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Since its beginning, around the 50s decade, until present days, the area of unmanned underwater vehicles (UUV) has considerably
grown through time; those have been used for many tasks and applications, from bomb searching and recovery to sea exploration.
Initially, these robots were used mainly for military and scientific purposes. However, nowadays, they are very much extended into
civils, and it is not hard to find them being used for recreation. In this context, the present research is an effort to make a
walkthrough of evolution in this area, showing a diversity of structure designs, used materials, sensor and instrumentation
technologies, kinds and the number of actuators employed, navigation control techniques, and what is new in development trends.
The paper gives a clear starting point for those who are initializing into this research area; also, it brings some helpful knowledge

for those who already have experience.

1. Introduction

Robotics is a branch of engineering that involves the con-
cept, design, manufacture, and operation of programmable
machines, which can develop their autonomy in the exe-
cution of a specific task. Submarine robotics can be sub-
divided as shown in Figure 1, where one can identify those
related to underwater robotics (unmanned water vehicles).
Underwater robotics have been developed for decades, and
they were characterized by manned water vehicles devel-
opment. However, in the last decades, due to the cost
demanded by the construction and use of these vehicles,
researchers led to the development of robots or unmanned
underwater vehicles (UUV), where each time the robots
were optimized and used in a wide variety of applications for
the benefit and sustainable development of the planet. Since
there is an immense magnitude of the oceans and due to the
human difficulty for their exploration, the vast majority of
them have not yet been explored (two-thirds of the planet)
and around 37% of the world’s population is less than
100 kilometres from the ocean [1]. This means that
knowledge of the marine environment has and will continue

to have an impact on the future survival of humanity. That is
why researchers have strived to develop unmanned vehicles
that are increasingly efficient and can provide work and
maintenance services underwater, as well as explorations of
ever deeper marine environments. For example, there are an
estimated 2 billion tons of manganese nodules in the Pacific
Ocean near the Hawaiian Islands [2].

The UUVs are identified in Figure 1. Mainly, they are
subdivided into those that are remotely operated (ROV) and
those that are autonomous (AUV). The ROV is a vehicle
joined to an umbilical cable, and, according to its applica-
tion, it can be classified into observation, work, and special
purpose [3, 4]. ROVs play a vital role in military operations
(e.g., torpedo and mine recovery), rescue operations (e.g.,
locating historic shipwrecks, such as the RMS Titanic), and
critical oil and gas operations. In recent years, the range of
vehicles and mimitizing the need for human operators have
increased due to research efforts. However, we have au-
tonomous vehicles (AUVs); these are indispensable tools,
mainly for ocean exploration tasks. They are built using
various high-end technologies and equipped with several of
them [5, 6]. During the subsea exploration process, the AUV
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performs necessary maintenance and repairs, transports the
necessary equipment, and monitors and records different
situations under exploration. In oceanographic research, the
AUV may be used in various measurements; one of them is
for the observation, release, and recovery of instruments
related to the monitoring of submarine volcanoes, in ad-
dition to carrying out surveys of the seabed and various
studies in areas such as biology and hydrology.

The unmanned vehicles’ structural designs have been
based on their shape, actuators’ distribution, and materials
used. They include monitoring and measurement tasks of
oceanographic variables and navigation of the UUV; to
achieve these objectives, it will be necessary to have a di-
versity of sensors. Everything presented is the subject of
analysis in this article. This article is structured as follows:
Section 2analyzes the morphologies used which are char-
acterized by their type of hull and geometric shape and those
that are bioinspired; additionally, it considers the distri-
bution of propellants, materials used, and hermeticity.
Section 3presents the instrumentation and actuation ele-
ments used interchangeably in ROVs and AUVs. Section
4analyzes the navigation, orientation, and movement’s
control of both ROVs and AUVs. Finally, the conclusions of
this work are presented in Section 5.

2. Structural Designs and Used Materials

2.1. Morphologies. The morphological review refers to un-
derwater robots’ geometrical shape, which is dependent on
many factors like internal electronic devices distribution,
sensor, motors, structure stability, and drag coefficient de-
fined to move the robot, among others. Additionally, it must
take the robot’s degrees of freedom into account, since this is
needed to locate motors in the structure correctly.

This kind of robot does not necessarily have a geometrical
shape; there are many ROVs and AUVs with biomimetic
structure; That is to say, they try to mimic aquatic animal’s

movements, such as jellyfishes, stingrays, and sharks. Even
though underwater robots that use thrusters with symmetrical
geometric shapes are generally more efficient, many works in
bioinspired robots are being developed and continue looking to
increase knowledge in this study area.

2.2. By Hull Type. Some robots work underwater; those are
of two hull types, open and close. The open ones generally
have a hermetic box that is over a frame, and the other
components like engines, buoyancy elements, sensors, and
lights are over it too, while the closest ones have a bigger case
that covers all elements; they do not have a frame because all
elements are inside of the case. The prototypes or designs
which have a close hull usually have a cylindrical or round
geometric shapes; for example, there are some which look
like a torpedo or a sphere.

2.3. By Geometric Shape. One of the most famous shapes of
underwater robots is the cylindrical shape, and on the top
they have the appearance of a dome, which means they look
like a torpedo. In 1973, one of the first portable ROVs was
made, and it had a torpedo shape as shown in Figure 2.

The robot was hydraulically controlled from the surface,
and it began to be controlled with electricity. That was the main
reason of its popularity, ten years later, 500 prototypes were
sold. Those kinds of shapes come from military technology
developments like many other technological advances. In this
specific situation, the form comes from torpedoes that were on
military ships; this is the case of MK-38.

In the Applied Physics Laboratory of Washington
University, some modifications to a torpedo were made, and
it became an inspiration to create the REMUS robot in 1994
[8]; a schematic of such robot is shown in Figure 3.

The design was of a cylindrical shape, and it moved
thanks to only one propeller behind the robot and four fins
behind the propellers; two of them were located on a vertical
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FIGURE 2: Snoopy ROV [7].

axis, and they had their drive mechanism like the ones that
were located on a horizontal axis. They were there to give
direction to the robot. The robot had a length of 114 cm with
a diameter of 18 cm and a weight of 40 kg. The torpedo shape
is still used because of hydrodynamic advantages.

In 1997, the REMUS robot’s development continued with
one smaller model that a person could uphold and transport.
The robot had a length of 134 cm with a diameter of 19 cm and
a weight of 31 kg. The robot had four fins as shown in Figure 4.
The fins were in the stern, and they had an aerodynamic shape
called NACA 0012. The fins moves were done using a pinion, a
toothed chain, and an engine. Behind the fins was the propeller;
all the system described gave the direction to the robot.

This torpedo-like shape allows underwater robots to
move at high speeds on the horizontal axis, and they descend
diagonally with the help of their fins. There are other kinds of
underwater robots which have a torpedo shape, but they
have more propellers and do not have rear fins; an example is
the Nessi robot in its sixth version [10]. It was built for the
SAUC-2011 competition, with 174 cm length and a diameter
of 28 cm. To be able to move underwater, it was equipped
with six propellers: two for lateral motion, two for vertical
and pitch moves, and two on the robot sides to control the
forward and yaw moving. A picture of Nessi’s sixth version
can be seen in Figure 5.

Another development of a torpedo-shaped robot was
made in 2017, which had many propellers, as shown in
Figure 6, but this was bigger than others shown in this paper.
It had 534 cm length, 62 cm diameter, and a weight of 380 kg
[11]. It had five propellers: one located on the top, two on the
extremes to immerse, and the last two across it to control
yaw movements. If there were any troubles and the robot
needed to come back to the surface, it had a ballast tank.

There were other investigations of more complex
models, which had a torpedo shape; an example of the
research was the development of a robot in 2018. It had four
fins located on the sides including four propellers [12] and
two propellers to immerse. The robot had a length of 140 cm,
a diameter of 20 cm, and a weight of 32kg. Figure 7 shows
the position of those elements. The robot was constructed to
improve the propulsion system, which did not generate
countless bubbles because it was a trouble for the front
camera to see; for this reason, the design had two more
propellers and it had four fins to go forward; the movement
was based on the turtles’ movement [13].

