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A systematic review of hybrid quadrotor-
track subsea robotic crawler for offshore
mineral mining in the era of Industry 4.0

by MO. Ojumu’, A K. Raji", E.F. Orumwense’

Abstract

The Fourth Industrial Revolution has driven significant advancements in autonomous robotic
systems, particularly in subsea exploration and offshore mineral dredging. This review examines
the latest developments in electrically powered quadrotor-track subsea robotic crawlers,
highlighting their potential to enhance efficiency, mobility, and adaptability in challenging
underwater environments. The integration of advanced automation, artificial intelligence, and
real-time control systems has paved the way for more effective robotic solutions in offshore
mining.

This study explores the dynamic performance of hydraulic crawlers to quadrotor-
track robotic dredgers, focusing on their propulsion, navigation, and stability under high
hydrodynamic conditions. By leveraging state-of-the-art technologies such as lithium-ion
battery power systems, intelligent microprocessors, and sensor-based control mechanisms,
these robotic crawlers offer a promising alternative to conventional subsea excavation methods.
Furthermore, the review analyses recent experimental and simulation-based studies that assess
the feasibility and performance of these systems in real-world applications.

The findings of this review provide valuable insights into the role of 4IR in transforming
subsea robotics for oftshore mineral dredging. By addressing existing limitations and identifying
key technological advancements, this study contributes to the ongoing development of next-
generation robotic systems capable of operating efficiently in extreme underwater conditions.

Keywords

Fourth Industrial Revolution (4IR), electrically powered robotics system, quadrotor-track
subsea crawler, offshore mineral dredging, autonomous robotic systems, artificial intelligence
in robotics, battery-powered underwater vehicles, sensor-based control mechanisms

Introduction

Seabed mining has evolved significantly with the advent of advanced technologies like the Underwater
Remote Mining (URM) system, which utilises specialised crawlers for efficient and environmentally
conscious extraction of submerged diamond deposits (President, Greve, 2022). In 2018, Arctic Canadian
Diamond Company and IHC Mining collaborated with Burgundy Diamond Mines. They have been
developing an innovative URM system designed to extract diamond-bearing kimberlite ore from deep
open pits at the Ekati Diamond Mine in Canada's Northwest Territories. This system employs a remotely
operated underwater mining crawler equipped with advanced control and positioning technology. The
crawler excavates ore using a drum cutter, eliminating the need for blasting, and pumps the material

to the surface through a vertical pipeline connected to a launch and recovery platform. This method is
capable of operating at depths up to 400 metres and aims to reduce environmental impact by minimising
waste extraction and the mine's overall footprint. The URM system is projected to extend the mine's
operational life by at least a decade. Following this technology (track subsea robotic crawlers) Debmarine
Namibia’s offshore (2017) gave insights into their deployment of large, remotely operated crawlers that
traverse the seabed at depths of around 150 metres to collect diamond-rich sediments, which are then
processed onboard specialised vessels. The publication also highlights the effectiveness of this approach,
noting that marine diamonds exhibit a higher percentage of gem-quality stones compared to land-

based sources, which emphasised its significant contribution to advanced future crawler for ocean deep
mining. Yeu et al. (2011) tested MineRo, a mining robot designed for shallow water mining with higher
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Figure 1—Subsea dredging crawler (Yeu et al., 2011)

performance for dredging. In June 2009, it was tested ata 100 m
depth with current sensor, 5 km off Hupo-port (Korean East Sea)

to evaluate its ability to collect and lift manganese nodules. MineRo
was tested at a depth of 120 metres in August 2012 to evaluate the
integration of advanced technology, including automatic path-
tracking control. A critical component of this control system

was the implementation of a precise localisation algorithm. The
researchers explored advancements in underwater navigation
algorithms by estimating MineRo’s kinematic parameters, including
track slips and slip angles. These parameters were traditionally
derived from Ultra-Short Baseline (USBL) position data and gyro
sensor heading data, commonly integrated into state-of-the-art
controllers, though its accuracy was affected by random noise. As of
2012, the study aimed to improve algorithm reliability by refining
the measurement of these kinematic parameters.

The ocean floor is one of the most unexplored areas on Earth,
and the increasing interest in underwater dredging has led to the
development of various track robotic subsea exploration crawlers
(TRSEC). Roland Holst (2024) investigated the ongoing debates
surrounding seabed exploitation, highlighting the uncertainties
regarding resource availability on land. This study critically
examines the urgency and perceived inevitability of commercial
deep-sea resource extraction, questioning whether it genuinely
serves the common interest of humankind. Given that oceans cover
71% of the Earth's surface, they have been proposed as a significant
source of essential minerals, bio-organisms, and energy. Authority
(2006), provides an overview of polymetallic nodules, including
their composition, formation, and potential for mineral extraction.
The study examines the occurrence of these nodules in deep-sea
environments and highlights the valuable metals they contain, such
as manganese, nickel, copper, and cobalt. Additionally, it discusses
deep-sea mining as an emerging method for mineral retrieval,
conducted on the ocean floor in regions with extensive polymetallic
nodule deposits or active and extinct hydrothermal vents located
between 1,400 and 3,700 metres below the surface. These vents
further established the importance of sulfide deposits that contain
valuable metals, including diamond, gold, silver, copper, manganese,
cobalt, and zinc.

Having established a standardised reference on Earth's subsea
resources, the deep-sea mining process utilises electric pumps,
hydraulic pumps, or bucket systems to transport minerals to
the surface vessels or platforms for processing. However, like all
mining operations, deep-sea mining presents significant challenges,
including the impact of hydrodynamic forces on ocean-dredging
machinery and potential environmental risks to surrounding
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ecosystems as stated by Aung (2015). Zeng et al. (2022) presented
the development of an advanced underwater robot that integrates
quadrotor propulsion with bionic undulating fins to enhance
manoeuvrability and operational efficiency in complex marine
environments. It addresses the limitations of traditional subsea
crawlers and introduces a hybrid propulsion system designed to
improve mobility and adaptability.

As ocean mining continues to expand, subsea exploration
crawlers play a crucial role in surveying and monitoring the ocean
floor. These crawlers are typically equipped with sensors and
cameras to collect environmental data and can be remotely operated
or programmed for tasks such as crawling, sea dredging, and
excavation. However, their movement is constrained due to direct
contact with the seabed, limiting their manoeuvrability.

To mitigate this challenge, quadrotors can provide ocean robot
support, complementing the capabilities of subsea crawlers. The
MK3 ROST crawler used by the IMDH Group (2016), currently
called Trans hex Group, while still effective in today’s ocean
mining market, has limited applications due to its size, track
monitorabilities, and weight, and it requires significant energy
to counteract the harsh hydrodynamic forces in underwater
environments. In contrast, quadrotors offer a more efficient
solution, leveraging their four-rotor configuration to achieve
superior mobility and adaptability in challenging underwater
conditions.

Configuring and designing a TRSEC with the best quad
integration is a challenging task that requires careful mathematical
modelling analysis with simulations using MATLAB. The principles
of propulsion in a subsea environment deal with the forward
power of the propeller, which is the same as the reverse power. The
propeller system of the vehicle provides enough thrust to overcome
the resistance of the surrounding water, which moves the vehicle
through the underwater environment. This is affected by a number
of factors, such as the rigid multibody configuration of the TRSEC,
the size and shape of the propellers, the number and orientation of
the blade configuration, and the power output of the electric motors
that drive the propellers. Multibody system dynamics analysis is
subsequently used to employ dynamic model interaction between
the subsea crawler and quadrotors. The analysis provided insight
into moving forces, moments, and torques acting on the system,
as well as the trajectories of the quadrotors and the subsea crawler.
Yum, et al. (2016 a; 2016b; 2016¢), presented a mathematical model
equation for a quad-x ocean crawler design using a multibody
analysis. The objective of this investigation was to show the impact
of drive configuration and design parameters on ocean vehicles.
Speed, manoeuvrability, and stability were considered with a view
to creating an industrial-based solution that minimises seabed
crawler track slippages and improves the efficiency of underwater
robots used for the purposes of extraction and surveillance. In areas
of quadrotor dynamics, its focuses are on the thrust generation
by propeller systems and their impact on vehicle motion due to
hydrodynamics. It provides insights into the factors affecting thrust
and the subsequent movement of the vehicle in an underwater
environment as stated by Idrissi and Annaz (2020). In further
discussion by Bian and Xiang (2018), they investigated theories
on stability of multibody systems, particularly focusing on the
interaction between vehicle dynamics and internal fluid sloshing.
While it does not specifically address subsea crawlers with
quadrotor, the methodologies discussed are applicable to analysing
dynamic interactions in similar systems using track robots. Delving
into the dynamics of flexible multibody systems using spatial
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operators, offering a framework that could be applied to the analysis
of subsea crawlers and their interaction with other dynamic systems
like quadrotors, Jain and Rodriguez (1992) explored spatial operator
methods to develop a novel dynamics formulation for flexible
multibody systems. This formulation is designed to model the
dynamics of flexible systems in a manner structurally identical to
rigid multibody systems, facilitating the efficient manoeuvrability of
ocean intervention rovers.

Xia et al. (2023) investigated the sinking and slippage of
deep-sea mining vehicles (DSMV) while traveling on extremely
soft sea floor sediments using a quadrotor arrangement. The study
highlighted the vulnerability of DSMVs to dangerous situations
such as overturning due to non-homogeneous sea floor sediments,
heavy payload, and complex sea floor topography affected by
high hydrodynamics in the ocean. The researchers focused on
four-tracked DSMVs, which were found to have better traveling
abilities and safety performances on uneven terrain compared
to conventional dual-tracked vehicles. To enhance adaptability
to uneven terrain, the tracks of the DSMV's were designed to
be rotatable. To study the DSMV's traveling performance, a
multi-body dynamics model of a specially designed four-tracked
DSMYV prototype was built using Recurdyn software. The model
was modified to reflect the actual conditions of sea floor travel,
including a more accurate shear model and adjustments for internal
resistance, water resistance, and external loads. The track-soil
force to the rear track was also modified based on the multi-pass
effect, and a velocity coeficient was introduced to the resistance
estimation equation. The study performed simulations of straight-
line travel on soft ground with both fixed and rotatable tracks. By
analysing the simulation results, the researchers studied the motion
features and dynamic characteristics of the four-tracked DSMV with
rotatable tracks when traveling on soft ground.

