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This perspective article analyzes the current advancements and investigations within the field of autonomous underwater swarm
robots, exploring the research question: To what extent can autonomous underwater swarm robots assist in protecting and
maintaining aquatic environments? The paper investigates this research question by discussing recent research results in three
elements that are essential to swarm robotics: movement, sensing, and communication. Specifically, the reviewed communication
methods include WiFi transmitters and blue lasers, sensing methods include image recognition and acoustic sonars, and movement
methods include single-propellers, quadra-propellers, and bio-inspired fin propellers. The paper also reviews currently existing
underwater swarm robotics projects by analyzing their potential to contribute towards environmental protection. Results from the
comparison of selected studies of movement, sensing, and communication suggest a clear choice for all three elements that most
effectively achieves environmental protection tasks. Quadra-propellers are optimal for movement due to their high agility and
efficiency. Image recognition is best for sensing to recognize the identity of surrounding objects. Blue lasers provide the most
effective communication due to their high bandwidth and minimal absorption by water. The existing swarm robotics projects
are also evaluated based on their feasibility to be applied in real-world contexts, where the key obstacles found are the lack of
evidence for the swarm’s scalability and adaptability to various water conditions. Upon providing a background overview of the
field, new extensions and ideas are proposed for future research directions in movement, sensing, communication, and applied
projects, along with their opportunities for further improvement by merging existing research in new ways.
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Introduction

Justification of Topic

In the rapidly industrializing societies today, countless bodies
of water are polluted heavily with trash disposed of by humans.
One of the most critical threats to aquatic life today is plastic
debris. Plastics constitute 60%-80% of the marine debris glob-
ally, which not only pollutes aquatic ecosystems but also kills
or severely harms life underwater, threatening the extinction of
animals1. Another pollution source is chemicals from human ac-
tivity, including metals from industrial processes and pesticides
from agriculture, which can damage all layers of underwater
food chains2. Rising carbon dioxide levels in recent years have
also led to increased ocean acidification, altering geochemical
cycles and impeding the shell formation of aquatic animals3.
The field of swarm robotics offers promising solutions in com-
bating the current environmental degradation. Because of the
large space aquatic ecosystems usually occupy, swarm robots
can achieve tasks much faster than a single robot. To address
the problem of plastic pollution, robots can be designed to clean
up underwater waste through claws or nets, preventing the trash
from contaminating aquatic ecosystems. While swarm robots

alone cannot fix problems with chemical pollution or acidifi-
cation in water, they nevertheless can assist in environmental
protection by monitoring water quality or other more indirect
methods.

Movement, sensing, and communication are chosen as the
three comparative axes for underwater swarm robotics, as they
represent the most important features that swarms need to protect
the environment effectively. Robots in a swarm must be able
to move in their underwater environments to interact with the
rest of the swarm and move between locations, given the large
volume of space in typical bodies of water. Furthermore, sensing
is required for the robot to navigate unfamiliar environments
and respond accordingly, especially for collecting plastic debris
underwater. Lastly, communication between robots allows the
swarm to achieve complex swarm patterns from the simple
movements and decisions of individual agents, a key advantage
of swarm robots over individual robots4.

Prior Research-Movement

Movement is a key point of consideration in swarm robotics,
especially under water. Robots need to adjust their location so
they can interact with new areas of water or approach pieces
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of trash for collection. Movement also depletes a significant
portion of the stored energy in a robot and thus influences the
maximum operating lifespan of a robot swarm. Therefore, the
methods used to achieve movement will be compared based on
their energy efficiency and agility.

A research project led by Thiyagarajan Ranganathan explored
and analyzed the properties of a quadra-propeller robot under-
water using simulations. The design was intended to enhance
the maneuvering capabilities of underwater robots, which were
often insufficient using conventional propeller designs. The
robot design was named AQUAD and had 4 degrees of freedom:
row, pitch, yaw, and heave, which are achieved by adjusting the
rotational speeds of the four propellers, allowing for high flexi-
bility of underwater movement. A simulation was implemented
with the Newton-Euler approach to test the robot, measuring
its torque and speed over time and its ability to adjust its tilting
angles5.