There are new studies that have been done during the last
few years about different shapes of underwater robots. In
comparison, those have advantages compared with tradi-
tional shapes, since their forms are symmetrical. In an in-
vestigation project, the goal was to control the position of the
symmetrical robot in events of disturbances with a pro-
portional change of the direction force from propellers; all
their motors were inside of the closed hull. The design was
developed in 2012, and it had a diameter of 40 cm and
weighted 6.3 kg. This spherical robot is shown in Figure 8.

The assembly of the mechanical components which are
inside of the robot was made manually, and it caused
troubles in the robot’s operation underwater because the
robot was less stable, and it could not move for long periods.
Figure 9 shows some of the improvements made with a 3D
printer to fabricate the mechanism for the water jets [15].
The robot has two servomotors and a water jet in each leg.
For its movements, one servomotor is first turned vertically
to lift the propeller of the water jet; then, the horizontal
servomotor moves the propeller of the water jet to go for-
ward; subsequently, the water jet drops vertically; finally the
robot swings to take a step.

There is another way to get easy access to the robot’s
components; those kinds of ROV are used to have a square
or rectangular frame, and some components lay over the
frame, such as hermetic boxes, lights, propellers, and other
devices. The robot called CURV [7] was one of the first to
implement the distribution mentioned. It was designed by
the US Navy to recover lost bombs or torpedoes; in one of its
missions, in 1966, the ROV was able to immerse up to 869 m;
it was more than the maximum depth the robot could
achieve according to its design; in addition to this, it operates
under positive buoyancy, which means that if its propellers
were turned off, the robot was going to the surface auto-
matically. The robot is still working with some improve-
ments, and it is sent to different missions; Figure 10 shows
the robot CURV II that is similar to CURV. In Figure 10, it is
possible to appreciate the ROV size compared with a per-
son’s size. Therefore, it was necessary to use a pulley on the
boat to place it on the water.

With the passing of the years, underwater vehicles which
have similar shapes to CURV have been developed for
subsea exploration and they can be carried by one person
due to their smaller form. An ROV with a similar appearance
to that of CURV was developed in 2010; the robot was called
Nessie IV [16], and it had a rectangular shape, aluminum
frame, two hermetic chambers over the frame with a di-
ameter of 22 cm, sensors, and some safety components.

One of the hermetic cameras had the motors and
drivers’ electric connections and batteries; the other had
sensors interfaces and batteries electric connections. The
robot worked using five propellers: two of them were
vertically located to control depth and pitch, two others
were located on the sides to control forward and yaw
moves, and the last one was over the vertical axis to guide
translation over this axis. The Nessie ROV shown in
Figure 11 was an evolution of past versions and it was made
to participate in a competition known as “SAUC-E” where
it was the winner robot.
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FiGure 3: REMUS (1994) [8].

Ficure 4: REMUS (1997) [9].

FiGure 5: Nessi (2011) [10].

Some ROVs have cubic-like frames such as CISCREA that
is shown in Figure 12. It had six propellers: four of them were
outside of the vehicle's longitudinal axis, which gave the robot a
better turning moment, more lengthwise stability, and better
movements over the horizontal axis, and the other two were to
control depth. The robot had a length of 52.2 cm, a width of
40.6 cm, a height of 39.5cm, and a weight of 22 kg [18].

Some ROVs have been developed, having a frame to
support their components as the ones mentioned; one of
them was a robot called DaryaBird that was developed in
2016; it was made to participate in a competition for un-
derwater robots, and one of its hermetic sections had a
torpedo shape. Over the frames were some elements such as
its gripper, that is, a mechanical hand to carry objects, a
battery, a pneumatic tank, and its hermetic chambers.

It had 83 cm length, 50.6 cm width, 41.3 cm height, and
32 kg weight [19]. It had six propellers; two were to control

depth and roll and the other four were located to allow
forward movements, yaw, and translation over the vertical
axis. Figure 13 shows the robot DaryaBird, showing the
propellers distribution where they are approximated to
45°over travel axis forward.

There was a design proposed in 2019 which had a
rectangular shape and positive buoyancy; this investigation
[20] was more about the mechanic design, the design fea-
tures to achieve stability, and a CFD analysis of its final
shape. The robot had two pipes on the top from 2 to 4 inches,
respectively, and a frame made of aluminum which sup-
ported the ROV’s elements. The structure guaranteed sta-
bility due to the location of the mass center in the design,
which was under the buoyancy center. The top pipes were
located there to obtain better stability while the robot rolled
and to get the buoyancy center of the robot nearer to the top,
as is shown in Figure 14. The proposed design aligned mass
center and buoyancy center over the horizontal axis to the
movements on pitch and yaw could be easier.

Due to the fact that the mass center and buoyancy center
were not aligned over the vertical axis, the immersion
propellers were distributed to get a pitch control as is shown
in Figure 15.

There was a robot proposed in 2019 to work in shallow
waters [21]; it had a cubic shape, and its principal structure
was anticollision. The robot’s design had an acrylic plate on
the front of it to locate a camera. Two propellers controlled
the forward and yaw movements. The force given by the
propellers should be designed greater than 1kg and the
immersion propellers should be between 2 kg and 8 kg. The
robot was designed to have a hermetic chamber just for the
battery and another for electronic parts; Figure 16 shows the
final design with all its parts.

2.4. Bioinspired. In the last decades, there has been a lot of
interest in improving the performance of underwater robots
by taking a bioinspired optimization approach in aquatic
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FIGURE 6: Large torpedo [11].
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animals, which after natural selection have evolved due to
their habitat to the point of having physical characteristics
and excellent morphology.

In 2012, a review of different biologically inspired under-
water robots presented and addressed a key problem in them,
mentioned in [22], which is to achieve adequate movement in
real environmental conditions and classification of robots by
their way of swimming, which can be seen in Figure 17. The
proposal presented for the problem was the use of intelligent
actuators, which are a viable alternative to be able to achieve the
flexible and complex movements that a camouflaged robot
requires without the need for additional parts.

The smart actuators are classified on shape memory alloy
(SMA), ionic polymer-metal compound (IPMC), and a mix
between SMA and IPMC. Usually, the materials are com-
bined with other materials; an example of this is presented in
Figure 18. This embedding gives better mechanical features
for robots.

Normally, for the creation of parts of a bioinspired robot,
it is necessary to use polymers together with the alloys
presented above, which serve to simulate elasticity and
deformability to achieve complex shapes of the living being
to be mimicked.

The union of soft and low rigidity materials with in-
telligent actuators is called smart soft composites (SSC); its
manufacture is carried out through the use of multinozzled
3D printer, for this UV curable polydimethylsiloxane
(PDMS) is used, which can be 3D printed by direct ink
writing (DIW) or stereolithography (SLA), where cables,
connections, communication modules, batteries, and in-
telligent actuators or anisotropic materials are placed layer
by layer in the final prints [23, 24]. See Figure 19.

In the use of these technologies, a new low-cost printing
method is presented in [25], where printing tests were
carried out, and a material switcher PDMS was developed
from laser diffraction thanks to the use of a T union by two
currents: air and a second fluid (water or oil); it should be
noted that they do not use mirrors or lenses that are nor-
mally in stereolithography (SLA).

Although some robots are made based on these intel-
ligent actuators, their movement speed is slow and limited
compared to the living beings from which the inspiration
was obtained or robots that use conventional actuators, since
these have the advantage of being more compact, in addition
to achieving better mimicry and acquiring important bio-
logical characteristics, which are what they were looking for.

A robot with a dolphin shape was made in 2016 [26]; it
was an autonomous underwater vehicle (AUV) developed to
measure water quality with a biomimetic system. The
prototype is shown in Figure 20, and the design was inspired
by an orca. They were looking to mimic the high hydro-
dynamic and stability performance of an orca, because the
evolution of those animals has allowed them to develop
those features correctly. The dolphin could mimic some
peculiarities on an orca and it could monitor and move in
difficult environments.