Hydraulic tractor ROST has been utilised successfully in
dredging and mining operations for several years. It has several
significant limitations, including low track driving abilities
resulting from hydrodynamics, high hydraulic ocean pollution,
and high energy consumption from the mechanical and electrical
operating components. In a study to overcome these limitations,
underwater crawlers powered by the most efficient thruster
configuration method are being developed (Ojumu, 2022). These
robotic crawlers are expected to provide better performance
and improve subsea exploration. The outcomes of the study
will serve as a basis for designing subsea exploration crawlers
with quadrotors configuration, which can enhance the subsea
environment dredging. Additionally, the findings will contribute to
the advancement of robotics systems for subsea application. This
proposal aims to investigate this approach in greater depth through
a thorough literature review. Therefore, this research will suggest
and recommend meaningful initiatives by government, policy
makers, and researchers aimed at increasing the adoption of more
ocean-friendly dredging robots for the extraction of the seabed floor
resources.

Methodology

A systematic literature review (SLR) is commonly employed in

Problem Designing
Identification and Data
and Developinga| | Collection
Delineation Strategy

Figure 2—Process flow for a systematic literature review
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disciplines such as social sciences, education, global economics,
retail business, and medicine. However, Moher et al. (2009 a)
examined its application in the engineering field, demonstrating
its effectiveness as an evidence-based research approach. The core
principles of SLRs include being restrictive, duplicative, algorithmic,
and collective.

This study followed a structured methodology, as depicted in
Figure 2, which outlines the key stages of the systematic review
process.

Process flow 1

Identification, definition, and refinement of the research
problem

Internationally, researchers have indicated that the application
of quadrotors for subsea exploration has unveiled noteworthy
shortcomings (Bian, Xiang, 2018 a). Moreover, they noted that
while some researchers have explored the application of quadrotor
UAVs in submersible environments, the predominant focus has
been on aerial surveillance and not proving in ocean exploration
(Bian, Xiang 2018 b). In a similar vein, Olsson (2021 a) delved
into the use of quadrotor-inspired unmanned underwater vehicles
for subsea exploration, introducing a quadrotor-like unmanned
underwater vehicle (QUUYV) featuring four fixed thrusters arranged
in an X quadrotor configuration. Another study embarked on the
design and analysis of an underwater quadrotor (AQUAD) intended
for subsea exploration. These collective findings suggest the
promising potential of quadrotor platforms in subsea exploration,
underscoring the need for further research in this domain
(Olsson, 2021 b). The role of unmanned systems with quadrotor
configurations, including aerial and maritime platforms, in
advancing cost-effective mineral extraction, homeland security, and
operational efficiency has grown significantly in recent years. This
report explores technological advancements, policy implications,
and the rising adoption of unmanned system microcontrollers
across various industries, as highlighted by Fleming et al. (2015).
Chen et al. (2022) proposed a design and deployment of a
quadrotor for underwater investigation, showcasing its ability to
augment the manoeuvrability and stability of subaquatic apparatus.
This addresses the existing gap for an aerial setup in a marine
setting while Elkholy et al. (2022) emphasised the pivotal role
of hydrodynamic coefficients in the development and navigation
control of underwater robots and aerial systems. While conventional
methods for acquiring these coefficients often rely on expensive
experimental techniques, recent advancements have paved the
way for computational approaches leveraging computational fluid
dynamics (CFD) in conjunction with experiments. The planar
motion mechanism (PMM) and circular water channel (CWC) are
standard experimental infrastructures for acquiring hydrodynamic
coefficients of remote operated vehicles (ROV); their costliness
necessitates the development of cost-effective and straightforward
experimental methods for obtaining these coefficients in
underwater design models. Hence, comprehensive investigation into
the integration of quadrotors with rigid multibody system dynamics
analysis to enhance the operational efficiency of a tracked robotic
subsea exploration crawler has commenced in 4IR. The study

Analysis
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aims to address existing challenges in incorporating quadrotor
technology in subsea exploration, particularly in mitigating the
effects of hydrodynamic forces.

Process Flow 2

Development of a strategic framework to address the
identified problem

The initial phase of the literature review provides a comprehensive
overview of the Fourth Industrial Revolution’s impact on subsea
crawlers for offshore mineral mining. It then examines the maturity
of these technologies and evaluates their suitability for various
configurations, considering existing mining tool technology, vehicle
types, and advancements in driving efficiency.

Process Flow 3
Establishment of a systematic data collection methodology

Keywords are used to search for data/information on databases
using search engines such as IEEE Xplore, Microsoft Academic,
Scopus, Science Direct, and Google Books. Research gate

and Google Scholar was used primarily to search for specific
information on journal papers and theses where the citation

was done directly from the website using Endnote X7 and the
referencing was exported to Mendeley. The keywords used to search
for information on mining offshore crawlers are shown in Table 1.

Process Flow 4
Categorisation and organisation of the collected data

After the search for relevant literature on the topic, a Prisma

2009 Process Flow diagram was used to arrange the different

crawlers according to the methods, advantages, disadvantages, and

technology maturity in the following sequence (Moher et al. 2009 b):

a.  Over 400 papers and theses were assembled from different
databases using search engines such as Science Direct, Google
Books, IEEE Xplore, Research gate, Microsoft Academic and
Scopus by using the keywords shown in Table 1. The first
column shows the different keywords used in the search for

track robotic mining crawler, and the second column contains
the different parameters measured.

b.  Anadditional 40 papers were added to the database by using
the Google Scholar search engine.

c.  Out of the 400 papers assembled, only 330 papers were kept
for further screening after a proper check on duplicate papers,
which was completed with similar referencing.

d. A further 70 papers were disqualified because the focus was
not the core of the study, rather, it discussed other topics such
as ROV inspection robot, sampling tools from surface vessels,
hydraulic configurations, and CFD modelling of marine
surface vehicles.

e.  Inthis study, a comprehensive evaluation was conducted
using a total of 286 papers for qualitative analysis and 44
papers for quantitative assessment of mining mineral subsea
vehicles. The selection criteria were strictly defined to include
only publications from the period 1983 to 2025.

Process Flow 5

The study employed a systematic inclusion and exclusion criterion
to identify the most relevant research papers on Electrical Powered
Quadrotor-Track Subsea Robotic Crawler (EPQRTSRC) for
offshore mineral mining. The inclusion criteria were primarily
based on the publication date to ensure the selection of contemporary
studies reflecting technological advancements in the Fourth
Industrial Revolution. However, the following were excluded from the
search: (a) unpublished work, (b) webpages, and (c) papers discussing
tracked robotic crawler techniques that are not applicable to
conventional offshore mining tools. This review focused on published
literature from 1983 to 2025, while older papers were excluded unless
cited in more recent publications, acknowledging their relevance in
shaping modern industrial and technological advancements.

Process Flow 6

The synthesis of insights was systematically documented to
ensure a comprehensive and well-structured dataset

The keywords that were used to refine searches in academic

Table 1
Keywords used to search for relevant data/information

Category Keywords

Fourth Industrial Revolution (4IR)

4IR, Industry 4.0, smart automation, digital transformation, advanced manufacturing
(focused on smart offshore mining robot).

Electrically powered robotics

Electronics with powered system, electric propulsion in robotics, battery-powered
automation, renewable energy in robotics for environmental sustainability.

Quadrotor-track subsea crawler

Quadrotor propulsion, subsea robotic crawlers, amphibious mining robots, hybrid
underwater vehicles.

Offshore mineral dredging
exploitation.

Deep-sea mining technology, offshore mineral extraction, subsea dredging, ocean resource

Autonomous robotic systems

Autonomous mining robots, Al-driven robotics, unmanned subsea vehicles, intelligent
automation in mining.

Hydrodynamic stability

Underwater vehicle hydrodynamics, stability in subsea robotics, fluid dynamics of ocean
robots, marine engineering stability.

Artificial intelligence in robotics

Al in robotics, machine learning for autonomous systems, neural networks in robotics,
Al-driven navigation.

Battery-powered underwater vehicles

Battery-powered AUV, lithium-ion batteries in robotics, energy-efficient subsea vehicles,
power management in underwater robots.

Sensor-based control mechanisms

Sensor fusion in robotics, control systems for autonomous robots, underwater sensing
technology, Al-based sensor integration.
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databases, technical reports, and industry publications related
to subsea mining, robotics, and Fourth Industrial Revolution
technologies are presented in Table 1.

Results

The Fourth Industrial Revolution of EPQRTSRC for offshore
mineral mining:

The Fourth Industrial Revolution has significantly transformed
various industries by integrating advanced digital, mechanical,

and automation technologies (George, 2024). In a seminal

study, Ummah (2019) examined the profound impact of digital
connectivity and software technologies on societal evolution,
highlighting their role in ushering in the 4IR within the subsea
environment. This paper explores the diverse contributions of

the 4IR to engineering, particularly in advancing design and
manufacturing processes that enhance efficiency and innovation

in robotics and automation. Building on this research, Gedigital
(2019) underscores the role of automation within the industrial
internet, demonstrating how the convergence of mechanical
production and digital technologies is driving the progression of the
4]R in ocean integration.