Other forms of movement include single-propeller robots
and bio-inspired robots, which are robots based on the swim-
ming movement of animals. These two methods were explored
and compared in terms of power and thrust in a study by John
Palmisano6.

Prior Research-Sensing

Sensing is also important in cleaning up and protecting aquatic
ecosystems. Robots must detect the environment around them
and act accordingly. This is especially important in recognizing
and collecting debris underwater. However, one challenge in
underwater swarms is that water weakens most sensing meth-
ods, limiting their effective distance7. As a result, the sensing
capabilities can be best judged by their detection accuracy and
sensing distance underwater.

To solve this, Guo-Jia Hou led research on an image recog-
nition model that uses color absorption data and shape features
to recognize objects underwater. Since many water mediums
are somewhat transparent, visible light can pass through and
be used for sensing at short distances. The study used photos
of a targeted object in a water tub, from which the image was
then processed and extracted from its surrounding environment.
Background noise and color differences had to be accounted for
to enhance accuracy. An algorithm is used to pick up features on
the target object’s shape, which allows the camera to recognize
the objects shape, such as a circle, hexagon, or ellipse8.

Alternatively, sensing could be done using an underwater
sonar, as it travels relatively quickly and can move in all direc-
tions. The properties of sonars were modeled and measured
in research led by Filip Mandić and showed some successful
results9.

Prior Research-Communication

In swarm robotics, communication is essential in allowing ef-
fective collaboration and optimal performance. However, like
sensing, communication methods are also severely obstructed
by water as a medium and are limited by an effective distance,
obstructing information from traveling quickly7. Because of
this, communication methods can also be judged by their trans-
mission distance and the rate of information delivery10.

One solution to this problem is presented in an investigation
led by Chao Shen, which proposes a blue laser to transmit in-
formation underwater. Blue was chosen as it is absorbed the
least of all visible light colors in water. The light transmission
only required a power of 51.3 milliwatts, which is beneficial in
maintaining the operating lifespan of swarm robots underwa-
ter. Because of the high frequency of light compared to sound,
the lasers have a relatively high bandwidth and can efficiently
transfer large amounts of information11.

Another less effective approach in communication transmis-
sion is to use WIFI signals underwater, which oscillate at a
frequency of 2.4 GHz. Matthew Joordens tried to implement
such communication methods but failed due to water absorp-
tion12.

Existing Swarm Robot Projects

Several research groups have already assembled aquatic swarm
robots to help in environmental protection. These swarm robots
have proven to be able to contribute either directly or indirectly
to environmental protection of aquatic ecosystems.

For instance, Felix Schill led the development of a robot
swarm, called the Vertex, which aimed to achieve convenient,
cost-efficient environmental monitoring. The Vertex is small
and can be carried with one hand, allowing for easy deployment.
These robots operate not with absolute location but with relative
distances between robots. This ensures the robots remain spread
out to maximize efficiency. The robot swarm testing was limited
to a group of 5-10 robots, as the acoustic sensors limit its scala-
bility. The swarm mechanisms were first tested in a computer
simulation using a hardware-in-the-loop testing framework be-
fore being deployed in a dive on Lake Onego. These robots will
most likely be used in monitoring the water quality in various
lakes, rivers, or oceans, which allows for the regulation of these
bodies of water to identify when further action is needed to
protect these ecosystems13.

While sensing underwater environments is helpful, there are
many other methods by which swarm robotics can assist in
environmental protection. The CoCoRo project by Thomas
Schmickl, for example, is a swarm that can not only monitor
water but also search for sunken objects. The swarm consists of
41 robots and is a heterogeneous group, meaning the robots have
distinct roles in operation. A base station holds and computes
the information gathered by the swarm. Ground-swarm robots
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search for targets underwater, while relay-swarm robots transfer
information between the ground swarm and the base station. The
robots are not controlled by a central base but rather make local,
autonomous decisions. In addition to environmental monitoring,
the CoCoRo swarm can be applied in search missions that help
protect the environment. For instance, if an oil leakage occurs
under oceans, the robot swarm can work together to quickly
identify the location of the leak to hasten repairs and minimize
pollution14.

