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Abstract:
This study focused on the development of an
Autonomous Underwater Vehicle (AUV) across four
key domains: Mechanical Design, Software, Electronics,
and Security. The Mechanical Design phase involved
utilizing computer‐aided drawing programs to create the
AUV model. Important design considerations encompass
manufacturability, cost, power, weight, and durability.
Comparisons with nominal values of existing market
products validated the precision of the produced designs.
This study placed particular emphasis on the optimization
of model weight, with a focus on ensuring the AUV’s
efficiency, lightness, and exceptional maneuverability
within underwater environments. The Software stage
entailed the development of AUV software to enable
sensitive and effective vehicle operations. Efficient
functioning, devoid of errors or complications, was
imperative to ensure optimal autonomous driving and
operational capabilities. Image processing algorithms
were incorporated into the software to maintain high
accuracy and provide dimensional and geometric
information from targeted areas. Furthermore, the
software phase involved the development of an image
processing algorithm based on color analysis, further
augmenting accuracy. The selection of electronic
components for the AUV was also a vital consideration,
alongside ensuring safety measures at every stage of the
UAV’s development.

Keywords: autonomous underwater, image process, 3D
design and production, self‐controlled

1. Introduction
Autonomous underwater vehicles (AUVs) are

advanced systems that integrate sensor detection,
information fusion, and vehicle control technologies.
A key application of AUVs is underwater multi‐target
search. To improve search efϐiciency, accuracy, and
speed, a team of AUVs can collaborate. This approach
enhances system performance, reconϐigurability,
and ϐlexibility while reducing costs and mission
duration. Multi‐AUV systems ϐind utility in gathering
environmental gradient data and conducting habitat
mapping across diverse ϐields [1].

Two‐thirds of our planet’s surface is covered by
water in the form of oceans, seas, and rivers, which
remains largely unexplored. This study ismotivatedby
this fact.With underwater communications in the con‐
text of the Internet of Things (IoT), an intelligent inter‐
connection can be established between nodes and
vehicles, providing remarkable services for underwa‐
ter applications. Thus, the concept of the Internet of
Underwater Things (IoUT) encompasses communica‐
tion for both the Underwater Wireless Sensor Net‐
work (UWSN) and AUVs facilitated by Internet ser‐
vices [2]. The IoUTnetwork enables thedeployment of
various underwater applications, including environ‐
mental monitoring, surveying, military purposes, and
more [3].

Scientiϐic AUVs have diverse applications, includ‐
ing serving as a test bed for new technologies [4]; col‐
lecting bathymetric data andmapping the seaϐloor [5];
conducting archaeological surveys [6];monitoring the
environment [7]; studying physical, biological, and
chemical processes [8]; performing geological sur‐
veys [9]; and exploring extreme environments [10].

Commercial AUVs are utilized in several appli‐
cations, including underwater infrastructure inspec‐
tion [11], in the oil and gas industry [12], and in repair
and maintenance operations [13].

Military AUVs serve a range of applications, includ‐
ing antisubmarine warfare [14], mine countermea‐
sures [15], target localization [16], and search and
rescue operations [17].

In the bibliometric analysis conducted for this
study, three‐ϐield plots and co‐occurrence networks
of author keywords were employed to yield valu‐
able insights into the interconnections and patterns
within academic literature. The three‐ϐield plot (Fig. 1)
provides a visual representation of afϐiliations, key‐
words, and co‐authors’ countries, where the height
of the boxes serves as an indicator of research out‐
put. Furthermore, co‐occurrence networks (Fig. 2)
visually depict relationships between keywords in
research publications, uncovering thematic interplay.
These analytical tools are critical for grasping aca‐
demic literature and research patterns, providing a
detailed understanding of collaborative networks and
current trends. For instance, Figure 1 illustrates that
the United States, Spain, China, and Japan prominently
feature in the AUV domain, while Figure 2 focuses on
50 nodes associated with AUV keywords.
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Figure 1. Three‐field plot analysis (AU_UN (Authors’ University)—DE (Keywords)—AU_CO (Authors’ Country)

Figure 2. Co‐occurrence network of author keywords

The primary aim of this study was to advance the
evolution of an AUV by conducting a thorough inves‐
tigation into four key domains: Mechanical Design,
Software, Electronics, and Security. The pivotal objec‐
tive was to guarantee the AUV’s efϐiciency, achieve
a lightweight structural composition, and facilitate
superiormaneuverabilitywithin underwater environ‐
ments. Through a concentrated examination of these
foundational domains, this research endeavors to aug‐
ment the overall performance and operational capa‐
bilities of the AUV.

2. Materials and Methods

2.1. Mechanical Design Process Used in the Develop‐
ment of the AUV

As a starting point, the CAD program SolidWorks
was selected to create and visually represent designs
on a computer. During the design process for the
mechanical body, the main criteria for selection are
cost, weight, symmetry of the main body, security,
time savings, and ease of manufacturing. Designing
for underwater conditions presents additional chal‐
lenges compared to designing for land‐based appli‐
cations. Factors such as vehicle stabilization, system
steadiness, communication, and pressure parameters
are more difϐicult to adjust and ϐinalize in the design.
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Figure 3. Basic dimensions (in mm) of the autonomous
vehicle

Figure 4.Main chassis

To address these parameters, various academic stud‐
ies, drawing programs, and analysis tools were uti‐
lized. The overall mechanical design encompasses the
main chassis, thrusters, propellers, a leak‐proof plex‐
iglass tube, and tube‐stabilizing cuffs. Following thor‐
ough work based on the aforementioned criteria, the
ϐinal design of the vehicle was achieved, as shown in
Figure 3.

In streamlining the manufacturing process, the
primary chassis of the Autonomous Underwater Vehi‐
cle (AUV) was meticulously designed to undergo
3D printing, comprising six distinct components.
This modular approach facilitates ease of production,
allowing each component to be printed separately and
subsequently assembled to form the integral chassis
structure. For visual clarity and reference, Figure 4
provides a detailed depiction of the six main con‐
stituent parts that collectively constitute the AUV’s
chassis. This method not only enhances the efϐiciency
of the manufacturing process but also offers ϐlexibil‐
ity and scalability in adapting the design to speciϐic
requirements and modiϐications.

