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Abstract: This review focuses on touching-based underwater robotic perception and ma-
nipulation, and provides a comprehensive overview of the current research landscape. We
begin by examining underwater tactile sensors, discussing their basic types and recent
advancements that have facilitated their integration into underwater robotic manipula-
tion. Additionally, we explore the development of force control algorithms for underwater
manipulators and grippers, emphasizing their critical role in underwater environments.
Furthermore, we analyze the application of force control algorithms in underwater robotic
manipulation, considering different autonomy levels, basic manipulation tasks, and specific
operational scenarios. Through this investigation, we identify existing limitations and
propose future research directions aimed at enhancing the operational capabilities of under-
water vehicle manipulator systems (UVMS) and expanding their application range. Finally,
this review highlights key challenges and outlines pathways for advancing the field.

Keywords: tactile sensor; force control; underwater robotics manipulation

1. Introduction
The exploration and exploitation of ocean resources have become critical in addressing

global challenges related to energy, food security, and environmental sustainability. Oceans
are rich in minerals, oil, gas, and biological resources, making them vital for various
industries. Accessing and extracting these resources often requires operations in deep and
harsh underwater environments, posing significant challenges. Underwater robots, such as
the one shown in Figure 1, have emerged as essential tools for performing tasks such as
inspection, maintenance, and resource extraction, reducing the risk to human divers and
increasing efficiency. Despite their advantages, underwater robotic operations are fraught
with difficulties, particularly in the manipulation and handling of objects in unpredictable
and complex underwater conditions.

Underwater environments are inherently challenging, due to factors such as high
pressure, low visibility, strong currents, and complex terrains. These conditions complicate
the precise control and manipulation of objects by underwater robots. Traditional methods
relying solely on visual feedback are often inadequate, due to poor visibility and the
dynamic nature of the underwater setting. Consequently, the development of effective
underwater manipulation strategies requires advanced sensing capabilities. Tactile and
force sensing technologies have been identified as crucial for overcoming these challenges,
enabling robots to perceive and interact with their surroundings more effectively.
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Tactile and force sensing provide underwater robots with the ability to detect and
measure physical interactions with objects and the environment. These sensors allow
robots to perceive attributes such as texture, shape, stiffness, and temperature, which
are essential for delicate and precise manipulation tasks. The integration of tactile and
force feedback enhances a robot’s capability to perform complex tasks such as gripping,
cutting, and assembling with greater accuracy and reliability. Moreover, these sensors
enable adaptive control strategies that can respond to the dynamic and unpredictable
nature of underwater environments, improving the overall robustness and performance of
underwater robotic systems.

Recent research in underwater robotic manipulation has focused on developing and
integrating tactile and force sensing technologies. Advances in sensor design, materials,
and data processing algorithms have led to more sensitive, accurate, and robust sensing
solutions. Innovative approaches to sensor integration, such as embedding sensors in
robotic grippers and arms, have improved robots’ ability to perform intricate tasks. Ad-
ditionally, sophisticated control algorithms that leverage tactile and force feedback are
being developed to enhance the dexterity and adaptability of underwater robots. These
advancements are paving the way for more efficient and effective underwater operations.

Figure 1. A UVMS in a test pool. With dexterous manipulability, it can perform complex intervention
tasks.

It is important to examine previous research on underwater robotic manipulation
to understand the foundation for current advancements. The first survey of this field [1]
listed all projects of autonomous underwater intervention systems and gave a timeline
of these systems. Aldhaheri et al. [2] gave a newer list of funded European projects on
underwater manipulation and provided a discussion on these projects and the limiting
factors for underwater manipulation. Kumar et al. [3] delved into the advancements, chal-
lenges, and prospects of control systems for underwater manipulation and focused on the
aspect of modeling the systems. Simetti [4] focused on autonomous underwater interven-
tion, providing insights into the latest developments in autonomous systems designed to
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perform complex underwater tasks without human intervention. Youakim and Ridao [5]
conducted a survey on motion planning for autonomous mobile manipulators, with a case
study on underwater manipulators. Their research highlighted the importance of efficient
motion planning algorithms in enhancing the autonomy and effectiveness of underwater
robots. Wang and Cui [6] provided an outlook on soft underwater manipulators, discussing
their potential for safe and compliant interactions with delicate marine environments.
Their review underscored the growing interest in soft robotics as a means to improve
the adaptability and safety of underwater manipulations. Morgan et al. [7] provided a
comprehensive review of the current methodologies in underwater manipulation, covering
dynamics, control, planning, and perception. They highlighted recent advancements and
experimental validations, and identified critical challenges for achieving fully autonomous
underwater systems. Sivčev et al. [8] provided an extensive review of underwater ma-
nipulators and offered a detailed comparison of electrically and hydraulically actuated
manipulators, and covered various control algorithms, including low-level motion control,
high-level kinematic control, and motion planning schemes, underscoring the evolution
of manipulator technologies and the challenges posed by the harsh underwater environ-
ment. Mazzeo et al. [9] systematically reviewed the current state of underwater gripping
technologies used for deep-sea specimen collection. They highlighted the limitations of
industrial grippers, originally designed for heavy manipulation tasks, in handling del-
icate biological samples. The review categorized existing grippers and tools, analyzed
research trends, and discussed the evolving focus from demonstrating specific technologies
to addressing specific needs in underwater manipulation. Their paper concluded by iden-
tifying the environmental and operational requirements essential for designing effective
underwater grippers.

These studies collectively provide a robust foundation for the ongoing development
of underwater robotic manipulation technologies. They highlight the critical advancements
made in sensor integration, control algorithms, and mechanical design, while also identi-
fying persistent challenges such as sensor durability, environmental adaptability, and the
complexity of autonomous operations.