In the field of offshore mineral mining, EPQRTSRC has
emerged as a groundbreaking innovation. These hybrid robotic
systems integrate the stability and mobility of tracked vehicles
with the aerial manoeuvrability of quadrotors, enabling effective
operation in challenging underwater environments. Ojumu (2022
b) and Cole (2012) explore advancements in robotic technologies
for seafloor mining, particularly focusing on the development of
deep-sea mining crawlers designed to operate at significant depths.
The study highlights key engineering challenges and potential
solutions associated with deploying robotic systems for ocean
mineral extraction. Additionally, Nordin et al. (2022) examine the
current capabilities of unmanned vehicles (UV) in offshore wind
turbine operations, ocean floor surveys, and seabed sampling,
emphasising their role in data collection for primary operations.
Their research discusses collaborative strategies between different
UV types, including aerial and underwater vehicles, to enhance
operational efficiency in offshore environments. In a related study,
Hu et al. (2024), address the motion control challenges of a four-
degree-of-freedom unmanned underwater vehicle (UUV) in the
presence of nonlinear dynamics, parametric uncertainties, system
constraints, and time-varying external disturbances. The proposed
control strategy is validated through simulations, demonstrating its
effectiveness in improving UUV control performance. Furthermore,
41R has had a profound impact on mining productivity by
integrating digital, mechanical, and automation technologies.
Humphreys (2020) discussed how these advancements drive
innovation in the mining sector, with a particular focus on the
potential of subsea robotic systems to enhance efficiency and
sustainability in mineral extraction.

Efficiency in subsea technology through 4IR solutions

Figure 3 illustrates the progression of technological advancements
in subsea mining crawlers, with a particular focus on the
development of electrically powered quadrotor-tracked subsea
robotic rovers for offshore mineral mining. The graph provides a
detailed analysis of the correlation between the increasing influence
of the 4IR and its impact on subsea mining technology, highlighting
key trends and innovations in the field.
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Figure 3—Subsea technology efficiency in technology

Blue line with circular marks

This representation illustrates the steady annual technological
advancements in subsea mining on an arbitrary scale. Sharma
(2011) provides a comprehensive analysis of the current state of
deep-sea mining, addressing the economic, technical, technological,
and environmental challenges that must be overcome for
sustainable development. The study examines advancements in
deep-sea polymetallic nodule mining technology, highlighting key
technological innovations, recent progress in prototype testing,
and environmental impact assessments. Additionally, Sharma
(2011) explores the opportunities and challenges associated with
the growing demand for metals essential to emerging energy
technologies.

Red square marks

This representation highlights the years when electronics were
integrated into mining crawlers, showcasing key advancements

in the automation and control of subsea robotic crawlers. The
adoption of underwater vehicle systems has steadily increased for
marine resource exploration, however, challenges related to control,
navigation, and communication remain significant. These persistent
challenges have driven continuous technological advancements,
making the development of subsea crawlers an area of growing
interest. Sun et al. (2024) provided a comprehensive review of

the current status, limitations, and future directions of crawler
manipulators. Their study examines dynamic and hydrodynamic
modelling methods, analysing their underlying principles,
strengths, and limitations. Additionally, the review explores critical
operational control technologies, including underwater positioning,
navigation, and coordinated vehicle-manipulator control. The
article concludes with a forward-looking perspective on enhancing
operational efficiency, offering insights into future developments in
subsea crawler technology.

Connection to the Fourth Industrial Revolution (4IR)

4IR integrates artificial intelligence (AI), robotics, the Internet of
Things (IoT), and automation, driving significant advancements
in subsea mining technology. This technological revolution has
played a crucial role in the development of electrically powered
quadrotor-tracked subsea robotic crawlers for offshore applications.
Yurish (2020) provides valuable insights into the integration of Al,
robotics, IoT, and automation across various industries, including
discussions on electrostatic inchworm motors for microrobots and
adaptive trajectory tracking control for mobile manipulators—
technologies with potential relevance to subsea robotic systems.
Building on this foundation, Johansson et al. (2023) explore the
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role of smart ports and remote technologies in the maritime
industry, emphasising the transformative impact of Al, robotics,
and digitalisation on shipping operations. Their work covers a range
of topics, including autonomous port operations, cybersecurity, big
data, blockchain, and regulatory challenges. Furthermore, the book
examines advancements in vessel autonomy, remote inspection
techniques, launch and recovery systems for subsea crawlers, and
the evolving landscape of international governance. Key chapters
delve into technological innovations, legal frameworks, and
emerging industry trends. Authored by experts from institutions
such as the World Maritime University and the University of
Aberdeen, this publication serves as a valuable resource for scholars,
policymakers, and maritime professionals. As illustrated in Figure 3,
the progression of these technological advancements, highlighting
their impact on subsea mining technology can be seen.

Early technological growth (1999-2005)

The technological advancement begins at a relatively low level
(~1.2) and progressively improves over time.

i.  The first major breakthrough in efficiency, occurring in 2005
and marked at approximately 8.9, indicates a significant
improvement. This advancement is likely attributed to early
developments in automation or enhancements in power
systems, as documented by World Energy Perspective -
Energy Efficiency Technologies (2013).

Introduction of advanced electronics (2010, 2015, 2020,

2025)

i 2010 (red square, ~15.9): Marks the initial major
implementation of advanced electronics in subsea crawlers.
This milestone likely corresponds to the integration of
autonomous navigation systems, advanced motor control
mechanisms, and improvements in power efficiency.

ii.  Subsequent advancements (2015, 2020, 2025): Represent
the progressive evolution of automation, including AlI-
powered real-time seabed mapping and enhanced mobility
systems, such as hybrid quadrotor-tracked locomotion. Xu
et al. (2024a) provide further insights into the significance
of marine environmental sustainability, emphasising the
role of advanced underwater vehicles (UV) and supporting
technologies in the development of a smart ocean. Their study
classifies UV into various categories, including remotely
operated vehicles (ROV), autonomous underwater vehicles
(AUV), hybrid underwater vehicles (HUV), unmanned
surface vehicles (USV), and underwater biologically inspired
vehicles (UBV). These vehicles are critical for a range of
applications, such as marine monitoring, exploration, defence
operations, and infrastructure inspection. Additionally, the
paper examines advancements in underwater communication
systems and supporting infrastructure, including submerged
buoys and docking stations. The study envisions the long-term
growth of a sustainable, interconnected smart ocean, driven
by continuous technological innovations.

Rapid growth phase (2015-2025)

a.  High-efficiency breakthroughs (2015 to 2020): The significant
advancements observed in 2015 (~23.2) and 2020 (~30.0)
indicate that AI-driven autonomy, sensor fusion, and
enhanced power systems have substantially improved the
efficiency of subsea mining operations.

b.  Final Peak in 2025 (~36.6): This milestone aligns with the
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full implementation of autonomous, electrically powered
quadrotor-tracked crawlers, enabling high-precision seabed
excavation and resource extraction. Xu et al. (2024b) provide
an in-depth analysis of recent advancements in autonomous
underwater vehicles (AUV) and their expanding role in
underwater exploration. Their study reviews key technological
progress in areas such as biomimicry-inspired designs,
advanced control systems, adaptive navigation, and high-
resolution sensor arrays critical for ocean floor mapping. The
research highlights the transformative impact of AUVs on
underwater robotics and offers a comprehensive overview

of the field’s current landscape. Additionally, it presents a
comparative analysis of existing studies, identifying research
gaps and guiding future investigations. This review serves as a
valuable resource for researchers and industry professionals,
offering insights into the evolving trajectory of subsea
technology as it reaches its anticipated peak in 2025.

Significance of EPQRTC

The advancements illustrated in the graph correspond to the
transition from mechanically powered mining crawlers to fully
autonomous, electrically powered robotic systems. This evolution
highlights significant technological milestones and reflects key
trends in subsea mining innovation, which includes:

Quadrotor-track hybrid systems

Quadrotor-track hybrid systems integrate the aerial manoeuvrability
of quadrotors with the terrain adaptability of tracked vehicles,
enabling enhanced mobility and precision in subsea excavation.

This hybrid design merges the capabilities of an aerial quadrotor
and a land-based crawler, allowing for both flying and ground-based
operations. In this configuration, the quadrotor executes flight

tasks similarly to conventional aerial drones, while the addition

of caterpillar tracks facilitates efficient movement across various
types of terrain. The study by D’Souza et al. (2021) explores the
practical design and implementation of a hybrid quadrotor system,
supported by experimental evaluations. The research demonstrates
the feasibility of dual-mode operation, with experimental results
confirming the system’ structural resilience—surviving a drop

from over two metres. Furthermore, the prototype underwent finite
element analysis to validate its mechanical robustness, ensuring its
capability to perform both aerial and terrestrial missions effectively.

Energy efficiency and power management

Technological advancements in subsea robotics have led to
significant improvements in battery technology, wireless power
transfer, and energy harvesting from ocean currents. These
innovations play a crucial role in enhancing the efficiency and
operational endurance of unmanned aerial and subsea vehicles.
Saravanakumar et al. (2023) examined various power supply
configurations for unmanned aerial vehicles (UAV) designed

for subsea applications, exploring hybrid power systems that
integrate fuel cells, batteries, solar cells, and supercapacitors. Their
study emphasises the importance of selecting optimal power
arrangements and implementing efficient energy management
strategies to improve UAV performance and endurance. Further
investigations into the energy efficiency of quadrotor dynamic
models have led to the development of optimised design methods
for reducing energy consumption. Jacewicz et al. (2022) focused
on creating a dynamic model that accurately represents energy
usage, which is critical for enhancing UAV and hybrid system
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performance. Additionally, their research explored advancements in
energy storage technologies and power supply systems for electric
UAVs, with the goal of extending flight times and evaluating the
feasibility of wireless charging solutions, which are applicable to
subsea vehicles. Addressing the energy consumption challenges

of rotary-wing UAV's and subsea drones, ongoing research seeks

to enhance endurance through improved energy management

and power optimisation strategies, ensuring greater operational
reliability in demanding marine environments. It highlights the
challenges associated with energy consumption in rotary-wing
UAVs and subsea drones, emphasising the need for advanced power
supply systems to enhance endurance, as discussed by Pham et

al. (2022). Their study explores the design and implementation of
wireless power transfer (WPT) systems for UAVs, with a particular
focus on optimising energy-efficient receiver designs. Building on
this, Ojha et al. (2023) further examined the impact of improving
WPT system efficiency on UAV operational endurance. Their
findings underscore the critical role of enhanced wireless power
transfer technologies in extending the flight time and overall
performance of hybrid UAV systems, making them more viable for
long-duration operations in subsea and aerial applications.