Figure 5.Male–female chassis parts

Figure 6. Lower chassis parts

The holders tasked with stabilizing the thrusters
on the main chassis underwent rigorous stress test‐
ing and were purposefully designed to withstand the
considerable forces encountered in underwater envi‐
ronments. In particular, the half‐circle segment of
the chassis designated for motor placement under‐
went reinforcement to mitigate the risk of potential
breakage.

Utilizing advanced 3D printing technology, the sec‐
tions where the thrusters will be positioned were
intricately crafted. These sections feature twin female
and male connections, augmented with M4 bolts to
ensure a robust and secure attachment mechanism.
The design and structural details of these female‐male
chassis parts are vividly illustrated in Figure 5, provid‐
ing a visual reference for the meticulous engineering
and durability considerations incorporated into the
AUV’s thruster stabilization system.

To accommodate the installation of a camera
inside the vehicle, a gap was designed on the lower
parts of the chassis. The assembly of the chassis is
ϐinalized using M4 bolts to connect the female‐male
parts. In order to ensure stability while on the ground,
small stands in strips were added to the lower section
of the chassis. Please refer to Figure 6 for a visual
representation of the lower part of the chassis.

In order to maintain weight balance and sym‐
metry, while enabling smooth forward‐backward and
right‐left movement, four propulsion motors were
strategically placed at the four corners of the main
chassis, angled at 45 degrees. Additionally, to achieve
vertical movement, another four propulsion motors
were symmetrically positioned at the center of the
chassis. This conϐiguration ensures both aesthetic
appeal and optimalweight distribution. Consequently,
a total of eight (8) Brushless Direct Current (BLDC)
motors are utilized in the vehicle.
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Figure 7. Thrusters

Figure 8. Propeller

The motors responsible for generating vertical
movement are secured using M3 bolts, while the
remaining motors, which facilitate horizontal move‐
ment, are tightly ϐixed using pins. Each motor is
equippedwith a lid cover for its housing. These covers
not only provide protection but also enable themotors
to be sealed with epoxy at their connection points,
ensuring they are watertight. This safeguard allows
the motors to operate safely underwater for extended
periods of time (Fig. 7).

The propellers, as shown in Figure 8, designed
in SolidWorks and 3D printed, underwent testing via
CFD analysis and real‐world conditions. The obser‐
vation revealed that a single bolt was insufϐicient for
secure attachment, prompting the addition of another
strategically positioned bolt. CFD analysis highlighted
substantial thrust, primarily due to a high pitch angle,
but posed a challenge of the control card overheat‐
ing. This underscores the importance of adopting a
balanced optimization approach that addresses not
only propeller performance enhancements but also
the critical aspect of thermal management. Such an
approach highlights the interconnected considera‐
tions integral to the processes of design, analysis, and
practical application, ensuring a comprehensive and
effective solution to the challenges encountered.

To prevent any contact between the electronic
components and water, a robust solution was
implemented. All electronic components are securely
housed within a leak‐proof plexiglass tube. This
tube features lids at both the front and back ends.
The use of a leak‐proof plexiglass tube to house
the electronic components is a robust solution for
preventing contact between the components and
water. By enclosing the electronics within the tube,
one creates a physical barrier that shields them from
any potential water damage or moisture intrusion.

Figure 9. Leakproof plexiglass tube

Figure 10. Tube fixing cuff design

The frontal lid incorporates a circular plexiglass
material with an inner diameter of 114mm, allow‐
ing for camera viewing. On the rear lid, there are
leak‐proof connector holes speciϐically designed for
the motor cables to pass through. To maintain the
integrity of the system and prevent any leakage, the
motor cables passing through the connectors are
enclosed within a separate tube that is ϐilled with
epoxy. This additional tubemeasures 120mm in diam‐
eter and 400mm in length. Both the lids of this tube
were reinforced with O‐rings to ensure a completely
leak‐proof system.

Figure 9 illustrates the CAD assembly and lid
design of the plexiglass tube, showcasing the meticu‐
lous attention given tomaintaining awatertight enclo‐
sure for the electronic components.

The stability of the plexiglass tube is of utmost
importance, and it is crucial to securely fasten the
tube to the chassis. To address both the vibrations
generated by the motors and the ϐluid movements
caused by water, supporting ϐixing cuffs were strate‐
gically positioned and connected to the chassis using
M4 bolts. The use of supporting ϐixing cuffs and M4
bolts to secure the plexiglass tube to the chassis is
an effective approach to ensure stability. The vibra‐
tions generated by the motors and the ϐluid move‐
ments caused by water can potentially create stress
and strain on the tube, which may lead to instability
or even damage if not properly addressed. Figure 10
presents the design of the tube ϐixing cuffs, offering a
visual representationof their conϐiguration. The “Tube
Fixing Cuff Design” refers to the speciϐic engineering
and structural arrangement created to securely fas‐
ten the plexiglass tube to the chassis of the vehicle,
thereby ensuring stability during its operation.
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(a)

(b)

  (c)  

Figure 11. Isometric (a), frontal (b), and top (c) views of
the design

Furthermore, Figures 11a–c present the isometric
(a), frontal (b), and top (c) views of the design, provid‐
ing a comprehensive overview of the ϐinalized vehicle
design and its overall appearance and features.

In order to enhance the AUV’s functionality and
enable it to perform additional tasks, a gripper arm
design was meticulously crafted. This component
serves as a mechanical moving part that can securely
grasp and hold objects without exerting excessive
pressure that could potentially damage them. The
development process involvedmultiple iterations and
redesigns, as the gripper arm proved to be a more
complex and challenging component to manufacture.

Figure 12. Frontal view of the gripper design

Figure 13. Acrylic circle

The ϐinal design of the gripper arm (Fig. 12) was
intentionally kept as simple as possible to fulϐill its
intended task without introducing unnecessary com‐
plexity to other aspects of the AUV. To facilitate the
gripping motion, a waterproof servo motor was uti‐
lized. The gripper itself is positioned at the front of
the sub‐frame and is capable of achieving an open
diameter of up to 80mmand a closed diameter of up to
25mm, allowing it to effectively carry out its objective.