The robot’s design had a rigid head, a hollow shell to the
components, a cabinet for the waist joint, and a chamber for
the caudal joint. It had a hydrodynamic shape to reduce the
drag force, its waist was joint to get the necessary thrust to
move, and a dorsal fin and pectoral fins to improve stability
also allowed performance turning manoeuvres. In the same
year, a mechanical design of an autonomous vehicle (AUV)
was presented inspired by a shark that had a vision system to
take the information of the underwater environment, for
future applications as monitoring, searching objects, and
trajectory tracking.

The shark robot’s structure is shown in Figure 21 and it
had two main principal parts.

On the front was a rigid body with an aerodynamic
contour of a shark to get better performance swimming and
two pectoral fins to make movements as diving, emerging,
and swinging. Further, it had space where there were parts
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because they had a gyratory axis with a bearing and a Glyd
Ring; they needed a dynamic seal in each fin. There was an
underwater manipulator which was built inspired by a
snake. The robot’s purpose was to make exploration activ-
ities and intervene in underwater infrastructures, thanks to
its shape, which gave flexibility and the ability to get into
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difficult spaces. The robot was designed by the University of
Science and Technology of Norway.

The robot is in the category of AUV and it had a serial
link mechanism with different modules, which had tunnel
thrusters and a stern thruster to move forward. Further, if
needed, the robot could mimic the swimming of an eel due
to good flexibility. The prototype is shown in Figure 22. The
design was submitted on a very complex simulation envi-
ronment with Matlab, which allowed to coordinate different
actuators on the articulations, getting good results of the
proposed design, evidencing that the simulation environ-
ment developed had high potential for this kind of tests [28].
The robot OpenROV was an open code ROV developed in
2019 with a bioinspired focus; it was made for the City
University of Applied Sciences in Bremen; its work was
focused more on getting better stability, reducing the drag
force, and evaluating alternative thrust systems [29].

The shell optimization was done differently on typical
applications identifying the appropriate parameters to
modify and improve with a biological model that meets the
needs. For the selected models, simulations were done in a
scalar level (1:3) inside of an air chamber. A better structure
under the drag was implemented on a functional level (1:1)
to do a test on water and the designs that have passed by CFD
simulations to get better data. The other focus was the
implementation of an alternative thrust system based on
biological moves of fins in the fish. The better models were
selected and made with a 3D printer; they were put to the test
and, finally, the one that had a better performance was
determined. The implementation of the system is shown in
Figure 23.

The experimental results showed a drag force reduction
between 50% and 85% in case of comparison to the basic
OpenROV and the thruster system; although they were not
that efficient as the thrusters, they were better on the flex-
ibility, frequency, and amplitude. In 2019, another design of
arobot called “CasiTuna” was inspired by tuna, a fish capable
of high-velocity movements and manoeuvrability; addi-
tionally, it can swim huge distances.

The robot tried to mimic the features of tuna, focusing on
three main aspects; the first one was a rigid body in the front
where the electronic systems and a new thruster system of
two engines exist, something that was not common on those
kinds of robots due to the quantity and the position. They are
accompanied by dorsal fins and an internal system to adjust
the buoyancy. The second main point was a lightweight body
on the back; the section had two articulates, and, to achieve
the movements, it had a mechanical system of 4 bars and a
group of bevel gears that avoid involuntary ripples thanks to
the new position of the engines. The third main aspect was a
rigid tail fin that allowed it to generate greater thrust. The
robot “CasiTuna” is shown in Figure 24.

The robot had 520 mm length, 100 mm width, 130 mm
height, and 2.6 kg weight; principally, its materials were ABS
and PP. The robot went through simulations in ADAMS and
tests underwater validating design’s effectiveness focus on
displacement speed and stability, due to its aerodynamic
shape. Table 1 shows some features of the mentioned robots.

2.5. Thruster Distribution. The thruster’s location and the
quantity depend on with how many degrees of freedom the
robot is going to be designed; there is a case where, to achieve
all degrees of freedom, the thrusters have actuators to move
them and change the direction of the force.

An ROV had five thrusters; some actuators on them were
designed in 2015; two thrusters were located on the extremes
to move over the horizontal axis and yaw movements, and
the other thrusters located on the sides had a servomotor;
each one has the objective of changing the direction force
and controlling roll movements as pitch and yaw, but they
were employed to immerse [31]. The last thruster was
designed to operate all time and get stability on pitch
movements. The thrusters are shown in Figure 25.

The underwater robots must have an emerge and im-
merse system for that reason; they use thrusters to do those
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FIGURE 18: Manta ray robot [22].

tasks or implement a ballast tank. There was a robot de-
veloped for investigation purposes by Norway in 2017; it had
three thrusters for the robot’s movements underwater. The
prototype is shown in Figure 26.

The objective of the ROV mentioned in Figure 26 was the
development of a low-cost robot to monitor fishes for
aquaculture [32]. The thrusters were around a cylinder
placed 120°from one another; this allowed them to move in
two dimensions. The robot had negative buoyancy. To
control its depth, it had a rope attached to a platform on the
surface. The robot’s stability had better control due to the
prototypes’ symmetry; therefore, the pitch and roll caused by
the pendulum effect were not affected. In 2019, a design was
proposed for aquaculture applications; the shape and
thrusters were located to avoid lurching effect, which means
that a buoyancy object loses its stability due to a strong water
stream. Figure 27 shows assembled robots and in Figure 28 it

is possible to see locations of their four thrusters, which gave
them 5 degrees of freedom [33].

There was another research where the robot’s shape had
more DOFs (degrees of freedom) than other distributions,
besides having just four engines as is shown in Figure 29. The
thrusters are distributed vertically and horizontally; the
difference in forces between each pair allows the robot to
have more degrees of freedom. For example, if the motor
above has more force than the one below, the robot will be
able to change direction achieving a 90° turn [34].

The robot shown in Figure 30 was employed in research
for the best control system for a robot of this type according
to the mathematical model obtained by a CFD program
[35]. The robot had six thrusters: two of them were applied
to dive and the other four located out of the longitudinal
axis were approximately 45°concerning the forward axis.
The roll and pitch did not need to be controlled because the
distribution element gave enough stability to those degrees
of freedoms.

There are robots with more than five thrusters. The robot
shown in Figure 31 had eight thrusters, which allowed the
robot to move on 6 degrees of freedom, like with six
thrusters, but giving the advantage of more thrust to dive.

Figure 31 is an upgrade of Bluerobotics’ ROV [36], with
eight thrusters: four of them were locatedvertically outside
the frame with an external protection to prevent the pro-
pellers from being damaged during their operation or the
tether cable can be tangled or damaging one of themwhile
they are working or tethered could tangle and damage on
them. The thrusters were placed in the same position as the
original Bluerobotics’ ROV.
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TaBLE 1: Characteristics of biomimetic robots.
Year Name Form Propulsion Dimension (cm) Material
2011  RoboJelly Jellyfish Membrane Not registered Silicone, SMA, steel
2012  TurtleLike Turtle Pectoral fins Not registered ABS, PDMS, SMA
2016 Dolphin Killer whale Tail fin 77.1x13.2%x35.2 POM, fiberglass
2016  Nameless Shark Tail fin 48.3x20.8x12.5 ABS, rubber, aluminum
2016  Nameless Snake Stern thruster/tunnel thruster/articulated swimming  Not registered Not registered
2019  OpenRov Fish Pair of propellers and fin Not registered PLA, varnish
2019  CasiTuna Tuna Tail fin 52.0x10.0x13.0 ABS, PP
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motor
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mounting N

FiGURrE 25: 5 thrusters [31].