Autonomous and AI-powered navigation

The increasing trend in the graph reflects the impact of deep-
learning algorithms, Al-based real-time decision-making, and
sensor integration for subsea mining. Controlling autonomous
underwater vehicles (AUV) using machine learning techniques,
specifically deep reinforcement learning. It focuses on waypoint
tracking tasks and discusses the integration of Al for real-time
decision-making in subsea environments. Quadrotor-track

hybrid systems could interest the development of an AI-powered
navigation crawler with a similar hybrid system such as the AUV, as
published by Sola (2022).

Remote operation and IoT integration

Modern subsea robots are increasingly integrated into IoT networks,
facilitating real-time data transmission and enabling remote-
controlled mining operations. This connectivity is a key driver of the
Fourth Industrial Revolution (4IR) in subsea mining, as illustrated
in the graph, which highlights the technological evolution

leading to the development of electrically powered quadrotor-
tracked robotic crawlers. Humphreys (2020b), emphasises that

the significant advancements observed after 2010 mark a pivotal
shift towards automation, AI-driven decision-making, and the
deployment of energy-efficient mining robots. These innovations
have enhanced operational precision and sustainability in

offshore mineral extraction. By 2025, the full implementation of
autonomous subsea crawlers is expected to revolutionise offshore
mining, improving efficiency, reducing operational costs, and
minimising environmental impact. This transition underscores the
transformative influence of 4IR, positioning autonomous robotic
systems as a cornerstone of the future subsea mining industry.

Key statistics derived from the trends observed in the
technological advancement growth rate in 1999-2025:

i.  The annual growth rate during the early development
phase (1999-2005) was initially slow, averaging 1.3 units
per year due to manual operations and limited automation,
until a major efficiency boost in 2005, which resulted in
approximately 8.9 units (Bouabdallah, Siegwart, 2007).
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ii.  During the emerging robotics and Al implementation phase
(2006-2015), growth accelerated to approximately 1.9-2.3
units per year, driven by early Al navigation, electronic
sensors, and energy efficiency improvements, with a major
milestone in 2010 when subsea crawlers saw their first
significant electronics integration (~15.9 units), and by 2015,
IoT-based monitoring and autonomous underwater robotics
further advanced the technology (~23.2%). This includes a
novel quadrotor design equipped with wheels, enabling both
aerial and ground locomotion (Aizelman et al., 2024). Further
major focus is current on the integration of inertial navigation
systems and evaluates performance in terms of accuracy
and battery consumption from 2005 - 2024. Technological
improvement in 2005 - 2015 focused on the development
of an IoT-based underwater robot designed for autonomous
water quality monitoring. The robot integrates various sensors
and utilises the ESP32 module for wireless communication,
highlighting advancements in IoT-based monitoring systems
in underwater robotics (Gupta et al., 2021). The evolution of
underwater vehicle-manipulator systems (UVMS) has certain
challenges in control, navigation, and communication within
underwater environments. Sun et al. (2024) emphasises the
continuous advancement of related technologies, including
electronic integration and autonomous control systems, which
are pertinent to the milestones mentioned within the 4IR
period.

iii.  The full automation and electrification phase (2016-2025)
encountered growth, which reached its peak at approximately
2.5 - 3.2 units per year, driven by the widespread adoption
of AL, renewable energy-powered robotics, and advanced
tracking mechanisms, with full-scale adoption of electrically
powered quadrotor-track subsea crawlers expected to hold
stable interest by 2025 (~36.6 %). Li et al. (2024) introduced
a hybrid control strategy for quadrotor UAVs inspired
by neural dynamics. The approach addresses issues in
traditional control methods, ensuring smooth trajectory
tracking even under external disturbances such as future
advancement development. Aizelman et al. (2024) presented
a novel quadrotor design equipped with wheels, enabling
both aerial and ground locomotion. The research focuses on
the integration of inertial navigation systems and evaluates
performance in terms of accuracy and battery consumption.

iv.  The overall growth trend follows an exponential increase,
with growth multiplying by 1.5 times from 1999 to 2010,
accelerating to 1.9 times between 2010 and 2020, and further
increasing by 1.22 times from 2020 to 2025.

Table 2

High-efficiency breakthroughs

Year | Efficiency break- | Key technology advancement

through in %

2005 8.9 Improve.d crawler mobility, basic
automation.

2015 232 AI—dr?ven navigation, real-time seabed
mapping.

2000 300 Energy—efﬁcient electric propulsion,
deep learning.

2005 36.6 Full ;.mtonomy, Al swarm robotics,
hybrid quadrotor-track systems.
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The red "X" marks in Figure 3 indicate major technological
breakthroughs in subsea mining innovation. These high-efficiency
years represent moments where substantial improvements in
robotic performance, autonomy, or energy efficiency occurred.

Efficiency growth rate

From 2005 to 2015, there was a 160% increase in efficiency, followed
by a 58% increase from 2015 to 2025 as Al-powered robotics
reached peak optimisation, indicating a shift from basic automation
(2005-2015) to fully autonomous systems (2020-2025) as presented
by Vision (2025).

The red square marks represent years when electronics were
integrated into subsea mining crawlers, significantly impacting
efficiency, precision, and automation.

Impact of electronics on efficiency

From 2010 to 2015, Al-driven monitoring increased efficiency by
45%, followed by a 30% reduction in energy consumption from
2015 to 2020 through IoT integration, leading to higher cost
savings, and from 2020 to 2025, Al-powered subsea robotic swarms
are expected to increase operational efficiency by 70%, minimising
human intervention as analysed in a publication by Chandni (2024).

Global market and investment trends

The 4IR has driven massive investments into subsea mining
robotics, particularly in the development of electrically powered,
Al-driven crawlers. Humphreys, (2020a) examined the scope and
feasibility of autonomous robotic subsea intervention systems

for offshore inspection, maintenance, and repair. This study
explores the potential of autonomous robotic systems in subsea
environments, focusing on their application in offshore inspection
and maintenance.

Market growth in subsea mining robotics

Corke et al., (2008) provides an overview of state of the art mining
robotics, including subsea applications. This sector, which had a
market value of approximately USD200 million in 2010, saw a 500%
growth to around USD1.2 billion by 2020, and it is projected to
triple to about USD3.5 billion by 2025, driven by advancements in
AT and electrification.

Investment in electrically powered crawlers

Prior to 2010, less than USD50 million was invested in subsea
robotic systems, with investment rising to approximately USD500
million by 2015 for Al-integrated subsea vehicle research, and
reaching around USD1 billion by 2020 in Al electric propulsion,
and deep-sea robotics. Forni and CFTe (2016) evaluated whether
robotics equities, traded on stock markets globally, represent a good
investment opportunity in electronics and automation while Khalid

Table 3

Electronics implementation on mining crawlers

Year | Implementation milestone

2010 | First electronic control systems for navigation.

2015 | Al-based monitoring and real-time remote control.

2020 | Fully integrated IoT-based autonomous mining crawlers.

2025 | Al-powered quadrotor-track hybrid crawlers with self-

learning capabilities.
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et al. (2022) highlight that the costs associated with electronics
operations, including the transfer of technicians and equipment,
make up a significant portion of the total expenses for offshore
wind projects. The paper emphasises that as floating offshore wind
farms (FOWF) are increasingly being located farther from shore
and in harsher environments, these costs must be evaluated while
considering the maintenance needs and limited weather windows.
This underscores the importance of factoring in these challenges
when assessing the overall financial viability of FOWFs being
secured with cheaper electronics.

Projection for 2025

Mitchell et al. (2022) explored the global trend of increasing wind
turbine size and the growing distances from shore in the offshore
wind farm market. In the UK, offshore wind energy production saw
a19.6% increase in 2019, and the country is now targeting a further
74.7% increase in installed turbine capacity, as shown by recent
Crown Estate leasing rounds. With such rapid growth, the sector

is focusing on robotics and artificial intelligence (RAI) to address
challenges in lifecycle service and support sustainable, profitable
offshore wind production. While RAT is currently focused on
short-term operation and maintenance goals, it holds the potential
to play a pivotal role across the entire lifecycle of offshore wind
infrastructure, including surveying, planning, design, logistics,
operations, training, and decommissioning. The paper provides
one of the first systematic reviews of RAI applications in the
offshore renewable energy sector, analysing state-of-the-art RAI in
relation to offshore energy needs, along with a detailed evaluation
of the required investment, regulation, and skills development to
facilitate RAI adoption. Investments are expected to exceed USD3
billion, driven by the development of full Al and IoT-based subsea
mining operations, hybrid quadrotor-track propulsion systems, and
autonomous, self-learning robotic swarms. Andreu-perez (2017)
explored the comprehensive explanation of the evolution of Al,

its current status, and future directions, including applications in
subsea environments with rapid growth in micro controller and
software enhancement. The trend of applied and approved patents
in artificial intelligence and robotics, as well as an example of the
use of Al in advanced robots to perform certain tasks are discussed
by Keisner et al. (2016). A certain comprehensive overview was
reported with diverse applications of Al across various industries,
including subsea mining, which provides insights into market
trends and projections (Rashid, Kausik, 2024). A state-of-the-art
survey explores the role of autonomous underwater vehicles in

the Internet of Underwater Things innovation, highlighting their
potential in subsea mining operations, as addressed by Okereke et
al.(2021).

Future outlook and expected technological developments
(Post-2025)

The graph in Figure 3 shows that technology growth is accelerating,
suggesting that post-2025 advancements could include fully
autonomous Al-driven robotic swarms optimising seabed

mining in real-time, wireless energy transfer and battery-free
operation using ocean thermal gradients, quadrotor-track hybrids
replacing traditional mining crawlers to increase agility and
reduce energy consumption by 40%, advanced sensor fusion

for real-time 3D seabed mapping with sub-millimetre accuracy,
and blockchain-based autonomous operation for resource
tracking and smart contracts. Ramachandran, (2025) stated the
rise of autonomous UAV swarms harnessing advanced Al for
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breakthrough applications, challenges, and future directions.