The plexiglass tube serves as a protective enclo‐
sure, effectively containing all the electronic compo‐
nents and ensuring a leakproof environment. Within
this tube, the heaviest component of the system, the
Lithium‐Polymer (Li‐Po) battery, is securely housed.

To enable the camera placed inside the acrylic tube
to capture images, a window is provided to connect
it with the outside world. This is achieved by incor‐
porating an acrylic circle on the frontal side of the
tube, which allows the camera to perform its function
effectively. The acrylic circle (Fig. 13) has a diameter
of 114mm and a thickness of 3mm, providing a clear
and transparent view for the camera’s imaging capa‐
bilities.
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(a) (b)

Figure 14. Frontal (a) and rear (b) side lids

Figure 15. O‐rings

The tubes situated on both the frontal (Fig. 14a)
and rear (Fig. 14b) sides of the acrylic tube are crafted
from aluminum material. For the frontal lids, the
design incorporatesmortises to accommodateO‐rings
(Fig. 15), ensuring a secure and leakproof seal. In con‐
trast, the rear lids are equipped with ϐive pass holes
to allow the cables from outside to pass through. Once
the cable passages are completed, the lids are sealed
using epoxy and brass material to further enhance the
leakproof integrity of the system.

2.2. Materials Used in the Development of AUV

2.2.1. PLA+ Filament

The ϐilament employed in 3D printing for produc‐
ing materials is Polyactic Acid+ (PLA+). This organic
biopolymer and thermoplastic exhibit a density of
1.24 g/cm3 and a tensile strength of 43MPa. The
optimal printing temperature ranges from 190∘C to
220∘C, while the recommended bed temperature falls
between 60∘C and 80∘C.

Compared to other manufacturing options, 3D
printing using PLA+ ϐilament proves to be cost‐
effective. Once the temperature and printing settings
are appropriately conϐigured, it allows for printing
without encountering signiϐicant issues. Moreover,
PLA ϐilament is easier to work with compared to
other ϐilament types, offering the added advantage of
a brighter appearance. This contributes to an aesthet‐
ically pleasing ϐinished product. Additionally, PLA is
considered non‐harmful to humans.

Table 1.Materials used for mechanical parts [18]

Mechanical Part Name Material Used Amounts
Male Chassis Part PLA+ 2
Female Chassis Part PLA+ 2
Rear Sub-frame PLA+ 1
Frontal Sub-frame PLA+ 1
Forward-Reverse Thruster PLA+ 4
Vertical Thruster PLA+ 4
Motor Covers PLA+ 8
Propeller PLA+ 8
Tube Fixing Cuff PLA+ 3
Tube Rear Lid Aluminum 1
Tube Frontal Lid Aluminum 1
O-Ring Plastic 3
Tube Acrylic 1
Front Cover Glass Acrylic 1

2.2.2. Aluminum

The material chosen for the lids of the tubes is
aluminum due to its favorable properties and suitabil‐
ity for the intended purpose. Aluminum was selected
because of its ease of processing, low manufactur‐
ing tolerance, and excellent resistance to corrosion,
which is particularly important since the lids will be
predominantly underwater. The surface of aluminum
naturally forms a thin yet durable oxide ϐilm, pro‐
viding enhanced corrosion resistance. Additionally,
aluminum is non‐magnetic, possesses good electrical
conductivity, and has a density of 2.70 g/cm3. It has a
relatively low melting temperature of 660.32∘C and a
tensile strength of 49 MPa.

2.2.3. Materials Used for Mechanical Parts

The design process for the physical parts was
focused on minimizing the overall weight of the vehi‐
cle, ensuring its maneuverability on water. The ϐinal
design achieved a total weight of 3357g, accompa‐
nied by a volume of 9,002,562.75mm3. The chassis
dimensions measure 473.57mm in length, 437.43mm
inwidth, and 133mm in height. Below is a table listing
all the mechanical parts incorporated into the vehicle:

2.3. Methods Used in the Development of AUV

2.3.1. 3D Printing

All the parts, except for the front cover glass,
tube lids, and O‐rings, were manufactured using a
3D printer. The choice of a 3D printer was driven
by the convenience it offers in the manufacturing
process. Additionally, the iterative nature of design
changes, which required minimal to no modiϐications
in the manufacturing process, and the overall cost‐
effectiveness of 3D printing were key factors in the
decision.

To ensure robustness and prevent any issues dur‐
ing bolt tightening, all the components were printed
with a high inϐill percentage of 85%. This increased
inϐill percentage contributed to the overall strength
and structural integrity of the printed parts.
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2.3.2. Machining

The aluminum tube lids, utilized on both the
frontal and rear sides of theAUV to ensure a leak‐proof
seal for the acrylic tube, were manufactured through
machining processes. This method was chosen as the
most appropriate means of fabrication, as it enables
precise processing while maintaining a low tolerance
rate.

2.4. Manufacturing Methods Used in the Development
of AUV

After evaluating the diverse range of functions
expected from the vehicle, including image process‐
ing, motor control, sensor integration, data process‐
ing, and automation, power consumption calcula‐
tions determined that the most suitable power sup‐
ply option for the system was the Lithium Polymer
Profuse Battery 6S 25C (22.2V 22000mAh). This Li‐
Po battery provides sufϐicient power to run all elec‐
tronic components without encountering any power
shortages.

To ensure smooth and efϐicient movement under‐
water, the selected motors and electronic speed con‐
trollers (ESCs) were carefully chosen to work in har‐
mony with the Li‐Po battery. The motors are 6S com‐
patible with a rotation speed of 30,000 RPM and
require approximately 30A of current, while the ESCs
have a current resistance of 40A.

For data processing, which includes information
from sensors such as ultrasonic, depth, pressure, and
the camera for image capture, a Raspberry Pi 4 was
incorporated. Additionally, a Pixhawk PX4 ϐlight con‐
trol cardwas employed for vehicle automation. To pre‐
vent overheating, a 5V voltage regulator was chosen
to power the sensors and camera instead of directly
relying on the Raspberry Pi 4 and Pixhawk PX4.

Safetymeasureswere also implemented, including
an emergency stop button and a power distribution
card capable of handling up to 400A, serving as safe‐
guards for unexpected high voltage or overheating
situations.