Swarm robots can also assist in aquatic protection through
more indirect methods, such as modeling ocean dynamics. Jules
Jaffe created miniature robots to measure ocean currents at the
submesoscale, which is between 1 and 10 kilometers in size.
These robots were named the Mini-Autonomous Underwater Ex-
plorer, or M-AUE. The M-AUE operates as 16 individual agents
that move underwater and are tracked continuously, which are
used to compute how ocean water flows. These robots move by
mimicking the vertical swimming behavior of plankton and thus
apply biomimicry to achieve underwater motion. These robots
were deployed and tested in the ocean to measure currents and
compute water trajectories. A possible application of this swarm
robot in the field of environmental protection is to apply the
wave dynamics and ocean current models to determine how
trash, such as plastic debris, would flow when disposed of in
water. This can allow the measurements to predict the locations
of ocean trash, which can then help expedite trash removal from
the ocean, minimizing its harm15.

Methodology

Search Strategy

This is a literature synthesis of the current peer-reviewed articles
published that are related to underwater swarm robots, includ-
ing research on key components of underwater swarm robots
and swarm robot deployment projects. Articles were found us-
ing the search engine Google Scholar, and key search terms
included ”Swarm robotics,” ”Autonomous,” ”Underwater,” and
”Environment.” The research on the essential components of
swarm robots was found using the search terms ”Underwater
movement,” ”Underwater sensing,” and ”Underwater communi-
cation.” The main sources found through this strategy include
publications in IEEE conferences and robotics journals. Inclu-
sion criteria for the research articles included that they must be
from peer-reviewed sources to ensure credibility. Furthermore,
the articles must also be published within the last 2 decades
to ensure the relevance of their findings. After these criteria
had been applied, key sources were then selected based on
whether they could contribute to environmental protection and
sustainability to match this review paper’s research questions.
Resulting sources from the search and selection were analyzed
and categorized thematically into the subtopics that they were

linked to in this review article to discuss. The following sec-
tions of Methodology describe the methodology used in the key
sources of this review article.

Movement, Sensing, and Communication

The studies on quadra-propeller, image recognition, and laser
communication described above have all attempted to validate
the effectiveness of their designs. The methods they used will be
explained below. Ranganathan’s analysis of the quadra-propeller
applied simulations and the model of the robot’s force and
torque, were developed with a Newton-Euler approach. De-
sign parameters were set for the robot, including a weight of
5.7 kg and an arm length of 30 cm. The robot was assumed
to have a cone-shaped central body to simplify drag forces, as
shown in the CAD model in Figure 2. Furthermore, the thrust
generated by the motors was assumed to be proportional to the
angular frequency squared to estimate the forces and torque.
The methodology demonstrates the cost-effectiveness and sim-
plicity of measuring by means of simulations. However, the
simplifications and assumptions reveal the limitations of simu-
lated tests as well5. Unlike Ranganathan’s simulation design,
Hou’s team used real-world experiments to maximize the accu-
racy and reliability of their image recognition. The researchers
took an image underwater, and its contrast was enhanced and
equalized to account for non-uniform lighting. Afterwards, the
object of interest was extracted from the environment based on
the color differences. An Otsu algorithm was used to remove
the background color noise to make clearer distinctions of the
targeted object. Finally, a shape-signature-based recognition
algorithm determined the shape of the observed object, such
as a circle, square, or triangle. To achieve this, the algorithm
translated the shape into polar coordinates that are then mapped
to determine the number of edges the shape has. The algorithm
was then tested by taking photos of objects at the bottom of a
2-meter-deep water tank decorated to resemble a seabed, with
sample images illustrated in Figure 3. These are approaches
used to mimic real-world situations, enhancing the reliability of
the results8. Similarly, Shen’s laser experiment was also done
inside a tangible water container, using a 450 nm laser diode
emitter and a silicon photodetector as a receiver. The light was
flashed at varying distances to mimic the transmission of light
underwater. A collimation lens was used on the transmission
side to ensure parallel light transmission, and a convex lens
was used on the receiving side to focus the light on the silicon
photodetector, increasing the intensity of the light received and
thus mitigating the absorption of light by water. A spectrometer
was also used to determine the rate of transmission at varying
wavelengths on the receiving side, which was used to determine
the wavelength that is least absorbed by the water medium. The
physical experiments again improved the method’s validity and
reliability11.
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