. The algorithm computes a motion vector based on the location of readings right,
left, up, and down, depending on the direction in which the red color appears. The line in
the image and the opposite direction of motion keep the ROV centered on the line in either
the horizontal or vertical axis.
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7.3.2. Blue Crack Detection

This test aims to detect a certain crack with a pre-defined width and compute the
crack length. The crack is represented by a blue line which is detected and measured
using Python and the open-source computer vision library OpenCV. The crack detection
algorithm masks the image from the CCTV camera and allows the user to display the crack
on the laptop. Here, we used a reference line with an actual length of 14.318 cm and a width
ranging between 1.8 and 1.9 cm. The pixels are identified for the blue line and the crack
length Lcr is evaluated based on Equation (17). Figure 17 illustrates the detected blue line
in the swimming pool. In this test, evaluated Lcr was 13.38 cm, with an accuracy of 93%:

Lcr = Wre f

(
Lp
Wp

)
(17)

where Wre f is the reference width in cm, Lp is the length of the blue line in pixels, and Wp
is the width of the blue line in pixels.
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7.3.3. Identifying Benthic Species

This test aims to identify stationary benthic species represented by various shapes,
such as lines, polygons, and circles. Python uses OpenCV to construct a computer vision
system to quickly identify, count, and categorize multiple species. The algorithm seeks each
shape’s contours (i.e., lines representing boundaries) and highlights them. Subsequently,
the shape is identified by counting the vertices of each contour. For example, a shape is
recognized as a triangle if it has three vertices. Figure 18 demonstrates a sample of the
benthic species identification through image processing. Here, the image processing first
identified the different shapes of benthic species (Figure 18a), then counted the number of
species according to the defined shapes (Figure 18b).
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species count.

7.3.4. Analyzing Box Sides

The five sides of any underwater obstacle are analyzed to perform this task. Accord-
ingly, the obstacles are simulated using boxes with different colors, as shown in Figure 19c.
The range of the camera will be minimized to match the size of every side of the box; for
instance, the frame range of the camera will be 1100 × 500 pixels for one side, and for
another side, it will be 500 × 500, and so on. Subsequently, a screenshot is taken for every
side of the box (Figure 19b). Eventually, the screenshots will be arranged in the proper form
as shown in Figure 19a.
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8. Conclusions

In this paper, we developed an integrated system for an underwater ROV that consid-
ers mechanical, electrical, and software design and manufacturing. The PCB was designed
with a small track width to reduce the ROV’s overall dimensions. All independent systems
of the proposed ROV were tested individually before assembly to ensure they were fully
operational and ready for integration. The vehicle’s structural integrity and insulation
were examined by submerging the vehicle underwater for long periods. The experimental
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outcomes demonstrate the image processing’s robustness in performing various tasks in
underwater environments.

In the current investigation, the allowable depth was limited to 7 m. Thus, researchers
could consider using autonomous underwater vehicles to explore greater depths in future
work. The present study did not consider shape analysis; accordingly, the corresponding
theoretical and experimental research regarding shape selection was insufficient to present
significant findings. Thus, we recommended the investigation of the ROV’s shape on its
performance and hydrodynamics in future work. This could be achieved through shape
optimization, considering the various operational scenarios. Moreover, computer vision
applications could be integrated to develop the capability of ROVs to identify benthic
species under hazardous and unstable conditions.
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