The sensors and camera are connected to theRasp‐
berry Pi 4 which has Broadcom BCM 2711 central
processing unit (CPU) with a 4‐core advanced RISC
machines (ARM) architecture Cortex – A72 to process
the data received and give the vehicle autonomous
abilities. Having a CPU of 1.5 GHz work frequency was
selected as it is %10 faster than the previous model.

Being a highly advanced ϐlight control card that
works for the automation of the vehicle itself, the
Pixhawk is widely used both in air vehicles such as
multirotor planes and helicopters while also being
used in remote‐controlled vehicles. It was selected as
an ideal ϐlight control card with a 32‐bit processor.
The Pixhawk receives the necessary data to prop‐
erly control the speed of the motors. The connection
between the Raspberry Pi 4 and the Pixhawk was
made possible with a telemetry device that secures a
universal asynchronous receiver/transmitter (UART)
communication. The power required to run the ϐlight
control card is received from the Raspberry Pi 4.

An analog power module was integrated to pro‐
vide a stable power supply to the Pixhawk ϐlight con‐
trol card and themini‐computer Raspberry Pi 4 which
also supports the measurement of the battery voltage
and the current consumption. The preferred power
module has a maximum input of 30V 90A and a maxi‐
mum output of 5.3V 3A.

Toprovide the connection between themotors and
the Pixhawk and to control the motors themselves,
eight 40A ESCs compatible with 2‐6S power input
were used.With these ESCs, control of themotors was
achieved with the help of the signals coming from the
ϐlight control card.

To prevent damage to the electrical components
of the system from the high voltage coming from the
power supply, a process control block (PCB) regulator
was integrated into the system to regulate the incom‐
ing voltage.

To capture andprocess the images during thework
activity of the vehicle, a 5MP camera with a ϐish eye
lens that is compatible with the Raspberry Pi 4 Model
B was selected.

To detect the position of objects underwater and
avoid a collision with them, ϐive units of leak‐proof
ultrasonic distance sensors were placed on the edges
and the bottom of the chassis.

For the purpose of measuring the distance from
the surface and the depth of the vehicle itself, and to
know its positional information, depth and pressure
sensors were included in the system.

To check the electrical components for temper‐
ature control and cut the power to the system in
the case of overheating, a temperature and humid‐
ity sensor was included in the system. The DHT21
Temperature‐Humidity sensor was chosen as it is
highly reliable and can work stably even in long‐
term working conditions, in addition to having a fast
response rate as it has an 8‐bit microprocessor.

The board itself was handmade with copper
cables, where the plate with black colored cables rep‐
resents “−” while the platewith the red colored cables
represents “+”. It is a crucial part of the system as
it allows the power coming from the source to reach
every part of the system.

In case of a system overload emergency, a current
sensor was integrated to proactively shut down the
electricity supply before external intervention. Addi‐
tionally, a leakage emergency stop button was added
to the chassis for immediate deactivation in unfore‐
seen circumstances, enhancing device safety proto‐
cols. Figure 16 provides a visual representation of
the ϐinal placement of the electronic components in
the acrylic tube, aiding operational understanding and
facilitating potential troubleshooting scenarios.
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Figure 16. Image of electronic components inside the
acrylic tube

2.5. Electronical Design Process Used in the Develop‐
ment of AUV

As the complexity of an AUV’s performed job for it
to accomplish increases, so does the decision‐making
process of said job too. In ROVs (Remotely Operated
Vehicle), this problem is solved by highly trained indi‐
viduals personally monitoring the situation during
work and giving the correct and necessary inputs to
the machine to solve or avoid any problems that could
occur. But for an AUV to automate itself, algorithms
come in to replace this human requirement.

Algorithms are used for anAUV tomove frompoint
A to B, avoid obstacles, perform communications, col‐
lect data, facilitate target and color detection, give
instructions, and solve any problem that might occur
with performing a computation.

The underwater environment in which an AUV
operates is not a static location like a ground environ‐
ment. Compared to the ground, underwater surround‐
ings are more dynamic and more prone to change. It
is not always possible for AUV path planning opera‐
tions, such as obstacle avoidance and detection, to be
done beforehand as there aremany dynamic obstacles
to consider such as marine life, reefs, ships, or even
various‐sized ϐloating objects such as garbage. Articles
in the literature were studied to examine the different
ways of pathϐinding of AUVs for static and dynamic
obstacle situations.

All the data collected from the outside by the
vehicle were transferred by the Raspberry Pi 4 via a
radio frequency (RF) communication module to the
main computer. On the system beside the ϐlight con‐
trol card, a ground control station alongside a com‐
panion computer, such as Raspberry Pi 4, was used.
Python software language on the Raspberry Pi was
selected. All the operations required from the vehicle
were coded with Python via the Raspberry Pi. For
the ground control station software, the QGroundCon‐
trol program was used. ArduSub software, developed
beside ArduPilot, was used for auto‐piloting software.
ArduSub works alongside the QGroundControl inter‐
face as a ground control station to give an advantage
and ease of use for depth ϐixation, stabilization, and
manual driving mode.

The algorithm was prepared for the autonomous
software of the vehicle. With this design, an
autonomous motion system, target detection and
passing, color detection and positioning, target
detection, and destruction algorithms were created
for their tasks.
2.5.1. Autonomous Motion Algorithm

The process of writing an algorithm started with
the communications system. An algorithm was writ‐
ten to deal with basic communications between the
serial and the sensor according to the data trans‐
fer and returns feedback with information about the
motor and its position. The next process was to deϐine
the starting preparation steps for the movement by
checking the data the AUV receives with its sensors.
The vehicle starts its movement from a random drop
point to the closest corner via its implemented algo‐
rithm and software. After the AUV starts the zigzag
motion, the vehicle begins to search for the chosen
speciϐied target object, which is designated as a sub‐
marine, and center itself facing the located submarine
with the information received from the camera. Then,
through the designated algorithm, the vehicle starts
scanning for the designated target which is a circle.
The data received through scanning the pool and the
circles are kept in mini‐PC for storage. The next step
after locating and identifying the target object through
its colors, is the destruction of said target.