This article explores the transformative potential of autonomous
UAV swarms across various industries, highlighting the role of
advanced Al methodologies such as reinforcement learning and
multi-agent systems. Munir et al. (2021) focused on data fusion
and Al at the edge, proposing a framework for data fusion and AI
processing at the current edge of technology, which is applicable

to various domains, including subsea operations. Alnahdi (2024)
conducted a research survey on integrating edge computing

with AT and blockchain in maritime domain, aerial systems, [oT,
and Industry 4.0. This survey addressed the integration of edge
computing, A, and blockchain across various domains, including
maritime applications, highlighting the potential for autonomous
operations and real-time data processing. This further introduced
the convergence of Al and edge computing in IoT applications,
emphasising the potential for intelligent and autonomous systems
in various sectors, as discussed by Bourechak et al. (2023). Marshall
et al. (2006) presented an overview of the state-of-the-art in mining
robotics, from surface to underground applications, and beyond.

It was reviewed and confirmed that the 4IR has significantly
accelerated the development of electrically powered quadrotor-track
subsea robotic crawlers for offshore mineral mining.

As previously shown, Figure 3 reflects steady technological
advancement, particularly after 2010, driven by the integration of
AT and IoT. Key breakthroughs in high-efficiency technology have
significantly increased automation and efficiency. Additionally,
major investment in robotic crawlers have contributed to the
projected USD3.5 billion market by 2025. Looking ahead, there is
potential for self-sustaining, fully autonomous robotic mining fleets.

Fundamental objectives of an EPQRTC

Mineral exploration and extraction

The rapid advancement of robotics, artificial intelligence (AI),
and automation has revolutionised offshore mineral exploration
and extraction, as illustrated by Marshall et al. (2006) and Nakano
(2025). Sea mining is becoming an essential solution to support
industries like renewable energy, aerospace, and electric vehicle
manufacturing (Larbey et al., 2021) and Whittle and Yellishetty
(2023), stated that cutting-edge technological systems combined
with mobility has been unlocking America’s critical minerals
stability and efficiency in offshore tooling of mining systems,
offering unparalleled precision and operational efficiency in
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Figure 4—EPQTSRC fundamental objectives
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extreme extraction environments. Subsea engineering needs

of deep-sea mineral mining and methane hydrate extraction
highlight the synergies with the subsea oil and gas supply chain.
It emphasises the technological challenges and environmental
considerations associated with these activities showing the synthesis
of the empirical evidence from experimental seabed mining and
parallel industries to infer the effects of seabed mineral extraction
on marine ecosystems, focusing on polymetallic nodules and
ferromanganese concretions (Kaikkonen et al., 2018). Filho et

al. (2021) reviewed the potential risks associated with deep-
seabed mining when utilising inappropriate tooling systems,

with a particular focus on legal frameworks and environmental
impacts. It presents case studies that illustrate environmental risks
linked to seabed mineral extraction processes and offers strategic
recommendations to mitigate these risks. Special consideration

is given to preventing adverse physical and environmental effects
in mining operations that lack sensor technologies. Additionally,
the study examines advancements in polymetallic nodule mining
technologies, highlighting emerging positive trends and future
developments in deep-sea mining operations, as can be seen in
Fgure 5.

Several companies are actively developing technologies for
seabed material collection, focusing on innovative designs for
harvesting polymetallic nodules and sulfide deposits. These systems
often employ vacuum-based dredging techniques to systematically
extract large sections of the seafloor, supported by hydraulic pumps
and deep-sea riser systems that transport the collected materials
to surface vessels or platforms. The extraction of sulfide deposits
near hydrothermal vents or along the slopes of undersea ridges may
involve advanced drilling and cutting mechanisms to fracture the
seabed crust, followed by material transport using similar hydraulic
lifting systems. This approach aligns with the methods discussed by
Howard (2021 b). The International seabed authority (ISA), (2021)
provided an overview of scientific and technological advancements
in marine mineral resource exploration and extraction, including
the use of subsea crawlers like the MK3 ROST. It is designed for
deployment by remotely operated vehicles (ROV) or via deck
launch and is rated for water depths up to 150 metres. The Mag
Crawler captures high-quality, non-destructive testing data with fine
motor controls and is equipped with onboard, backlit cameras that
provide real-time visuals. Microchips and other microelectronic
components in which a range of different substances are effectively
fused together present a particular challenge. Because most
electronic scrap cannot be recycled, many industrialised nations
export it into developing and newly industrialising countries as

Polymetallic
nodules

Figure 5—Extraction of sulfide deposits (Howard, 2021 a)
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Figure 6—Industrial need for subsea crawler by Lehmkdster (2022a)

waste. In some cases, it is still being transported illegally overseas.
Companies involved in such activity claim to recycle the scrap and
are paid accordingly. But instead of recycling it in a technically
complex manner, they save money by exporting it to reuse in mined
metals and industrial minerals utilised for the manufacturing of
consumer goods and machinery extracted from onshore resources
(Lehmkoster, 2022 a).

According to Lehmkoster (2022 b), large-scale industrial mining
of manganese nodules is currently unfeasible due to the absence
of market-ready mining machines. While Japan and South Korea
have developed and tested prototype systems in recent years, these
technologies still require significant improvements. In response
to this challenge, the German Federal Institute for Geosciences
and Natural Resources - Bundesanstalt fiir Geowissenschaften
und Rohstoffe (BGR) initiated a design study for deep-sea mining
equipment to be deployed within Germany’s licensed area in the
Clarion-Clipperton Zone (CCZ). Among the companies involved in
this initiative was a firm with expertise in manufacturing machines
for diamond mining in the Atlantic Ocean off the coast of Namibia.
The development of advanced underwater vehicles capable of
efficiently extracting minerals, while navigating complex seabed
terrains, is critical to the economic viability of deep-sea mining
operations. These vehicles must be engineered to operate at extreme
depths of approximately 6,000 metres, where they endure pressures
of up to 60 MPa (Stella, Little, 2024).

Using Figure 7 as an illustration, Weiser (2018) describes
polymetallic sulfide deposits, which are primarily located in
underwater volcanic regions and seafloor spreading zones, where
hydrothermal vents release mineral-rich fluids that precipitate into
sulfide towers. These deposits, found at depths ranging from 1,000
to 4,000 metres, present a valuable, yet moderate opportunity for
mineral extraction. Various subsea technologies, including remotely
operated vehicles (ROV), autonomous underwater vehicles (AUV),
and mining crawlers, facilitate efficient resource collection while
minimising environmental impact. Seafloor production tools (SPT)
incorporate mining equipment designed for rock cutting or drilling,
along with a collection vehicle that connects to a primary support
vessel (PSV) via risers. These risers must be resistant to abrasive
materials, as they transport a slurry of crushed rock and water.
Onboard the PSV, processing infrastructure—such as dewatering
plants and mineral extraction facilities—may be required, with
a combination of onboard processing and storage, depending on
logistical constraints and environmental regulations (Enterprise,
2018). A compact subsea mining vehicle has been proposed for
cobalt-rich crust mining, integrating essential functionalities such
as mobility, crushing, sample collection, cutter head adaptation,
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positioning, and navigation. Prototype testing, conducted in

both controlled tank environments and real subsea conditions,
demonstrated effective track movement and successful crust
collection. However, plume formation during operations affects
camera visibility, highlighting the need for sonar-based navigation
in certain scenarios for deep-sea mineral extraction (Xie et al.
2022 a). The exploration of subsea environments necessitates
advanced sensing, imaging, and sample retrieval techniques. Still
cameras and television systems extend human vision into deep
waters, while sonar and seismic sounding provide high-resolution
mapping of the underwater terrain. Side-scan sonar enables the
surveying of vast oceanic areas as well as detailed site investigations,
while seismic profiling provides insights into subsurface geological
formations. Sample collection techniques, such as draglines, grabs,
and corers, play a crucial role in biological and geological analysis.
Furthermore, advancements in genetic testing have significantly
improved species identification and comparative research (Seabed
Technology, 2022). Diamond mining is conducted through four
primary methods: open-pit mining, underground mining, alluvial
mining, and marine mining. Open-pit mining involves the removal
of overlying rock layers to access kimberlite deposits, whereas
underground mining utilises a system of tunnels to extract ore
from kimberlite pipes. Alluvial mining takes advantage of natural
erosion processes, recovering diamonds from riverbeds and
beaches. In contrast, marine mining utilises specialised vessels
equipped with crawlers or drills to extract diamonds from the
seabed. Namibia's coastal waters constitute a major source of marine
diamond deposits, contributing approximately 64% of the country's
total diamond production (Oluleye, Gbemi, 2021). According to
Analytics, International and Authority (2025), the highest growth
in demand for minerals is anticipated within the current decade,
followed by a slower increase post-2030. However, supply chain
bottlenecks for key minerals are expected to arise before 2035 due to
limitations in tooling technology. While deep-sea mining has been
explored as a potential solution, large-scale commercial extraction
remains in early developmental stages due to technological

and regulatory hurdles. Many deep-sea mining companies,
including The Metals Company, foresee commercial operations
commencing only in the latter part of the decade, contingent upon
the establishment of clear regulatory frameworks. Additionally,
concerns persist regarding the cost-effectiveness of deep-sea mining
compared to terrestrial alternatives, with estimates suggesting that
seabed restoration expenses may exceed potential revenues.