3. Materials and Hermeticity

The material selected for an ROV manufacturer must
withstand the pressure to which it is going to be subjected;
the deeper the robot reaches, the greater the external
pressure is during the robot’s operation. The robots that have
atorpedo shape as [9] are made of aluminum, with chambers
filled with pressure air, and their frontal sections are made of
plastic, such as the REMUS robot. There are more robots
with torpedo shape; an example is Nessie [10], which was
built externally with aluminum, and the internal structure
was made of PVC to support some parts, such as sensors.
Nessie’s distribution is shown in Figure 32.

In 2016, a robot that had a hermetic chamber made of
acrylic and PVC was proposed [34]; the acrylic part was
placed in front of the camera to record outside and its
thrusters supports were 3D printed. Figure 33 shows the
parts. Another robot that had some of its parts 3D printed
was introduced in [15]. The parts are in Figure 9. The 3D
printer was an enormous advantage to the robot fabrication
because the thrusters can save space due to better distri-
bution; also, the mechanical fasteners are designed in a
better way by 3D printing, and the mechanical resistance is
better compared to the other propulsion system of the ro-
bot’s water jets. One way to reduce the fabrication cost is
using 3D print; the prototype [32] was an investigation
project of an ROV in which the thrusters shell was 3D
printed, and most of its structural parts were made of PE
(polyethene) and PMMA (polymethylmethacrylate) to allow
the camera recording.

One of the most important aspects taken into account in
the manufactured material of the ROV is the density; since
materials with low density make the buoyancy increase in
proportion to its weight, this means that more force is
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(b)

FIGURE 27: 4 assembled thrusters [33].

FIGURE 28: 4 thrusters [33].

required to submerge the robot. The underwater robot in-
vestigation [30] focused on its structural design where a
6036T6 aluminum alloy was selected for the structure
supported motors and other 1 cm diameter elements; hence,
the hermetic chamber was made of AL5053. Within the
aforementioned robot’s design, deformation analysis was
made when the hermetic chamber was exposed to the
pressure under the sea and the deformation of its supports.

Another prototype designed for aquaculture was in-
troduced in [33]; the design had a hermetic chamber made of
acrylic with a width of 5cm. The hermetical chamber’s
material beside the features mentioned above should have
good corrosion resistance as mentioned in the design of [21].
The design proposed a hermetic chamber made of aluminum
alloy 4032-T6 and in the forepart an acrylic dome was in-
stalled for the camera. There is a kind of underwater robot
that uses something called biomimetics to move underwater
and it is made of different materials, for example, a dolphin
structure [26] made of fibreglass and the rest of the body
made of paraformaldehyde (POM); this material has
lightweight features. Another structure’s robot is a shark

[27] which was made of ABS (acrylonitrile butadiene sty-
rene), with an impermeable system that used o-rings of
fluoride rubbers and Glyd Ring for dynamic sealing; further
the posterior thrust part was connected to the mobile joints
by a skeleton made of aluminum.

CasiTuna robot [30] was similar to the shark with an an-
terior and posterior body made of ABS, but this prototype had a
flow fin made of PP (polypropylene). Another shape of this kind
of robot is a turtle [22]; its body was of ABS and the head of
PDMS (polydimethylsiloxane) and the structure fin was a
combination between ABS and SMA (shape memory alloy).
OpenROV robot bioinspiration came from a shell [29] and an
alternative thruster made of PLA with a 3D printer, a further fill-
in process, varnish, and sanding to get a smooth surface.

There are a wide variety of shapes for this class of robots.
As an example, there was a robot called RoboJelly [22] and it
had a bell matrix structure made of silicon and 8 BISMAC
actuators formed by a steel spring, silicone, and SMA wires.
Table 2 shows the main features of the aquatic robots dis-
cussed in this section.

4. Instrumentation and Actuators

If we refer to the number of external devices, we should
know that these increase or decrease with the arrival of new
applications for unmanned aquatic robots. Mainly these are
divided into two types: autonomous robots and AUVs
(autonomous underwater vehicles) and ROVs (remotely
operated vehicles), which also are divided by the type of
application that they develop, such as intervention and
inspection. The difference between these two classes lies in
the different use of resources, size, and weight that the robot
has in each division.

In this section, we will explain and focus on the use of
instrumentation and actuators, collecting information from
both types of unmanned robots.

4.1. Sensors

4.1.1. Measurement of Oceanographic Variables

(1) Temperature. To measure and process oceanographic
variables in advanced systems, it is well known that the first
relevant variable to be accounted for is the environmental
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(a) (®)
FIGURE 29: 4 thrusters located horizontally and vertically [34].

Attimeter

(a) (b)
FiGure 30: 6 thrusters [35].
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(a) (b)
FiGure 31: BlueROV2 and Bluerobotics’ ROV with 8 thrusters [36].

temperature; this happens due to the changes in the tem-  helps fishermen to set places and times propitious to fishing
perature in the ocean, which not only influence the dynamics ~ and also to know the distribution of fauna.
of the sea and the atmosphere but also intervene in the Likewise, sensors of depth, altitude, and temperature are

distribution of marine organisms and their metabolism; for ~ always used in the design of aquatic robots. When we couple
this reason, some boats use a temperature sensor, which these 3 sensors, we will be able to obtain the data of
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Ficure 32: PVC frame [10].

F1GURE 33: Printed thrusters mount [34].

oceanographic variables and the related variations between
them. However, the measurement of the temperature sensor
can be used not only to know better surroundings but also to
compensate for the operation of the gyroscope and accel-
erometer [37]. That is the case of the UUV or SUR-IIL.

(2) Pressure. It is well known that the control of ballasts used
in the stability of the structure of UUVs is directly related to
the pressure sensors; this is due to the assembly of com-
pressed air tanks, which are regulated by the constant
variation of atmospheric pressure in the environment
(symmetrical robots allow changing their center of gravity).
This kind of behavior is observed with DaryaBird, a UUV
that employs a YOKOGAWA'’s pressure sensor that mea-
sures depth and a gyroscope that measures the azimuth angle
and altitude angle [19]. These two sensors help in the remote
function, turning the UUV into an AUV (autonomous
underwater vehicle) or in some cases it could help in turning
it into a ROV that can be remotely operated; this type of
UUV can recollect data and send it through an umbilical
cable that reaches the surface to be visualized in a computer.

(3) Nitrate. The standard methods of obtaining oceano-
graphic samples were through the samples collection with a
single bottle, with the main tests being temperature, pres-
sure, and salinity. In an advance to automation, “El Dorado”
was presented in 2016, which is an AUV that recollects up to
10 shots of water in a bottle called “Gulper” [38]. El Dorado

has sensors attached to its structure for reading chlorophyll
and nitrate, where water samples can be used for the cali-
bration of these parameters, as shown in Figure 34.

(4) Conductivity. Conductivity is the measurement of
electrical resistivity, a property that quantifies how many
dissolved substances, chemicals, and minerals are present in
water. This means that a large amount of these impurities
determines a higher conductivity. The use of CTD sensors
allows water measurement of temperature, conductivity, and
pressure. El Dorado AUV has a CTD sensor [38], which, like
the SOTAB-I robot, is attached to its frame, with a sampling
frequency of up to 16 Hz enabling a high spatial resolution,
with a consumption of 3.4 W [39].

(5) Total ATP (adenosine triphosphate). There are some other
kinds of sensors that ROVs have been carrying on recently;
they are called microfluidics, which deal with the manip-
ulation of concerning particles or droplets temporal dy-
namics, velocity, and spatial flow patterns in microchannels
[40]; although it is a new multidisciplinary field, it has the
potential to influence areas as biological analysis. They are
also called LOC (lab on a chip) to be used as screen in-
struments in cell biology, chemical synthesis, and bio-
analysis. They have some advantages because they are
portable, and they can be done with low-cost fabrication
materials. An example of an ROV is given below.