The target object’s ping frequency is detected and
then the vehicle moves to the target object to directly
impact it and destroy it. Another algorithm was writ‐
ten for the AUV to give the vehicle the ability to detect
andpass through adoorwhichwas shaped as a rectan‐
gular hollow object, by centering itself with the infor‐
mation gained via its sensors.
2.5.2. Software Design Process

Here we outline the process of writing automa‐
tion codes for the AUV to automate itself and fulϐill
its objectives successfully. Python software language
programwas chosen as it has an open‐sourced library
while also being adequate software for image process‐
ing. Python 3.9 was the version of the Python pro‐
gram chosen. It is a superb choice as it can be used
for prototype development such as an AUV without
having problemswithmaintainability. OpenCV library
was used for the image processing library. The image
processing tool performs the tasks given to the vehicle
such as identiϐication of surroundings, target detec‐
tion of the door and for passing through it, and color
detection for positioning and destruction of the desig‐
nated target.

The evaluation of the images obtained through
the sensors was done by image processing algo‐
rithms so that the ESCs and the motors that are con‐
nected to them can work in unison. The commu‐
nication between the Raspberry Pi 4 and Pixhawk
was provided with telemetry and general‐purpose
input/output (GPIO) pins.
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Figure 17. Image of the rectangular shape recognition
and taskbars

The Pixhawk receives the commands that are
transmitted from Raspberry Pi 4 with the help of the
“Pymovlink” library in the communication part, thus
enabling the Pixhawk to check up on the motors to
start the vehicle.

To test the image processing systems, a
rectangular‐shaped calendar was displayed to
the camera from a distance of 30cm. Through its
observations, the system recognized four different
rectangles. During additional tests at various
brightness levels, it was observed that in darker
environments with a lesser degree of light, especially
in situations of insufϐicient light levels at close range,
object detection of rectangular shapes was not
consistent enough. As such, it was concluded that
the system can detect an object’s rectangular shape
accurately given that the environment has sufϐicient
brightness levels or the object itself is under some
light source.

To circumvent the issues that occurred in the
rectangular shape detection system (Fig. 17) under
insufϐicient brightness levels, sliders that can adjust
the settings of the camera were added to perform a
calibration to adjust to current light levels for better
image processing.

Through the result of the literature review for the
task of passing through the door, it was found that
the You Only Look Once (YOLO) model was the most
efϐicient method. YOLO is a real‐time object detection
algorithm that operates by dividing the input image
into a grid and predicting bounding boxes and class
probabilities for each grid cell. It has small yet simple
structural features. With its neural network, it can
quickly give a deϐinite recognition output; therefore,
it has a fair computation speed. The speed of the
algorithm to recognize the object with a fast response
time is a positive ability for the AUV. The model of
the rectangular‐shaped door which the AUV will pass
through is shown in Figure 18.

Figure 18. Image of rectangular door model

Gathering a dataset for training the YOLO model
is an essential step in the process. We designed a
model of the rectangular door using SolidWorks and
captured 100 screenshots and photos from various
angles. This datasetwill help themodel learn to recog‐
nize and localize the door in different orientations and
perspectives. Dividing the dataset into training and
testing sets is a common practice in machine learn‐
ing. Using 80 photos for training and reserving the
remaining 20 for testing allows one to evaluate the
model’s performance on unseen data and assess its
generalization abilities.

During the development of the YOLO model in
Python, the term “weighting documents” was men‐
tioned. However, it is important to clarify that “weight‐
ing documents” is not a standard part of the YOLO
training process. In YOLO, the primary objective is to
optimize the model’s performance by minimizing a
designated loss function, whichmeasures the discrep‐
ancy between the predicted bounding boxes and the
ground truth annotations. This optimization process
relies on backpropagation, where themodel’s weights
are iteratively updated to minimize the loss function.
The ϐine‐tuning of themodel’s parameters occurs over
multiple epochs until it achieves satisfactory accuracy
on the training data. For effective training, it is cru‐
cial to strictly adhere to the standard YOLO training
procedure and avoid any confusion ormisconceptions
arising from unconventional terms such as “weighting
documents.” By following the established training pro‐
cess, the YOLOmodel can effectively learn and demon‐
strate improved precision and reliability in detecting
and localizing objects in real‐world scenarios.
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Figure 19. Circle detection

Figure 20. Color red detection test‐1

To achieve the target detection and destruction
objectives, circle detection was initially tested using
Python with a computer camera (Fig. 19). However,
this approach proved inadequate due to the camera’s
poor precision and insufϐicient lighting conditions in
the testing environment.

In subsequent tests, a switch was implemented,
transitioning to the Raspberry Pi camera. This change
resulted in noticeable enhancements in image pro‐
cessing and color detection capabilities, particularly
for objects with red, blue, and green colors (Figs. 20–
22). The codes for image processing were speciϐi‐
cally tailored to the Raspberry Pi platform, leveraging
existing color code libraries. The detection of colors
was accomplished using hue saturation values (HSV)
as a fundamental component of the image processing
algorithm. The utilization of the Raspberry Pi camera,
coupled with HSV‐based color detection, proved to be
a successful combination, signiϐicantly improving the
accuracy and efϐiciency of identifying objects based on
their distinct color signatures. This advancement in
image processing paved the way for more reliable and
precise detection and localization of objects in real‐
world scenarios.

Through the integration of the Raspberry Pi cam‐
era and employing color detection techniques based
on HSV values, the system’s ability to detect circles
for target identiϐication and other purposes was sig‐
niϐicantly improved. The enhanced precision of the
Raspberry Pi camera, along with access to specialized
color code libraries, allowed for more accurate circle
detection, enabling the system to identify circles of
speciϐic colors. This capability is valuable for vari‐
ous applications, such as targeted tasks or achieving

Figure 21. Yellow color detection test

Figure 22. Color red detection test‐2

speciϐic objectives. However, it is important to note
that the technology’s potential uses extend far beyond
destructive purposes and can have diverse applica‐
tions in a wide range of ϐields.