Figure 7—Sea floor massive sulfides extraction with production support
vessel
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Figure 8—Seabed excavator arrangement (Seascape technology BV, 2017)

Sensor-based control mechanism

As illustrated in Figure 8, Seascape developed a conceptual design
for a seabed dredger excavator (SBDE), a multipurpose bottom-
tracking vehicle optimised for deep-water dredging. The SBDE is

a modified 28-tonne excavator equipped with electric-hydraulic
power packs that support a 275-kW dredge pump and a 130-kW
jet pump. It operates remotely via a control container utilising
joystick and touchscreen graphical user interface (GUI) controls,
integrating sonar, GPS real-time kinematic (RTK) positioning, and
3D visualisation software. Designed to function at depths of up to
100 metres, the SBDE is connected through a 400-metre umbilical
cable and employs a 12-inch floating deep sea riser for material
transport seabed dredging excavator and seascape technology (BY,
2017). Other mining crawlers employ similar systems but utilise
different control mechanisms, such as sensor positioning and
safety parameters. As depicted in Figure 8, SBDE has designed and
analysed a 100-metre depth crawler with the following functions:

Deep sea integrated floating riser for mining (1)

The deep-sea integrated floating riser (IFR) plays a critical role

in subsea mining operations by enabling the transport of ore-

rich slurry from the seabed to surface processing units. The [FR
system incorporates advanced composite materials and reinforced
polymers designed to withstand high hydrostatic pressures and
dynamic oceanic forces. Key features of this system include high-
capacity pumps, hydrodynamic dampers for motion stabilisation,
and real-time monitoring systems for structural integrity and
environmental safety. Furthermore, the IFR integrates sediment
plume containment and automatic disconnection mechanisms to
mitigate environmental impact in extreme deep-sea conditions
(Wang et al,, 2011; Liu et al.,, 2011; Lui et al., 2022; Ma et al,, 2022;
Wu et al,, 2020; Ma et al., 2017; Wu et al., 2020; Zhu et al., 2021;
Li,Lui, 2009; Xiao et al., 2020; Xiao et al., 2019).

Umbilical wire (2)

The subsea crawler umbilical wire is a critical component in
deep-sea operations, providing power, data communication,

and mechanical support to robotic crawlers used for seabed
intervention, mining, and pipeline inspection. The umbilical must
maintain a balance between strength and flexibility, incorporating
abrasion-resistant sheathing, electromagnetic shielding, and
buoyancy management to ensure reliable performance in extreme
underwater environments. Some systems also integrate hydraulic
or pneumatic lines for specialised tooling and buoyancy control,
turther enhancing operational capabilities (Chen et al., 2021). Fard
etal. (2018) proposed a methodology for selecting appropriate
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voltage levels and power cables in AC distribution systems for
subsea vehicles, including remotely operated vehicles (ROV),
seafloor trenchers, and subsea mining machines. Their design
framework considers a wide range of cable lengths and power
demands (up to 7 MW), integrating both electrical and mechanical
factors to optimise cable performance. Key parameters in the
selection process include voltage drop, power loss, reactive power
exchange, conductor cost, and mechanical tension forces acting

on the cable. A four-wire umbilical solution was proposed to
enhance communication between subsea equipment and topside
control systems. The study provides an overview of subsea oilfield
systems and analyses key electrical parameters affecting subsea
communication. A technical assessment of the four-wire approach
demonstrates its potential to improve umbilical cable efficiency.
Additionally, an alternative arrangement for implementing this
technology is introduced, along with a discussion of its operational
benefits and potential applications in subsea environments (Bessa,
2018; Saneian et al.,2019; Lu et al, 2019; Wang et al., 2018.

Subsea crawler electronic pod (3)

The E-pod is a critical component that houses and protects the
electronic and control systems of a subsea crawler, enabling
underwater exploration, inspection, and excavation. Designed to
withstand extreme underwater conditions, this enclosed system
ensures power distribution, control system management, and sensor
applications, facilitating telemetry transmission to the control
platform and real-time data communication via Ethernet, fibre
optics, or acoustic modems. Key design considerations include
pressure resistance, thermal management, and electromagnetic
shielding to maintain operational reliability in deep-sea
environments (Zhang et al., 2018). The implementation of all-
electric subsea technology by Total E&P Netherlands BV in the K5F
field of the North Sea has demonstrated significant improvements
in reliability, cost efficiency, and safety by replacing traditional
hydraulic systems with electric alternatives. Since 2008, the world’s
first all-electric subsea production trees have been in operation,
with subsequent advancements, including the development

of a fully electric downhole safety valve in collaboration with
Halliburton and Statoil for e-pods. Applying this all-electric
approach to an e-pod-controlled subsea crawler could offer similar
benefits, such as increased reliability, reduced infrastructure and
maintenance costs, enhanced real-time monitoring, and improved
safety by eliminating hydraulic system failures with advanced
sensors ensconced in e-pods (Mackenzie et al., 2016)

Crawler track shoes and chain (4)

The track system of a subsea mining crawler consists of several
components responsible for autonomous movement. The
undercarriage includes a sprocket, final drive unit, track shoe,
carrier roller, track frame, track chains, and a front idler. Among
these, the final drive unit plays a crucial role in transmitting power
from the engine while increasing torque to enable efficient track
automation. According to Fang et al. (2020), West-Trak (2019), and
Engineering (2022), the transmission system for this arrangement
operates at a low speed of 3.6 km/h, with a maximum speed of

5.5 km/h. This speed range is achieved through a motor-driven
rotation of 2,000 rpm, ensuring stable and controlled movement in
demanding operational environments.

Suction crawler hydraulic cylinder knuckle (5)

The subsea mining crawler hydraulic knuckle boom is an advanced
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robotic arm system designed for deep-sea excavation and material
handling. It consists of multiple knuckle-like pivot points connected
to the nozzle, enabling high flexibility and precise movement in
harsh underwater environments during suction operations. The
knuckle boom is powered by high-pressure hydraulic actuators,
allowing it to lift, position, and manipulate heavy loads such as
mineral-rich nodules, sediments, or excavation tools. Its design
ensures stability and efficiency in subsea mining operations, even
under strong currents and high-pressure conditions. Integrated
sensors and control systems provide real-time feedback, enhancing
precise manoeuvring and automation (Jensen et al., 2020). The
knuckle boom is typically mounted on a tracked crawler platform,
which traverses the seafloor to extract resources while minimising
environmental disturbance. Unlike conventional actuator joint
Cartesian systems, knuckle booms are controlled using algorithms
that operate in actuator space. This approach ensures that most
system parameters and constraints remain either linear or constant,
significantly simplifying control algorithms and path generation.
Consequently, it enhances precision, reduces computational
complexity, and improves motion planning efficiency in dynamic
subsea environments.

Subsea crawler suction nozzle (6)

The subsea crawler suction nozzle is a specialised intake system
designed for efficient material extraction from the seafloor. It
operates by generating a powerful vacuum to lift sediments,
mineral-rich nodules, gold, diamonds or other targeted materials
while minimising water turbulence. Engineered for deep-sea
conditions, the nozzle features adjustable flow control mechanisms
to optimise suction power based on varying seabed compositions.
Integrated with the crawler’s hydraulic and filtration suction

system, the suction nozzle ensures efficient material transport while
preventing clogging and excessive sediment dispersal. Advanced
designs may incorporate reinforced edges, rotating brushes, or water
jets to enhance collection efficiency. This component plays a critical
role in subsea mining and dredging operations, enabling precise and
controlled excavation with minimal environmental impact (Tooling
et al., 2018; Arcangeletti et al., 2021; Hunter, Joseph, 2007; Swire
Seabed, 2008).

Subsea mining centrifugal jet pump for breaking the
seabed (7)

The subsea mining centrifugal jet pump is a high-powered
excavation system designed to efficiently dislodge and break up

the seabed for resource extraction. Utilising a high-speed rotating
impeller, it generates a strong jet of pressurised water to erode and
fragment compacted sediments, mineral-rich nodules, or hard
seabed materials. This process reduces reliance on mechanical
cutting tools, thereby minimising wear and tear while ensuring
continuous operation in deep-sea environments. The jet pump

is integrated with a suction system that simultaneously lifts the
loosened materials for processing. Engineered for high efficiency
and minimal environmental disturbance, it enhances subsea mining
operations by optimising sediment displacement, improving
material recovery rates, and reducing operational downtime (Pump,
2022; Hu et al., 2022; Hu et al., 2022; Su et al., 2020; Wang et al,,
2023; Hong, Hu 2022).

Subsea dredging pump driven by a 3.3 kW electric
motor (8)

The subsea dredging pump, driven by a 3.3 kW electric motor, is
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a compact and energy-efficient system designed for underwater
excavation and sediment removal. The pump utilises an electric-
driven impeller to generate high suction power, efficiently lifting
and transporting seabed materials such as sand, silt, and mineral-
rich deposits. With a 3.3 kW motor, the system balances power
consumption and operational efficiency, making it suitable for
deployment on remote or autonomous underwater vehicles. Its
corrosion-resistant design ensures durability in harsh subsea
environments, maintaining performance under high-pressure and
variable flow conditions. The pump is integrated with a variable-
speed control system, allowing precise adjustments for different
dredging applications. This technology enhances subsea mining,
offshore maintenance, and environmental remediation by providing
a reliable, low-maintenance alternative to traditional hydraulic
dredging pumps (IMDH Group, 2016; Efficiency, 2023; Excav 8,
2024; Romero, Hupp, 2014; Martins et al., 2020).

Slurry hose for jet pump on crawler (9)

The slurry hose for the jet pump on a crawler arm is a flexible,
high-durability conduit designed to transport seawater through
the centrifugal pump during seabed excavation and dredging
operations. Engineered to withstand high-pressure flow and
abrasive slurry particles, the hose features reinforced internal wire
construction, ensuring reliable operation in deep-sea environments
while minimising wear and tear. Integrated with the crawler arm,
the hose allows for dynamic movement and precise positioning,
facilitating targeted seabed excavation. Additionally, it is designed
for optimised flow dynamics, reducing clogging and energy losses
while improving overall operational efficiency (Deepak et al., 2007;
Kumar et al., 2020).