The total ATP is a useful biochemical parameter for
detecting biomass or biochemical activity anomalies in the
natural environment; since dissolved ATP is an important
carbon and phosphorus for marine microbes is also related
to microbial activity, the total ATP is a useful parameter
indicative of the presence of biogeochemical events, such
submarine volcanism, hydrocarbon seepages, and occasional
supply of organic resources [41]. That is why, to obtain these
variables in real time, a new version of an ATP analyzer was
developed and evaluated in situ using an ROV, achieving a
depth of 200m in the tests carried out.

Figure 35 shows the analyzer; it has a microfluidic device
and analyzer module, which is the core component, and a
photometry module for the bioluminescence intensity
measurements based on the L-L reaction.

The measurements taken with the in situ ATP analyzer
were consistent with those measured manually, which
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TABLE 2: Evaluated underwater robots features.

Year Name Shape Hull Thrs DoF Dims (cm) Material

1973 Snoopy Torpedoes Closed NA NA Not registered Not registered

1994 REMUS Torpedoes Closed 1 2 (roll, yaw) 114.0x18.0 Not registered

1997 REMUS Torpedoes Closed 1 2 (roll, yaw) 134.0x19.0 Aluminum

2011 Nessie Torpedoes Closed 6 5 (roll, yaw, Y, Z, X) 174.0 x 28.0 Aluminum and PVC

2017 Nameless Torpedoes Closed 5 5 (roll, yaw, Y, Z, X) 534.0 x 62.0 Not registered

2017 Hybrid Torpedoes Closed 4 4 (roll, yaw, Y, Z) 140.0 x 20.0 Not registered

2012 Nameless Sphere  Closed 3 3 (yaw, Y, Z) 40.0 Acrylic

1966 CURV Rectangular Open NA NA Not registered Not registered

2010 Nessie IV Rectangular Open 5 6 (pitch, roll, yaw, Y, Z, X)  Not registered Aluminum

2014 CISCREA Cubic Open 6 5 (roll, yaw, Y, Z, X) 52.2x40.6 x39.5 Not registered

2016 DayaBird Rectangular Open 6 5 (roll, yaw, Y, Z, X) 80.0x50.6 x 41.3 Aluminum

2019 Nameless Rectangular Open 6 5 (pitch, yaw, Y, Z, X) Not registered Aluminum and PVC

2019 Nameless Cubic Open 4 4 (roll, yaw, Y, Z) Not registered ~ Aluminum 4032-T6 and acrylic

2015 Nameless Rectangular Open 5 6 (pitch, roll, yaw, Y, Z, X) 70.0 x 40.0 Aluminum AL 5053 and 6036T6

2017 Nameless Cylinder Closed 3 3 (yaw, Y, X) 30.0x20.0 x15.0 PPE and PMMA

2019 Nameless Cylinder Closed 4 5 (roll, yaw, Y, Z, X) 44.0x26.0 x24.8 Acrylic

2019 X4-ROV Cylinder Closed 4 3 (yaw, Y, X) Not registered PPVC and acrylic

2018 BlueROV2 Heavy Rectangular Open 8 6 (pitch, roll, yaw, Y, Z, X) 25.4x57.5x45.7 Aluminum and acrylic

FIGURE 34: Images of El Dorado AUV, Gulper system [38].
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FIGURe 35: Total ATP analyzer with a microfluidic device [42].

demonstrated that a portable, simple, and reliable flow
analysis system such as its microfluidic device can be used in
extreme environments for real-time biochemical analyses.

4.1.2. Navigation Instruments. When the UUVs were built,
different data acquisition methods were used such as

position, direction, and speed. Also, the attitude and heading
reference system (AHRS), the inertial navigation system
(INS), or the hydroacoustic position reference (HPR) system
was implemented to maintain better control of positioning
and stability. The sensors that make up these systems and the
applications in the different UVVs are described below.

(1) Inertial Sensors. The inertial measurement unit, better
known as IMU, is a sensor that detects linear acceleration
using one or more accelerometers, as well as the rotational
speed using one or more gyroscopes. Some of these devices
include a magnetometer that is used as the main reference.

In 2008, the ROV Nessie III was first introduced as an
AUV that uses the 3-gyro reference system for navigation
targets [43]. In 2010 AMOUR was introduced, which was a
medium ROV destined for the investigation of maritime
areas; this ROV used the coupling of an inertial sensor that
estimates the position and depth that uses a record of 10 data
raws unprocessed, corresponding to the sensors (a pressure
sensor, 3 magnetic field sensors, 3 accelerometers, and 3
gyroscopes) [37]. On the other hand, MINERVA appeared
in 2014, which was an intervention ROV that mixed two
positioning systems and used an inertial sensor as the main
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sensor and a depth sensor [44]. This indicates that not only is
a single-precision algorithm needed for navigation, but also
other sensors are needed to compensate for the errors of a
single system.

(2) Compass (Magnetometer). The magnetometer works by
measuring the magnetic field variation in three referential
axes that are subtracted from the Earth’s magnetic field;
despite its wide applications on the UUV development field,
the operation of this sensor is sensitive to the noise caused by
other sources like the operation of other sensors, motors,
and others.

This means that you cannot only rely on the values of a
magnetometer, as there are also several parts to be con-
sidered in underwater navigation such as a pressure sensor
to measure depth, a gyroscope, and an accelerometer to
control altitude and locomotion [45]. This also gives the
solution of integrating dedicated digital sensors to increase
the accuracy, modules that can evaluate the heading di-
rection with a minimum difference of degrees, which are still
compensated and calibrated to support magnetic distortions
with the combination of other sensors, as is the case of a
MEMS accelerometer 3-axis sensor and a 3-axis magneto-
resistive sensor [46].

(3) GPS. The global positioning system is managed by direct
communication with satellites; the use of these devices
underwater does not allow their correct operation, so the
best application to UUVs is through collection or recovery of
these robots when they reach the surface.

The use is described by Choyekh Mahdi, indicating that
the tracking of the SOTAB-I robot on the sea surface is
ensured by a global positioning system (GPS) receiver that
serves to determine the absolute position of the robot. In the
case where the robot is submerged, the Ultrashort Baseline
(USBL) system ensures tracking [39].

(4) Sonars. The sonar’s performance is through sound, where
the propagation of waves underwater allows navigation,
communication, and detection of submerged objects. Since
their use is standardized in underwater vehicles for opera-
tion in low-visibility conditions, there are a wide range of
UUVs using this device; an example is Nessie III, which sent
a specific signal from the vehicle to a transponder that re-
sponds; the delay in the vehicle that receives this response
gives the bidirectional flight time for the signal; the range
used was between 60 kHz and 90 kHz [43], and the result was
to obtain the raw data of speed, distance, and distance time.

In 2017, the navigation compensation of an ROV was
presented through the comparison of data extracted from a
sonar with the use of the dead reckoning methodology and its
compensated error [47], which details the use of the sonar
when the ROV does not have any movement due to the
interference that occurs with the operation of the engines, for
its previous compensation. There are passive sonar systems, in
which hydrophone-based communication participates in
points not so far away between the robot and a boat or surface,
giving sound pulses to find the distance between both objects
and calculate the angle of the sound source. [19].
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(5) Doppler Sonars. Doppler velocity sensor (DVS) uses the
Doppler effect to measure the octagonal velocity; its limi-
tations are based on the calculation of the integration of
velocity and the time of calculating the position; this type of
positioning control system will be explained in the next
section; however, its operation can be up to 300 m.

As mentioned before, MINERV A mixes two positioning
systems, in which, apart from using an inertial sensor, it also
uses the hydroacoustic positioning system through the use of
a Doppler velocity record (DVL) to measure its velocity [44].
Figure 36 is an example of the calculated position through
the use of a hydrophone array. This use is carried out in
different UUVs, such as DaryaBird, which employs an al-
titude sensor TRAX [19], which was installed to control the
movement in DVL sensors.