In the context of underwater exploration, the
identiϐication of the submarine and the accurate
positioning of the AUV relative to it are critical tasks.
These tasks are accomplished through sophisticated
calculations performed with the aid of the powerful
computer vision library, OpenCV. The system employs
color processing techniques for object recognition
during image processing. The goal is to detect and
distinguish objects in the underwater environment
based on their unique color characteristics. To facil‐
itate this, pre‐deϐined color codes and HSV values
from the rovpy library, speciϐically designed for ROV
tools, were utilized. By harnessing the capabilities of
OpenCV, the system carries out calculations to detect
and identify the submarine (Figs. 23–24).

Color processing plays a pivotal role in object
recognition, enabling the system to distinguish objects
based on their respective colors. The rovpy library’s
color codes andHSV values are speciϐically tailored for
ROV applications, considering factors such as water
clarity, lighting conditions, and typical underwater
object appearances. This specialized library stream‐
lines the process of object recognition as it provides
a set of ready‐to‐use color codes that match the preva‐
lent underwater color schemes.
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Figure 23. Codes used in underwater software
applications

Figure 24. Codes used in color detection software
applications

Integrating OpenCV with the rovpy library’s color
codes and HSV values enabled the system to success‐
fully accomplish its mission of identifying the sub‐
marine and accurately determining the AUV’s posi‐
tion relative to it. This approach enhanced the sys‐
tem’s image processing capabilities, facilitated pre‐
cise object recognition, and eliminated the need for
extensive manual calibration or custom color coding,
streamlining the overall process.

The image processing systems play a crucial role
in providing valuable data for the AUV’s operations.
They enable the AUV to detect colored rings placed
around the submarine. By analyzing the captured
images, the system can identify and locate these col‐
ored rings accurately. The system’s sophisticated algo‐
rithms allow it to calculate the diameters of the rings,
providing essential measurements for precise naviga‐
tion. With the data acquired from the image process‐
ing, the AUV uses this information to position itself in
the closest proximity to the submarine.

There were theoretical plans to incorporate an
underwater microphone into the vehicle for the

Figure 25. Technical drawing of a flow simulation of a
propeller

purpose of detecting a target pinging ball. The pro‐
posed system would have included additional compo‐
nents such as a transmitting and receiving transistor,
as well as a signal generator capable of transmitting a
45 kHz acoustic wave. The intention was to synchro‐
nize the frequency range of the buzzer implanted on
the vehicle with the 45 kHz frequency. This would
enable the vehicle’s motors to be directed based on
the frequency direction using the assistance of the
buzzer. However, these ideas and applications were
not implemented in the current iteration andwere left
for future revisions.

2.5.3. External Interface

The system’s external interface integrates control
parameters for motor settings, underwater lighting
systems, and sensor calibration settings. Effective data
ϐlowwithin the system is enabled by the QGroundCon‐
trol software, facilitating communication and man‐
agement. Motor controls and sensor data processing
were implemented using the Pixhawk Toolchain, a
robust software framework designed speciϐically for
autonomous vehicles.

Image processing tasks were executed using the
Python programming language on the Raspberry Pi
4 throughout all stages. Python’s extensive libraries
and user‐friendly syntax provide a ϐlexible and efϐi‐
cient platform for image processing within the sys‐
tem. By harnessing Python’s capabilities on the Rasp‐
berry Pi 4, the system efϐiciently processes and ana‐
lyzes image data, supporting various functionalities
and objectives.

3. Results and Discussion
3.1. Flow Simulation of Propeller AUV

The propeller, initially designed using the Solid‐
Works program, underwent a comprehensive anal‐
ysis to assess its thrust force and the adjustability
of the propeller blade angle using a computer‐aided
ϐlow simulation program. The simulation involved the
adjustment of various parameters to investigate the
propeller’s performance.

Figure 25 presents images captured during the
analysis, depicting the examination of ambient pres‐
sure and the analysis of inlet‐outlet ϐlow in the speciϐic
sectionwith the designated ϐlowdirection. These visu‐
alizations offer valuable insights into the behavior of
the propeller and its interaction with the surrounding
ϐluid throughout the simulation process.
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SG Input Mass Flow 1 Velocity Avg 1985,71 m/sn done (IT=154) 23,9215 m/s 1989,76 m/sn

SG Inlet Mass Flow 1 Total Pressure Avg 5,39235e+09 Pa done (IT=154) 2,04633e+07 Pa 5,39381e+09 Pa

SG  Heat Transfer Rate (Convec!on)20 0 W done (IT=154) 0 W 0 W

SG  Heat Transfer Rate 19 0W done (IT=154) 5e-06 W 0 W

SG Force (X) 24 -16431,6 N done (IT=181) 652,471 N -16391,7 N

SG Force (Y) 25 21069,9 N done (IT=197) 3069,88 N 22092,8 N

SG Force (Z)26 -46907,3 N done (IT=187) 3723,87 N -44965,9 N

SG  Maximum Peripheral Speed14 7872,77 m/sn done (IT=154) 7,87277e-05 m/sn 7872,77 m/sn

SG Max Speed (X)8 503,617 m/sn done (IT=192) 8,55082 m/sn 501,421 m/sn

SG Max Speed (Y) 10 8957,24 m/sn done (IT=154) 8,95724-05 m/sn 8957,24 m/sn

SG Maximum Speed (Z) 12 8732,87m/sn done (IT=154) 8,73287e-05 m/sn 8732,87 m/sn

SG Maximum Turbulence Intensity 18 1000% done (IT=154) 1e-05 % 1000 %

SG Maximum Turbulent Viscosity 16 212,154 Pa*sn done (IT=154) 17,2252 Pa*sn 213,129 Pa*sn

SG Minimum Peripheral Speed 13 -6994,64 m/sn done (IT=154) 6,99464-05 m/sn -6994,64 m/sn

SG Minimum Speed (X)7 -789,288 m/sn done (IT=154) 16,2098 m/sn -788,564 m/sn

SG Minimum Speed (Y)9 -8922,42 m/sn done (IT=154) 8,92242e-05 m/sn -8922,42 m/sn

SG Minimum Speed (Z)11 -8948,37 m/sn done (IT=154) 8,94837e-05 m/sn -8948,37 m/sn