Hydraulic valve packs 1, 2, and 3 for crawler hydraulic
control system (10)

Hydraulic valve pack 1, 2, and 3 forms the core of the crawler’s
hydraulic control system, enabling precise regulation of fluid flow
for various actuators and functions. Each valve pack is strategically
designed to control specific hydraulic subsystems, including
propulsion, arm movement, and jet pump operation. These high-
pressure, corrosion-resistant valve units ensure efficient energy
distribution while maintaining system stability in harsh subsea
environments. The system integrates electro-hydraulic proportional
control, allowing real-time adjustments to optimise performance
and response (Elsaed, Linjama, 2023). To enhance redundancy and
reliability, the valve packs are designed to ensure fail-safe operation,
preventing system failures in mission-critical subsea mining and
dredging tasks. Their modular architecture facilitates maintenance,
scalability, and adaptability for various crawler configurations and
operational demands (Haga et al., 2019; Bohacz, 2019; Venter,
Sabunet, 2017; Yoon et al., 2012; Hu, Meng, 2020).

Subsea dredging electrical motor (11):

The electrical motor used in deep-sea excavation is a high-efficiency,
corrosion-resistant system designed to power dredging pumps in
subsea mining operations. This system enhances performance by
ensuring reliable power delivery in extreme underwater conditions,
making it a critical component in subsea excavation technologies
(Bosch Rexroth AG, 2014). Vercruijsse and Lotman, (2010), Shi et
al,, (2015), Tamunodukobipi, Nitonye and Adumene (2018), Wang
etal. (2024), and Loginov et al. (2012) stated that deep-sea motors
are engineered for optimal reliability, torque, and speed control,
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ensuring efficient slurry transport and seabed material extraction.
These motors feature sealed enclosures and specialised insulation
to withstand high-pressure environments and prevent water
ingress. Integrated with variable frequency drive (VFD) technology,
the motor allows precise speed adjustments to adapt to different
dredging conditions and sediment types. Its energy-efficient design
reduces power consumption while maintaining high performance,
making it a more environmentally friendly alternative to hydraulic
systems. This motor technology enhances subsea mining, offshore
maintenance, and environmental dredging by providing a durable,
low-maintenance, and high-power solution.

Jet pump electrical motor (12)

Sazonov et al. (2020) stated that electric motors used in jet pump
designs are engineered for high performance, generating high-
speed water jets to dislodge compacted sediments, mineral-rich
deposits, and hard seabed layers, thereby facilitating smoother
material extraction. These motors are sealed and corrosion-
resistant, ensuring long-term operation in high-pressure
underwater environments without performance degradation.
Integrated with variable speed control, the motor allows precise
jet flow adjustments to optimise dredging efficiency based

on seabed conditions. Its energy-efficient design minimises
power consumption while maximising water jet force, reducing
mechanical wear on excavation equipment. This motor-driven jet
pump system enhances subsea mining, offshore trenching, and
environmental remediation by improving excavation speed and
precision Toteff et al., 2022).

Ocean floor mining crawler boom cylinder (13)

The ocean floor mining crawler boom cylinder is a high-

pressure hydraulic actuator designed to control the movement

and positioning of boom arms in subsea mining operations.
Engineered for extreme underwater conditions, it ensures precise
force application and stability when manipulating excavation tools,
suction nozzles, or cutting heads, making it a crucial component

in deep-sea resource extraction (Jovanovic et al., 2016; Sulaiman

et al., 2016; Costa, Sepheri, 2020). This hydraulic cylinder is built

to withstand high pressure, saltwater exposure, and abrasive
sediments. Integrated real-time feedback sensors enable automated
and remote-controlled adjustments, optimising efficiency during
seabed excavation. Its heavy-duty sealing and optimised hydraulic
flow ensure smooth operation with minimal maintenance, reducing
downtime in deep-sea mining missions. This component plays a
critical role in seabed resource extraction, subsea construction, and
deep-sea excavation by enhancing crawler mobility (Sulaiman et al.,
2015; Zhang et al., 2024; Lee et al., 2019; Sun et al., 2025).

Telemetry sensor position system with GPS RTK with
antenna (14)

The crawler telemetry sensor positioning system, utilising GPS
real-time kinematic (RTK) with an antenna, provides high-precision
positioning for subsea applications. This system enhances real-

time location tracking, ensuring accurate navigation and control

in marine operations, particularly for autonomous and remotely
operated subsea vehicles (Paull et al., 2013; Underwater, 2014;
Olivart et al., 2020; Moreno-Salinas, Sdnchez, 2020; Sakic, 2021;
Building, Honcho, 2024).

Communication and data transmission:
Subsea crawlers utilise both tethered (fibre optic) and wireless
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(acoustic, optical, RF) communication methods for data
transmission. Fibre optics provide high-bandwidth, real-time
control, whereas acoustic modems enable long-range, low-speed
communication (Pallavi, Sreenivasulu, 2021; Tonge et al., 2023).
Raj et al. (2019) proposed an improved method for transmitting
data from sensor nodes to surface gateways in a hierarchical
manner through multiple channels. Optical systems, such as laser
and LED-based transmission, offer high-speed data transfer but
require clear water and are effective only over short distances in
underwater environments (Cohan, 2008). RF signals are suitable
for shallow waters but experience significant signal attenuation

in deep-sea environments. To enhance efficiency, onboard data
processing optimises transmission, while relay stations extend
the communication range. Future advancements in Al-driven
data optimisation, hybrid communication networks, and satellite
integration are expected to improve efficiency, autonomy, and
global connectivity in subsea operations (Sulaiman et al., 2016;
Intelligence, 2018; Sikdar et al., 2018; Stevens, Jolly, 2021; Wei et al,
2021; Saoud et al., 2024; Bello et al., 2024).

Environmental safety considerations

As illustrated, Wega (2013) and Choi (2023) stated that
improvements in offshore mining using crawlers have focused on
minimising ecological disruption while ensuring efficient resource
extraction while MacDiarmid et al. (2014), Vogt (2022), Filho et al
(2021b), and Ummah (2019b) have discussed advanced sediment
control systems for integrated tooling, which help reduce turbidity
and prevent excessive dispersion of seabed materials, thereby
protecting marine habitats. Low-impact track designs distribute
crawler weight evenly, minimising substrate disturbance and
preserving benthic ecosystems. Real-time monitoring sensors track
water quality, noise levels, and ecosystem impact, enabling adaptive
operations to mitigate environmental risks. Additionally, the use of
biodegradable hydraulic fluids and energy-efficient electric systems
helps reduce pollution and carbon footprint. Strict adherence to
regulatory frameworks and sustainable mining practices ensures
that offshore mining operations remain environmentally responsible
while maximising resource recovery, stated by Glaviano et al. (2022)
and Yaroshenko et al. (2020).

Autonomy and Al integration in crawler microcontrollers

Christensen et al. (2022), Chi et al. (2024), and Naga et al. (2023)
have conducted similar research on autonomy and Al integration

in remotely operated vehicle (ROV) microcontrollers, emphasising
their role in enhancing real-time decision-making, navigation, and
operational efficiency for offshore mining. AI-driven algorithms
process sensor data to optimise movement, adjust dredging
parameters, and detect obstacles, thereby reducing human
intervention. Their research further highlights that microcontrollers
integrate machine learning models to predict seabed conditions and
adapt excavation strategies for improved efficiency. Autonomous
path planning enables the crawler to navigate complex underwater
terrain while avoiding environmental hazards and optimising
resource extraction. Additionally, edge computing capabilities allow
for rapid onboard data processing, minimising communication
delays in deep-sea operations. This Al-powered system significantly
improves operational reliability, energy efficiency, and precision in
subsea mining and dredging applications (Li et al.,, 2019; Huang,
Savkin, 2017; Abdullah et al., 2024; Xie et al., 2023; Khan et al.,
2022).
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Figure 9—Autonomous crawler navigation structure

Energy efficiency and power management in mining
crawlers

Mining crawlers optimise energy consumption to enhance
operational longevity and reduce environmental impact, according
to Ojumu (2022), Duraccio and Mussano (2015), Ukoba et

al. (2024), Biswas et al. (2024), Li et al. (2023), Choi and Kim
(2024), USS. Department of Energy, (2019), and Thomas (2023).
Furthermore, Geertsma et al. (2017), Stimmel (2016), Hirata et al.
(2022), Jones et al. (2019), Muthugala et al. (2021), Geertsma et

al. (2017), Pifeiro et al. (2004), Jones et al. (2019), and Hirata et al.
(2022) described smart power distribution algorithms as a dynamic
system, which allocate energy to critical control signals, ensuring
efficient propulsion, dredging, and sensor operations. Regenerative
power systems harness energy from braking and quadrotor rover
movements, improving overall efficiency and reducing wastage.
Advanced battery management and hybrid power sources integrate
renewable energy options, such as fuel cells or subsea charging
stations, to extend mission endurance. Al-driven monitoring
systems continuously analyse power usage patterns, enabling real-
time adjustments for optimal performance. This energy-efficiency
approach enhancement for crawler sustainability, cost-effectiveness,
and environmental compliance in deep-sea mining operations is
mentioned by Mikotajczyk et al. (2023), Duraccio and Mussano,
(2015), Bamisile et al., (2024), and (Bamisile et al., 2024).

The quadrotor crawler autonomous navigation structure, as seen
in Figure 9, follows a systematic approach that integrates control,
motion planning, and environmental perception to ensure efficient
navigation, which appeared in similar research reported by Zheng
etal. (2017), Alanezi et al. (2022), Kovryzhenko et al. (2024), and
Saeedi et al. (2016). According to Gao and Shen (2016), Zheng et al.
(2017), and Zhong et al. (2024), the control system for autonomous
quadrotors are integrated in real-time re-planning capabilities,
combining motion planning with environmental perception to
enhance navigation efficiency. This process begins with trajectory
tracking and control allocation, where the system manages
movement through a control allocator. The microcontroller
processes control signals and transmits them to execute the mission
objectives. Motion planning and path search enable the crawler to
navigate optimised routes while avoiding obstacles, further refined
by model matching and obstacle avoidance mechanisms, which
enhance environmental mapping and decision-making. Once
motion planning is finalised, the system ensures environmental
JANUARY 2026
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readiness before initiating movement, ensuring smooth operation,
as outlined by researchers such as, Pandey (2016; 2017), Bello and
Baballe, (2023), and Anand et al. (2024).