4.1.3. Optic Sensors

(1) Video Cameras. Most UUVs have standardized a
complement of one video camera for transmission from
depth to the surface; the images are important in envi-
ronmental analysis. In 2010, in the construction of the TSL
(Tunnel Sea Lion) robot, 2 video cameras were incorpo-
rated: one with a direct view on the bow and the other in a
vertically downward orientation [48]. Likewise, another
application to the mounted camera is to use it as a new
addressing method by an AUV; this was observed in 2018
when tests were carried out on an interactive technique
shown in Figure 37 which makes the construction of a
coordinated system with a route drawn from the image
taking through video [49].

Another application by the transmission of images was
established in the detection of marine animals with varied
visibility from a new dataset; video capture consists of three
cameras and three lights. The colour cameras have a reso-
lution of up to 1080 x 1920 pixels, and the frame rate is up to
30 fps [50]; the camera direction is diagonally downward
towards the riverbed.

4.2. Actuators. The underwater robot principle of move-
ment is based on the use of propellers; the type, power, and
weight of the motor used with these propellers depend on
the robot’s work, as explained at the beginning of the section.

4.2.1. Engines and Thrusters

(1) Water Jets. Among the variety of motors that we use to
move the robot, we can find the propulsion based on a high-
pressure water jet. For a long time, this type of propulsion
was normally used because of its comfortable design and its
great propulsion with higher weights. In 2000, this type of
propulsion was used in the development of a torpedo-
shaped robot called TSL, where the bow and stem pro-
pulsion systems had a tunnel for the performance of water
jets [48].

In spherical-shaped AUVs, this type of drive is used in a
vertical direction; two actuators can be controlled by one
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FIGURE 36: Acoustic detection plane [19].
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FiGure 37: Construction of external orthogonal coordinate system
[49].

thruster and one servomotor; the jet-based thruster decides
the value of the driving force, and the servomotor controls
the height of the thruster [37, 51].

(2) Stepper Motor. In the UUV’s direction management, a
form of steering management was introduced, which in-
volved the torpedo structure (Xianbo et al., 2017); this
structure has two propellers: one for horizontal movement
and the other for vertical motion; these two are attached to
the main propeller which is driven by a DC motor and four
rudders driven by stepper motors [11].

(3) Brushes. Nessie III and DaryaBird used the same brush
motor-based propeller offered by the SeaBotix brand, with a
consumption of 110 W and an ability to withstand depth up
to 150 m; these were used in directional movement in the -xy
plane; in the case of the second robot mentioned, it used a
RoboPlus Hibikino thruster with a power of 90 W for the
robot descent control.

(4) Servomotors. ARMOUR has a closed torpedo-shaped hull
structure, which utilizes 10 propellers for handling 6 DOF
(degrees of freedom); however, small spherical ROVs, such
as SUR-II, use vector water jet thrusters composed of wa-
terproof housing, two servomotors, and a support frame
[37].

Journal of Robotics

(5) Brushless. Brushless motors became popular in small and
medium ROVs; their use dates back to the 80s and 90s. An
example is ABE, an AUV destined for benthic species ex-
ploration that uses brushless motors (brushless) with oil [52]
for pressure compensation. A clear example is ARMOUR,
where each drive is made up of a motor controller and a
brushless DC motor [53]. Another related example is the
operation of Jeff, a small AUV designed for inspection and
swarm joint work; the propulsion system has mainly two DC
motors with a custom magnetic coupling design to avoid
corrosion and short circuits. [45]

(6) Hydraulic Systems. In the design and development of
UUVs, a new structure was chosen for the steering man-
agement in the 6-DOF; this particular configuration in
parallel can be seen in Figure 38; it has two main thrusters in
the front and another in the rear that handles the steering of
the robot [54], and the union between the two parts is
through the hydraulic system.

4.2.2. Luminaries. The functions performed by the UUVs
include the inspection, manipulation, and data collection; all
the robots have a video transmission system implemented,
so it is necessary to develop a lighting system to acquire
images since the underwater environment does not have
visibility conditions due to the lack of a light source. The
ROV system presented by Jinwoo uses two panoramic
halogen lights and two LED lights to acquire high-quality
images [55], as shown in Figure 39.

In another application in image acquisition, there are
the recognition and detection of objects, for rescue or
supervision robots, and a clear example of detection is
found in the research of Pedersen et al., where the illu-
minated area is needed for the detection of pelagic species,
where 3 LED lamps of 1900 lumens and an approximate
resistance of 10 bar are used [50], to properly visualize the
case study.

4.2.3. Manipulators. The term “manipulators” is used to
describe a mechanical device with mobile joints intended for
the manipulation of tools, parts, or special devices to per-
form various tasks. This meaning applied to robotics results
in an automatic handling machine, reprogrammable in ei-
ther a moving or fixed position. In 2011, a hybrid underwater
robot was made, with a crab and lobster structure, where its
legs acted as manipulators and its main function was to
inspect underwater structures and shipwrecks in shallow
waters, where activities such as cable cutting, grinding, and
drilling are required [56].

The most common way to implement manipulators is in
intervention class ROV, for example, MINERV A, where its
manipulator allows the samples collection. Table 3 sum-
marizes all the aquatic robots seen in this section.

5. Navigation and Control

Navigation, in simple terms, conforms to particular
methods that allow someone to know where they are and
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FIGURE 38: Direction change operation diagram [54].

(b)

FIGURE 39: (a) The use of two LED lights. (b) The use of two halogen lights with their respective results [55].

how to get to a new point. Depending on the type of en-
vironment and available reference points, these methods
could be simple; however, they could become complex
results in a hostile, changing, and unpredictable environ-
ment, also, to reference points that are not visible [6]. The
tasks that the UUVs must perform require navigation to
displace to different location points to complete their duty.
Navigation can be done by the vehicle itself (in the case of
AUVs) or by operators (in ROVs cases). Usually, the tasks
performed by ROVs demand heavy work and can be
confined to smaller spaces where navigation is probably not
very complex and could be performed directly by the
operators through a joystick and the use of one or more
video cameras installed on the ROV.

Moreover, autonomous vehicles have more tasks and
must carry out missions that take several hours, days, or even
months [57]. Most of these missions are focused on

conducting maritime exploration which covers large areas of
several hundred square kilometres. Navigation plays a vital
role here that if it is not properly executed, it could not only
affect the fulfilment of the mission but also affect the safety of
the vehicle [11] and, in the worst scenario, could lead to the
loss of the robot, causing economic loses and contamination
of the explored environment. Due to its autonomy, navi-
gation must be accomplished under the control of a com-
puter embedded in the vehicle.

5.1. Navigation Methods. Navigation in AUVs represents a
great challenge for most researchers due to the impossibility of
using a global positioning system (GPS) underwater. The
electromagnetic radiation waves emitted by satellites are
absorbed when they come into contact with water, so a GPS
signal receiver cannot capture the waves underwater [58].
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TaBLE 3: Summary of the evaluated UUVs.
UUVs Type Application Equipped sensors Actuators
ABE (1992) AUV Seabed supervision Compass, low—freguency sonar, angular 3 aft., 2 vertical and 2
velocity sensor horizontal thrusters
Aqua Explorer Inspection of telecommunication Gyroscope, altimeter, depth meter, 2 hOlleOIlt?.l thrusters, 1
AUV . . vertical with brushless
1000 (1992) signals and cables accelerometer, acoustic transponder motor
R1 (1995) AUV Monitoring near the seabed Depth gauge, CTDO sensor, INS with A main thruster, 2 vertical
Doppler sonar, acoustic transponder water jet thrusters
?;[(I)II\ERVA ROV No register a DVL, HPR and IMU 5 thrusters
é%i\g)OUR UUV  Reef survey and other applications IMU, GPS, DVL 5 thrusters
.Env1ronmer'1tal study and Depth sensor, leak sensor, camera, FOSN, 4 thrusters and an 840 W
(2017) URV surveillance task in the mid-range of .. .
and mini-AHRS main propeller
shallow waters
SUR Monitoring of nuclear storage ponds 3 servomotors and 3 water

AUV and wastewater treatment facilities to
prevent leaks
Application of parallel robots in the

(2013-2015)

REMUS I UPR  underwater environment requires
(2011) _
studies
TSL (2000) AUV Tunnel inspection
Nessie III AUV Designed to participate in SAUC-E
(2008) competition
(2018) AUV Check and evaluate new navigation
methods
DaryaBird .
(2016) AUV Does not register

IMU, pressure sensor, immersion sensor,

GPS satellite navigation system, USBL
positioning system and autonomous on-
board navigation system, TV system, and

Altimeter, IMU, camera, transponder,

Stereo camera, does not register other sensors

Pressure sensor, DVL, USB camera, altitude

No register jet propellers

LED lights, 1 thruster at

temperature sensor, camera the back

Consists of six thrusters,
providing arbitrary

. movements in 3 axes
IFSSI scanning sonar

5 80 W propellers,

battery temperature sensor brushless motors with oil

Does not register

4100 W thrusters and 2
main thrusters brushless

, and hydroph . .
sensor, and hydrophone motors with oil.