SG Minimum Turbulence Intensity 17 1,116412% done (IT=154) 0,0334869 % 1,11642 %

SG Minimum Turbulent Viscosity 15 0 Pa*sn done (IT=154) 0 Pa*sn 0 Pa*sn

SG Normal Force (X) 21 -16413,8 N done (IT=181) 650,159 N -16374 N

SG Normal Force (Y) 22 21059 N done (IT=192) 3067,95 N 22082 N

SG Normal Force(Z) 23 -46761,9 N done (IT=187) 3715,46 N -44822,3 N

SG Average Dynamic Pressure 4 2,28142e+09 Pa done (IT=154) 1,01983e+07 Pa 2,28293e+09 Pa

SG Average Total Pressure 3 2,09627e+09 Pa done (IT=193) 9,07887e+06 Pa 2,09534e+09 Pa

SG Fric!on Force (X) 28 -17,7643 N done (IT=186) 7,74142 N -17,6834 N

SG Fric!on Force (Y) 29 10,9151 N done (IT=194) 13,9573 N 10,8454 N

SG Fric!on Force (Z) 30 -145,471 N done (IT=186) 8,78955 N -143,647 N

SG Fric!on Force 27 146,958 N done (IT=179) 13,3315 N 145,185 N

Figure 26. Output image of flow simulation results‐1

Figure 27. Flow simulation iteration‐based graphic
results‐1

The gathered data analysis was successfully exe‐
cuted. However, upon further examination, it was
observed that the output results of the analysis were
derived from constant values used at the outset of
the process. As a consequence, the obtained mea‐
sured data were found to be 10 times higher than the
expected nominal values. This discrepancy led to an
inaccurate representation in the schematic visualiza‐
tion of the graph.

The resulting graph schematic did not align with
the initially anticipated pattern, which was expected
to display a linear increase transitioning into a con‐
stant ϐlow after reaching themaximum level. The issue
arose due to the utilization of incorrect values in the
analysis. To address this, the analysis needs to be
reevaluated, and the correct values should be utilized
in the calculations. Rectifying the input values will
enable subsequent analysis and graph generation to
provide a more accurate representation of the data.
This will facilitate a proper interpretation of the ϐlow
behavior and its relationship to the maximum level,
allowing for a more reliable assessment of the sys‐
tem’s performance. Conducting the analysis with pre‐
cise and accurate values will ensure that the graph
exhibits the expected linear increase and transition
into a constant ϐlow at the maximum level. This cor‐
rection will enhance the reliability and validity of the
analysis, enablingmeaningful conclusions to be drawn
from the graph (Figs. 26–27).

Figure 28. Flow simulation of propeller rotation

Figure 29. Flow simulation iteration‐based graphic
results‐2

Further analysis was conducted on the propeller
using a ϐlow simulation program to determine the
rotation direction of the propeller (Fig. 28) and inves‐
tigate any potential turbulence generated during its
rotation. This analysis aimed to gain insights into the
propeller’s behavior and understand the ϐlow dynam‐
ics associated with its rotation.

By utilizing the ϐlow simulation program, detailed
examinations were carried out to visualize and study
the propeller’s rotation characteristics. This included
assessing the direction of rotation and studying the
ϐlow patterns and turbulences that might arise during
propeller operation.

The analysis provided valuable information
regarding the propeller’s performance and ϐlow
behavior. These insights can be used to optimize the
propeller design, improve efϐiciency, and minimize
any undesirable effects such as turbulence or
cavitation.

During the analysis, the output values demon‐
strated a notable decrease after reaching a peak value,
followed by linear decreases in subsequent iterations.
This trend, along with the prolonged run durations,
conϐirmed the accuracy of the analysis results. Since
the motors used in the system provide unidirectional
rotation, the propeller direction was assumed to be
clockwise for the analysis. This assumptionwas based
on the fact that the propellers in the AUV work in
both clockwise and counterclockwise directions. The
analysis results are depicted in Figs. 29–30.
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Descrip on Value Criteria Mean

GG Force (Z)1 123,578 N 22,1985 I -39,8686 N

GG Average Dynamic Pressure 2 61828,1 Pa 1247,511 I 66462,2 Pa

GG Average Speed (X) 4 -7,17387 m/sn 0,129199 -7,51505 m/sn

GG Average Speed 3 8,66918 m/sn 0,061867 9,04822 m/sn

GG Average Total Pressure 1 144056Pa 9549,05 I 1517440 Pa

GG Average Turbulent Intensity 10,8485% 0,978835 10,6876 %

GG Average Turbulent Distributed 133,361 W/Kg 66,3415 I 149,113 W/Kg

GG Average Turbulent Energy 0,623994 J/ Kg 0,205083 0,694007 J/Kg

Figure 30. Output image of flow simulation results‐2

3.2. Results of the AUV

Following the completion of the electronic,
mechanical, and algorithm preliminary designs, the
implementation and testing phases were initiated.
The ϐirst step involved 3D printing of the propellers
responsible for motor movement and water ϐlow in
the pool. Subsequently, the assembly of the motors,
propellers, and thruster was carried out. However,
it was discovered that the nut used to connect the
propeller to the motor shaft caused damage to the
propeller skirts.

In the next stage, the assembly between the power
unit, ESC, and the motor was established and sub‐
jected to testing. During this testing phase, it became
evident that the ESCs and connection cables with a
resistance of 30A were prone to overheating, which
could potentially lead to malfunctions in the vehicle.

Furthermore, underwater testing was conducted
to assess the performance of the motors and pro‐
pellers. Unfortunately, the desired efϐiciency was not
achieved due to aweak connection between themotor
and the propeller. It was also observed that the blade
angle of the propeller blades contributed to the inabil‐
ity to attain the desired efϐiciency.

Based on these ϐindings, modiϐications were made
to the propeller design to address the identiϐied issues
and improve performance.

To address the issues encountered during the test‐
ing phases, several modiϐications and adjustments
were made to the design and components of the
vehicle.

First, a nut slot was added to the propeller design
to ensure a proper connection between themotor and
the propeller. This modiϐication resolved the previous
issues related to the connection.

Next, the blade angle of the propeller was reduced
to enhance its efϐiciency while operating underwa‐
ter. This adjustment improved the propeller’s perfor‐
mance and contributed to more efϐicient propulsion.