According to Olusegun (2025) and Al-Jumaili and Ozok
(2024), navigation, trajectory generation, and process handling
execute the planned motion while considering environmental
factors, while real-time positional feedback from sensors, GPS, and
location acquisition modules, enhance autonomous movement,
as mentioned by Abdallaoui et al. (2023), as well as Zimmermann
and Wotawa (2020). To maintain safety, the system incorporates
emergency handling and auto-oft mechanisms, which shift the GPS
to auto-control mode in case of unforeseen conditions, as stated by
Svensson (2018) and Abdallaoui et al. (2023). Additionally, Xu et al.
(2021) stated that operators can override autonomy using joystick-
based manual controls when necessary. The decision-making
and adaptive control module continuously evaluates conditions,
dynamically adjusting navigation for efficiency and safety in real-
time operations (Katona et al., 2024; Safety D, 2020).

Conclusions

This paper highlighted the transformative role of the 4IR in
advancing offshore mineral mining through the integration of
electrically powered quadrotor-track subsea robotic crawlers.
The rapid evolution of automation, artificial intelligence, sensor-
based control mechanisms, and hybrid propulsion systems

has significantly enhanced the efficiency, manoeuvrability,

and adaptability of subsea crawlers in extreme underwater
environments, as presented in the results.

Figure 10—Design of an electrically powered quadrotor-track hybrid subsea
robotic crawler
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Table 4

Benefits, methods, and challenges in offshore mineral mining with electrically powered quadrotor-track subsea crawlers in Industry 4.0

Application Area Methods Used References Main advantages . Main
disadvantage
Path Planning, A/D algorithm, D* Maus et al. (2022); Igogo et al. (2021); Christensen et al. Enhanced Energy efficiency
Obstacle Lite, reinforcement (2022); Oluokun et al. (2025); Toledano et al. (2012); Song and | accessibility to and power supply
avoidance, learning, Sensor Zhang (2023); Luo et al. (2020); Almazrou et al. (2023); Tiwar | mineral-rich areas | limitations.
Adaptive fusion (IMU, LiDAR, | etal. (2025), Leong and Ahmad, (2024); Min et al. (2024); Mai | using advanced
mobility depth cameras) et al. (2024); Ball and Lieberman (2024); Zhu, et al. (2024); software.
(Liu, et al. (2022); Chen et al. (2022); Kulathunga, (2022);
Mendez et al. (2021).

Marine Eco-conscious Moloney (2006); Farran (2022); Liu et al. (2023); Leal Filho Reduced Harsh deep-sea
environment path planning. et al. (2021a); Sharma (2011); Sharma (2015); Van Dover et environmental conditions.
assessment Environmental al. (2017); Metaxas et al. (2024); Verma (2024); Sumaila et al. impact.

sensing, redundant (2023); Sharma (2015); Hercus (2023); Murdock (2023); Sun

communication. et al. (2024); NOAA Office of Ocean and Coastal Resource

Real-time monitoring, | Management (2010); Donaldson (2018); Amazon.Inc (2020);

restoration data Canada (2018); Ocean Trustee Implementation Group, (2019);

analysis Sun et al. (2024); Ummah (2019b).
Control and MPC, RL-based Yoo et al. (2025); Kong et al. (2022); Meftah et al. (2024); Improved Navigation and
navigation control, PID, RRT/A Wang et al. (2020); Eskandari et al. (2021); Sharmilan and manoeuvrability communication

planning, SLAM, Abeysekara (2024); Yang et al. (2020); Xiao et al. (2022); Hadi | and precision constraints

Sensor fusion, et al. (2021); Christensen et al. (2022); Wang et al. (2022).

Acoustic positioning,

DTN, swarm routing,

Al-based compression
Energy and fault | RL energy Shields and Young (1989); Marijan and Sen (2018); Meszle Continuous High
management management, Fault- et al. (2020); Lutsey et al. (2017); Emmanuel (2024); Bauer operation development and

tolerant control,
Genetic algorithm,
A search, Digital
twins, Bayesian
optimisation, Cloud-
based AL

(2017); Haraburda and Zilafro (2012); A. and C. (2011);
Marijan and Sen (2018); Puppet Labs (2015); Mathur and
Chaudhary (2024); Fang et al. (2025); Ma et al. (2024);
Parvin et al. (2021); Zhao et al. (2022); Zhong et al. (2023);
Recalde et al. (2024); Alhamrouni et al. (2024); Dahiya et al.
(2024);Kowalski (2023).

and increased
efficiency

deployment costs

Data-driven AI/ML decision Ministry et al. (1996); Raji et al. (2024); Olanrewaju et al. Data-driven Environmental
decision making | support, RL, Fuzzy (2024); Cantor et al., (2021), Broms and Olsson (2021); decision-making | and regulatory
logic, Big data Robinson et al. (2014); Chinnaraju (2025); Ikegwu et al. concerns
(Hadoop, Spark), (2022); Paramesha et al. (2024).
MCDA, Blockchain
compliance, Emission
modelling
Condition CBM, FDI, Self- Ucar et al. (2024); Raza (2024); Emma (2025); Prabu et al. Lower Autonomy and Al
monitoring and healing, RL, (2025); Mohapatra (2024); Potter and Doris (2024); Vassileva maintenance reliability
reliability Explainable A, etal. (2014); Jang et al. (2023), Mansouri et al. (2020); Wang et | costs and longer
Fuzzy logic, Bayesian | al. (2022); Baballe et al. (2022); Shin and Jun (2015); Teixeira et | lifespan
networks al. (2014); Zhu et al. (2023).
Safety and Hazard detection, RL | Wang and Guo (2023); Aber et al. (2021); Aziz et al. (2020); Safer mining Integration with
integration safety mechanisms, Molaei et al. (2020); Yaqot and Menezes (2023); Saganiak and | operations existing mining
Kalman and particle Buketov (2024); Toledano et al. (2022); Dudley and McAree infrastructure
filters, Digital twin, (2013); DIS (2016); Soderbaum (2020); Biernacki (2025);
IoT Edge processing, | Menges et al. (2024); Biswas and Wang (2023); Zhukabayeva et
Blockchain al. (2025); Ucar et al. (2024); Yu and He (2022).
integration
Predictive MPC, RL, Becker et al. (1997); Ross et al. (2000); Arts et al. (2007); Lau Multi-modal Limited repair
maintenance and | SLAM, Kalman and Song (2008); Report (2015); Ferrer et al. (2016); Lau and deployment and maintenance
control filters, Predictive Song (2008); Wang and Ahmad (2024); Oladele (2025); Ernst capabilities options
maintenance (AI/ML) | etal. (2009); Sun et al. (2024).
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Table 4 (continued)

Benefits, methods, and challenges in offshore mineral mining with electrically powered quadrotor-track subsea crawlers in Industry 4.0

Application Area | Methods Used References Main advantage Main
disadvantage
Swarm Swarm intelligence, Thomson and Abadi (2013); Islam et al. (2023); Sun (2019); Scalability and Public perception
intelligence and Plug-and-play Sugiura et al. (2017); Rao (2021); Vision (2025b); Martinez et modularity and ethical
ethics Middleware (ROS), al. (2024); Engineering (2020); Soldatos and Kyriazis (2021); concerns
Explainable and Schmidt and Ahlstrom (2024); Digest (2017).
ethical AI, Distributed
computing
Industrial IoT IloT, Edge Al Digital | Ozenir and Ipek (2022); Al Mawali et al. (2021); Abdullah et al. | Alignment with High initial

and smart twins, Predictive
automation maintenance,
Modular software
integration,
Cloud/Edge for

Infrastructure al. (2023).

(2022); Shadravan and Parsaei (2024); Sanghavi et al. (2019);
Bakhtari et al. (2020); Broto Legowo and Indiarto (2021);

et al. (2024), Asadollahi-Yazdi et al. (2020); Manufacturing
(2024); Shanbhag et al. (2023); Abdul-Yekeen et al. (2024);
Prozessindustrie (2025); Dervisoglu et al. (2023); Shanbhag et

Industry 4.0 investment costs

The integration of real-time Al-driven control mechanisms,
and hybrid communication networks (fibre optics, acoustic, RF, and
satellite integration) has enabled unprecedented advancements in
deep-sea exploration and mining. The incorporation of quadrotor-
assisted mobility into traditional track-based crawlers has addressed
key challenges related to hydrodynamic stability, seabed navigation,
and excavation efficiency, as illustrated in Figure 10. These
improvements not only optimise the performance of robotic mining
crawlers but also ensure minimal environmental impact through
precise excavation, real-time monitoring, and reduced turbidity.

A key finding of this study is the introduction of hydraulic
crawlers, using its advancement in electrically powered systems,
significantly for enhancing its energy efficiency, reducing
operational costs, and improving long-term sustainability. The
adoption of variable frequency drives (VFD), advanced telemetry
systems (GPS RTK-based navigation), and AI-powered decision-
making algorithms has further strengthened the autonomous
capabilities of subsea crawlers, enabling real-time adaptation to
complex underwater terrains.

Despite these advancements, challenges remain in power
management, endurance, and real-time data transmission across
large operational depths. Future research should focus on wireless
energy transfer technologies, Al-optimised mission planning, and
Al-powered underwater robotic swarms for collaborative deep-sea
mining. Additionally, the implementation of blockchain-based
autonomous operations could improve transparency, resource
tracking, and efficiency in offshore mining as designed and
introduced in Figure 10.

In conclusion, the findings of this systematic review established
that electrically powered quadrotor-track subsea robotic crawlers
represent a breakthrough in deep-sea mining technology. By
leveraging Al, automation, and sustainable power solutions, these
systems can drive the next generation of autonomous subsea
excavation, environmental monitoring, and global offshore resource
extraction, paving the way for a more efficient and sustainable
approach to deep-sea dredging operations.
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