Therefore, underwater devices have been used to establish a
local positioning system. Thanks to advanced technology,
many of these devices have been improved and optimized
considerably in terms of dimensions and performance. This
motivated the investigation and improvement of methods that
allow a better estimation of the location and thus more exact
navigation.

5.1.1. Proprioceptive Navigation. If the travel speed of the
AUV is known, new positions can be estimated by con-
secutive integrations of speed. To perform velocity measures,
Doppler velocity log (DVL) is normally used in conjunction
with inertial systems and a compass; the estimated position
solely depends on the movement of the vehicle and hence the
proprioceptive name. This type of methodology is known as
dead reckoning [59]. This type of navigation system cor-
responds to the research written by Itzik Klein and Roee
Diamant; they developed a system that estimates the tra-
jectory travelled by a water vehicle that moves freely in the
direction of the marine currents [60]. Because these robots
work very closely to the sea surface, they are easily sus-
ceptible to orientation change, which creates problems in the
path. Through acceleration measures, the investigator can
constrain the execution of a proposed algorithm based on
the principal component analysis to calculate the

acceleration in the vehicle’s direction. If there is no need to
execute the proposed algorithm, they use traditional dead
reckoning to estimate the vehicle’s heading direction and its
position.

Another interesting work about accelerometers and how
they are used corresponds to the authors Yan et al. [59]. They
worked on a dead reckoning navigation system based on
neural networks using only accelerometers, due to the cost of
using other sensors such as a DVL or the dependence on an
acoustic system. The errors that have been generated by
using inertial units are reflected in rapid changes in the
measured angles by gyroscopes; this considerably increases
the error of the dead reckoning system. The use of neural
networks to estimate the pitch angles through an exploration
between the measured orientations and the measured ac-
celerations varying in time allows estimating the vehicle’s
positions and reducing the errors caused by the gyroscopes.

Normally, the proprietary navigation systems work in
conjunction with external systems to correct themselves and
reduce the accumulated error. Some of the work done on
dead reckoning which works in conjunction with other
reference systems corresponds [61] to Kepper et al. who
developed a death reckoning model based on an inertial
measurement unit (IMU), which works in conjunction with
an acoustic measurement system to reduce the error ac-
cumulated by the IMU. Due to the noise generated by the
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FiGure 40: LBL standard mode [62].

IMU, the raw data captured was filtered using an extended
Kalman filter. For the model effectiveness, implementation
was evaluated in data collected in 3 different environments
for field experiments and in an open ocean environment.

Correct navigation requires a good position estimate, so
the instruments and the algorithms used must obtain the
most exact ubication.

5.1.2. Acoustic Navigation. The main problem of proprio-
ceptive navigation is that the error increases limitlessly as the
distance travelled by the vehicle increases. If an external
reference system is not considered, the navigation becomes
critical for the vehicle and its mission. As a solution to this
problem, acoustic navigation is employed. Acoustics waves
are appropriate for underwater propagation due to minimal
attenuation. Hence, they are employed for underwater
communication and positioning the underwater vehicles.
For example, underwater vehicles use data of the placed
beacons for estimation of their positions in the work zone.
The most used acoustics methods for underwater location
are Long Baseline (LBL) and Ultrashort Baseline (USBL)
[62].

The standard LBL method is characterized by beacons or
transborder, which is fixed as shown in Figure 40. The image
shows the configuration system for the vehicle and
transponders.

First, transponders listen to the pings emitted for the
vehicles, and distance estimation is obtained from TAT
(turnaround time) at a specific frequency. Thus, the vehicle
can estimate its position by algorithms based on recursive
least squares (RLS) or using extended Kalman filters. The
vehicle must save transponders positions.

Some works related to the implementation of an LBL
system correspond to Christopher von Alt et al. Those who
developed REMUS [8], a torpedo-shaped underwater robot
created for exploration of marine resources, presented two
modes of operation: autonomous and nonautonomous. In
the autonomous mode, the robot had to follow a path
formed by acoustic transponders implanted on the seabed,
and REMUS acted as a target hunter. The transponders
distribution defined the navigation path of REMUS; on the
other hand, in the nonautonomous mode, the navigation
was carried out with the help of a boat, and REMUS followed
it through an acoustic communication.
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This method works quite well for a single vehicle. In the
case of the navigation with several vehicles, variants of this
method have been proposed to eliminate the consultation
signals, converting the communication in one direction and
thus removing the dependence of the time intervals for
vehicle location updates. However, both the beacons and the
underwater vehicles must be synchronized [63].

The standard configuration of the LBL system and its
variants (Figure 41) allows establishing an absolute posi-
tioning for either one or several underwater vehicles.
However, the task of implementing and calibrating polyg-
onal beacon arrangements is expensive and difficult.
Therefore, it was decided to improve these systems even
more and only one beacon has been achieved to determine
the position of a vehicle; this system has been called Ul-
trashort Baseline (USBL). This configuration is illustrated in
Figure 42. This type of configuration works similarly to the
standard LBL configuration; however, the vehicles have
multiple acoustic receivers, because they must determine not
only the distance at which they are from the beacon but also
the angle with which the replica of the signal arrives. The
query signal was issued. In this way, the need for using
several beacons for the trilateration calculation is avoided.
The vehicle’s work area is confined to the entire radius
generated by the beacon.

We can cite the work done by Hidaka et al. [19]. They
implemented this acoustic navigation system which inten-
ded to use an array of hydrophones that were very close. The
angle was calculated to the arriving sound from the offset
that occurred between the hydrophones. Besides, the sonar
system uses an electronic circuit for signal amplification,
phase comparison, and digital to analog conversion (D/A).

5.1.3. Optical. Optical navigation uses optical devices such
as video cameras or optical diodes from which morpho-
logical data of the seabed are recorded. M. Carreras et al.
presented a localization approach for an underwater robot
based on vision and in an environment structured like a
water tank [64]. In the work, the location algorithm details
through some graphic results and the precision of the
system. The algorithm allows obtaining a 3D position,
orientation, and speed of the vehicle by detecting reference
points from the bottom of the tank. The location estimates
are highly accurate without drift, allowing them to be used as
feedback measurements for low-level speed-based control-
lers. Its computing system is 12.5Hz in real time.

5.2. Orientation and Motion Control. It is necessary to take
controlling the orientation and movement of underwater
vehicles into account, and it may demand an exploration
mission or some work that requires manipulation or ex-
traction on the seabed. However, due to the presence of
external disturbances and uncertainties in the marine en-
vironment, linear control methods are not very efficient, so it
is necessary to apply advanced robust control methods. The
objective of an orientation control is to retain the required
orientation regardless of swell and unpredictable distur-
bances in the environment. That is why a hydrodynamic
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FIGURE 41: Variants of the standard LBL configuration. (a) An LBL configuration without query pings. (b) The configuration shown allows

the beacons to obtain their locations using GPS [62].

FiGUure 42: Ultrashort Baseline system [62].

model and mathematical parameters of the structure must
be obtained first.