To mitigate the heat generated by the ESC and
cables, an ESC with 40A resistance and thicker cables
were integrated into the vehicle instead of the 30A
ESC. This upgrade helped prevent overheating and
potential malfunctions.

In the electronic design of the vehicle, two copper
cables were initially employed for power distribution.
However, it was discovered that these cables, like
the ESC connection cables, were overheating beyond
acceptable levels. Additionally, the Raspberry Pi mini‐
computer experienced the same overheating issue.
Measures were taken to address these problems and
ensure proper heat dissipation within the electronic
components.

During the sensor testing phase, it was found that
the sonar sensor’s acoustic waves could not pass
through the front cover frame in the tube, resulting
in inadequate data. Subsequently, a connection was
established between the Raspberry Pi and Pixhawk
via the Pixhawk’s USB port. Unfortunately, this con‐
nection method led to delayed data processing and
inefϐiciencies in handling the requested data.

Finally, it was determined that the buzzer sen‐
sors intended for detecting the pinger ball underwater
were not operating efϐiciently within the tube. Fur‐
ther improvements or alternative approaches were
explored to address this limitation.

By implementing these modiϐications and adjust‐
ments, efforts were made to enhance the overall func‐
tionality and efϐiciency of the vehicle and its compo‐
nents.

In response to the encountered situations, several
changes and adjustments were made to improve the
system’s performance and efϐiciency.

To address the overheating andpower distribution
issues, copper cables were replaced with more robust
copper plates with a strength rating of 400A. This
upgrade ensured reliable power distribution within
the system. Additionally, ametal coolerwas integrated
to prevent overheating of the Raspberry Pi minicom‐
puter and enhance the efϐiciency of the processor.

The connection between the Raspberry Pi and Pix‐
hawk was established via the telemetry port, allow‐
ing for smoother and more reliable communication
between the two devices.

To enhance the data collection capabilities of the
sonar and buzzer sensors, water‐resistant models of
these sensors were ordered. This upgrade aimed to
provide more efϐicient and reliable data acquisition in
underwater conditions.

In the algorithm design process, an initial
approach involved a single algorithm to handle all
tasks. However, it was recognized that this approach
might lead to challenges in completing the tasks
effectively. As a result, a revised strategy was adopted,
wherein algorithms were developed individually for
each speciϐic task. This iterative approach ensures
that each task is addressed effectively and improves
the overall performance of the system.

By implementing these changes and reϐining
the algorithms, efforts were made to overcome the
encountered issues and enhance the system’s efϐi‐
ciency and performance.
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4. Conclusion
With the growing demands and advancements in

technology, there is a noticeable increase in inter‐
est surrounding unmanned and autonomous vehicles.
Recognizing this trend, the deployment of underwa‐
ter vehicles with such capabilities holds signiϐicant
promise for our coastal nation. Thepotential contribu‐
tions of these vehicles span various domains, encom‐
passing scientiϐic research and environmental preser‐
vation.

Notably, autonomous underwater vehicle studies
are infrequent in our country. Against this backdrop, a
research project has been undertaken to provide a sig‐
niϐicant addition to the current literature. The objec‐
tive is to explore and advance autonomous under‐
water vehicles, thereby enriching the knowledge and
comprehension within this domain. This initiative,
by addressing the research gap, aims to uncover the
potential beneϐits and applications of autonomous
underwater vehicles tailored to our speciϐic context.

This study conducted a comprehensive investi‐
gation into the mechanical, electrical‐electronic, and
software prerequisites essential for the creation of
an unmanned and autonomous underwater vehicle.
Emphasis was placed on identifying crucial materi‐
als indispensable for the vehicle’s production, accom‐
panied by a detailed exploration of the production
methods and equipment integral to themanufacturing
process.

The mechanical requirements encompass the
structural design, propulsion system, buoyancy
control, and other mechanical components crucial
for underwater vehicle operation. The electrical‐
electronic aspects cover the necessary sensors,
communication systems, power distribution, and
control mechanisms required for autonomous
functionality.

Additionally, the article explored the software
requirements involved in programming the
vehicle’s autonomous behavior, including navigation
algorithms, sensor fusion techniques, and mission
planning.

Furthermore, attention was given to the materi‐
als and manufacturing techniques employed in the
construction of the autonomous underwater vehi‐
cle. The article provided insights into the selection
of suitable materials, fabrication methods, assembly
procedures, and quality control measures to ensure
the vehicle’s robustness and reliability in underwater
environments.

By addressing these key aspects, the article aimed
to offer a comprehensive overview of the require‐
ments,materials, productionmethods, and equipment
involved in the development of an unmanned and
autonomous underwater vehicle.

After conducting a thorough literature review, the
minimum requirements for autonomous underwater
vehicles were established. Based on these ϐindings, a
mechanical design was created using SolidWorks, a
3D drawing program, and the productionwas realized
using a 3D printer. Furthermore, calculations were
performed to ensure suitability for underwater condi‐
tions, and appropriatematerials such asmotors, ESCs,
and power unitswere carefully selected and procured.

To enable autonomous capabilities, a combina‐
tion of sensors, a Raspberry Pi minicomputer, and
a Pixhawk ϐlight controller board were incorpo‐
rated. Essential driving and image processing soft‐
ware was developed to facilitate autonomous oper‐
ations. Enhancements in the utilization of electronic
sensors can greatly contribute to future studies, offer‐
ing improved efϐiciency and guidance. Moreover, a
more efϐicient integration of sensor selection and soft‐
ware for underwater sound detection can enhance the
vehicle’s adaptability to underwater conditions.

Recommendations for enhancing the performance
and reliability of the AUV include exploring integrated
solutions for waterprooϐing the vehicle’s motors and
conducting ϐlow and strength analyses using diverse
materials. These measures are deemed essential for
extending the longevity and ensuring the reliability
of the vehicle, particularly in challenging underwa‐
ter environments. The ϐindings underscore the signif‐
icance of ongoing research and development efforts
aimed at optimizing the performance and capabili‐
ties of autonomous underwater vehicles. Incorporat‐
ing the suggested improvements in sensor integration,
software development, andmaterial analysis is crucial
for further enhancing the vehicle’s functionality and
adaptability in underwater scenarios.
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