Likewise, to establish a control system, the following
points must be taken into account: the performance of the
system 1is limited, adding that the behavior of the control
system must be robust in terms of both stability and per-
formance, since it takes into account the energy manage-
ment and optimization of the entire system [65]. This
approach takes into account the inevitable imperfection in
physical systems and variables; one of the investigations on
the performance of a new control strategy for imperfect
systems is observed in [66], starting from an electrome-
chanical system based on a light structure that acts as a
support and supply for the simple coils found in the
structure; the purpose of this research is the simulation of
control systems for imperfect systems that, thanks to the
peculiar properties in the structure, the effects of vibration
signals on the hidden dynamic system of the imperfect
system can be observed.

Given the premise on nonlinear control systems in im-
perfect systems with more than two variables, it is considered
that most of the research carried out within the field of hy-
drodynamics and the behavior of an ROV is established in only
the movement controls, guaranteeing the movement of the
robot in the established route without considering the dynamics

hidden in the structure. However, most researchers make use of
Computational Fluid Dynamics (CFD) simulations on the
behavior of their framework to reduce the error due to changing
environmental conditions which are difficult to predict.

5.2.1. Sliding Mode Control. The sliding mode control
(SMC) is a robust control for modelling uncertainty and
parameter variations and has good disturbance rejection
characteristics. There have been a wide variety of applica-
tions of the same [67-71]. However, it inherits a discon-
tinuous control action; therefore, the chattering
phenomenon that occurs when the system operates close to
the sliding surface will occur. Sometimes this discontinuous
control action can even make system performance unstable.

5.2.2. Adaptive Control. Side Zhao and Junku Yuh proposed
an adaptive control based on a disturbance observer [69, 72];
the control scheme of this system has an adaptive controller
based on a nonregressor, and it is the outer loop of the control
scheme, while the inner loop controller is the disturbance
observer. These two elements mentioned above are the
components of the adaptive control system proposed by the
authors, which is robust against external disturbances and
unpredictable behaviors due to the self-adjustment of its
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TaBLE 4: Classification of orientation and movement control methods most used in UUV.

Control methods Contribution of the method

(i) Path control in the horizontal and vertical plane in an AUV, using 6 degrees of freedom [77-79].
(ii) Integrated PID control with a backstepping control for trajectory control of an underactuated AUV [80].

PID (iii) Implementation of a self-adaptive fuzzy PID controller [81].

(iv) Proposal of a self-tuneable PID control, using neural networks [82].

(i) Avoid collision in marine vessels through an intelligent decision-making system [83].
Fuzzy (ii) Linear approximation control for tuning parameters of a fuzzy controller [84].

(iii) Features a torque controller, calculated with a trajectory compensation technique [85].
(iv) Adaptive fuzzy control for a multiple-input multiple-output (MIMO) system [86].

(i) Stabilize the motion control of an AUV disturbed by unknown hydrodynamic coefficients [87].

Adaptive (ii) Introducing an enhanced composite model reference adaptive control method to control AUV motion [88].
(iii) Adaptive control based on sliding mode control and fuzzy logic [89].

Sliding modes (i) Improved response, insensitive to parameter variation and disturbance [90-93].

(i) A bioinspired neurodynamic model is presented, used for a kinematic controller [94].

Neural networks (ii) Adaptive neural network controller combining hidden single-layer neural network and sliding mode control [95].
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control parameters. They have implemented three controllers,
PID, PID plus Dob, and the ADOB (adaptive controller based
on a disturbance observer), to compare and evaluate the
efficiency and performance, as shown in Figure 43.

5.2.3. Neural Networks. Recently, neural networks have
gained considerable attention in robotic systems control due
to their versatile properties, such as nonlinear mapping,
learning ability, and parallel processing [67, 69, 73]. The
most useful feature of neural networks in control is their
ability to approximate arbitrary linear or nonlinear mapping
through learning. Due to this property, neural networks have
been proven to be a suitable tool to control complex non-
linear dynamic systems. However, due to their arithmetic
complexity, their implementation in engineering is not easy.

5.2.4. Fuzzy Control. Control based on fuzzy logic or fuzzy
control (FC) in English is a control that has supplanted
conventional  technologies in many applications
[35, 68, 74-76]. An important property of fuzzy logic is its
ability to express ambiguity in human thought. Therefore,
when the mathematical model of the process does not exist
or does exist with uncertainties, the FC becomes an alter-
native way for dealing with the unknown process. However,
the large number of fuzzy rules for high-order systems
makes the analysis complex. A fuzzy-based depth control
scheme is illustrated in Figure 44 and a fuzzy-based yaw
angle control scheme is illustrated in Figure 45.

Table 4 summarizes the main contributions of some
additional navigation and orientation control methods that
correspond to those most used by UUVs. In the first row of
Table 4, some linear methods of proportional-integral-de-
rivative (PID) type are included, which work in conjunction
with the other previously reviewed methods.

6. Conclusions

The ROV first shape was rectangular with an open hull and
positive buoyancy; it was so big that it could not be
transported by a single person, and it was necessary to place
a pulley in the water. The torpedo-shaped underwater ro-
bot’s design allowed robots to be faster during their un-
derwater operation. Inside the investigated robots, it was
found that only four thrusters provide 5 degrees of freedom
compared to others that need six thrusters to reach 5 de-
grees. The studied robots determine that, to achieve all the
degrees of freedom, the robots must have eight thrusters
installed or five thrusters with two actuators to change the
force direction. One of the most used materials in the
manufacture of aquatic robots is aluminum, because it does
not deform at high pressures; it is a dense material and is not
corrosive. Most of the researches evaluated are designed to
operate under positive buoyancy; to be able to submerge,
they must activate the immersion thrusters; and to return to
the surface it is enough that the thrusters are deactivated.
The improvement of aerodynamic and hydrodynamic
characteristics of aquatic robots with a biomimetic approach
has accumulated great results, improving very important
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factors in the design such as hydrodynamic drag, propulsion
force, and energy consumption, giving room to achieving
better results with further study. It is important to mention
that the biomimetic form of a robot not only implies im-
provements for itself but also reduces the degree of risk to
possible alterations to a natural biological environment at
the time of the interaction. The constant improvement of
biomimetic technology has broken the trend of only
implementing robots based on propulsion by caudal or
pectoral fin; studies have opened a new window for the use of
intelligent actuators, materials capable of providing better
mechanical characteristics, such as greater flexibility under
specific conditions, getting closer to the efficiency of real
biological models with diverse morphological characteris-
tics. The use of a pressure sensor has become much more
standardized in the manufacture of any UUV, simply to
obtain the depth data. However, some of these robots still
have a dedicated depth sensor, thus achieving a greater
comparison range between points. In most current ROVs,
we can observe the constant use of an IMU sensor with the
combination of sonar to find the underwater positioning,
also applying a filter for the correct interpretation of data.
GPS modules are used more in AUV than in ROV, because
ROVs present a physical connection between the robot and
controller, while the AUVs are programmed with a path or
route to follow; that is why they emerge to the surface to
obtain their position before making a submersion. The use of
brushless motors has become very popular with the inte-
gration of propellers. It is found in different types of UUVs
long before the 20th century. The advantage of this type of
motor is adequate cost, better quality, and less maintenance
than other motors. The application of new sensors for the
acquisition of oceanographic data in robots has become
increasingly common, as a result, mainly due to the growing
interest in the study of marine ecosystems and the con-
servation of species. Many of the works reviewed, related to
the control of direction or displacement with different en-
gines, do not show much detail in the electronic components
used, making it difficult to trace an evolutionary timeline of
emerging technologies of electronic components used in
UUVs. The methods and algorithms for navigating UUVs
are mainly implemented in autonomous vehicles (AUVs).
You can see the trend towards map-based navigation
methods as opposed to those that use fixed beacons around
their exploration environment. The orientation and move-
ment control is applicable for both ROVs and AUVs,
highlighting the routes control and trajectory tracking to-
wards autonomous vehicles. The trend of new control
methods is to apply combinations of more than one method
to improve their characteristics and achieve finer control.
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