Despite significant progress, there are still notable gaps and challenges in the field.
Current sensors often face limitations related to durability, sensitivity, and integration
complexity. Furthermore, the harsh underwater environment can affect sensor performance
and longevity. There is also a need for more comprehensive studies that integrate tactile and
force sensing with advanced control strategies, to fully exploit their potential. This review
aims to address these gaps by providing a detailed overview of the latest advancements,
identifying key challenges, and proposing future research directions. Our contribution
lies in synthesizing current knowledge and highlighting the potential of tactile and force
sensing technologies to transform underwater robotic manipulation.

The relationships between tactile sensors, control algorithms, and manipulation ca-
pabilities are characterized by bidirectional influences across three key pairs, as shown
in Figure 2. Tactile sensors provide critical feedback on contact forces and environmental
interactions, informing control algorithms to dynamically adjust the manipulator’s move-
ments for optimized grip and precision. Conversely, effective control strategies enhance
tactile sensor performance by ensuring optimal operational parameters, reducing noise,
and improving accuracy. Control algorithms dictate how manipulators execute tasks,
thereby enhancing their speed, accuracy, and responsiveness. Meanwhile, the specific
demands of manipulation tasks can lead to refinements in these algorithms. Addition-
ally, the effectiveness of the manipulator directly influences the utility of tactile sensors,
and precise movements enhance the quality of tactile feedback, which in turn improves
manipulation outcomes by providing essential data for task adjustments. This intercon-
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nectedness ensures that UVMSs can operate effectively and autonomously in dynamic
underwater environments.

Figure 2. The interactive influences across sensor, control, and manipulation.

This review begins by briefly introducing previous research on underwater tactile
sensors in robotics in Section 2. It first outlines the basic types of tactile sensors, followed
by a discussion of the advancements in underwater tactile sensing technology that have
paved the way for the use of force-related sensors, such as tactile sensors, in underwater
UVMS manipulation. Section 3 explores the development of force control algorithms
for underwater manipulators and grippers, as these algorithms are crucial for achieving
precise force control in underwater environments. Section 4 analyzes the role of force
control algorithms in UVMS manipulation, considering autonomy levels, fundamental
manipulation tasks, and specific operational applications. Section 5 highlights the current
limitations in research and discusses perspectives on future directions, drawing from the
insights of the previous sections. Finally, Section 6 provides a summary and conclusion of
the review.

2. Tactile Sensors
This section delves into tactile sensors, which are critical for enhancing the interaction

capabilities of underwater robotic systems. Tactile sensors provide valuable feedback that
informs manipulation strategies, enabling more precise and adaptive control in dynamic un-
derwater environments. To systematically explore this topic, we start with an introduction
of the types of tactile sensors, then explain capacitive-based sensors, piezoelectric-based
sensors, piezoresistive-based sensors, visual-tactile-based sensors, force sensors, and finally
discuss the available tactile sensors in underwater environments. Each subsection addresses
the unique mechanisms, advantages, and limitations of the different sensor types, culminat-
ing in an examination of their specific applications and challenges in underwater settings.

2.1. Types of Tactile Sensors

Tactile sensors can be broadly divided into two main categories: extrinsic sensors
and intrinsic sensors. Extrinsic sensors are external devices designed to detect tactile
information from the environment, and they include four main types. Capacitive tactile
sensors measure changes in capacitance resulting from contact with an object, providing
detailed information on surface texture and pressure. Piezoelectric tactile sensors generate
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an electrical charge in response to mechanical stress, enabling the detection of dynamic
forces and vibrations. Piezoresistive tactile sensors change their electrical resistance when
subjected to pressure, allowing for accurate force measurement on their surface. Finally,
visual-tactile sensors combine visual data with tactile feedback, integrating sight and
touch to enhance environmental perception and object recognition. Each type offers unique
capabilities, contributing to a comprehensive tactile sensing approach.

Figure 3 provides a schematic illustration of the four typical working principles of
flexible tactile sensors, highlighting (i) piezoresistive, (ii) capacitive, (iii) piezoelectric, and
(iv) triboelectric mechanisms. These mechanisms represent key technologies used in extrin-
sic sensors, enabling diverse sensing functionalities to meet the demands of underwater
manipulation tasks.

Figure 3. Diagram showcasing four common operating mechanisms of flexible tactile sensors:
(a) capacitive, (b) piezoelectric, (c) piezoresistive, and (d) visual-tactile sensors.

In contrast, intrinsic sensors are embedded within the manipulator itself and pri-
marily measure forces directly at the point of interaction. The most common type in this
category are force sensors, which assess the magnitude and direction of forces exerted
on the manipulator, providing essential data for force control and manipulation tasks.
Together, these tactile sensors significantly enhance the ability of underwater robots to
interact effectively with their environment, improving their operational capabilities across
various applications.

2.2. Capacitive Tactile Sensors

Capacitive tactile sensors operate on the principle of measuring changes in capacitance
when an object comes into contact with the sensor surface [10,11]. These sensors consist of
conductive plates separated by an insulating material, and when an external force or object
is applied, the distance between the plates changes, altering the capacitance. This change is
detected and translated into tactile information, allowing for the measurement of pressure,
texture, and surface characteristics.

In underwater environments, capacitive sensors offer high sensitivity and can detect
fine details, making them suitable for tasks requiring precision, such as delicate object
handling. However, their performance can be affected by the presence of water and
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contaminants, which may alter the capacitance readings. Additionally, they may struggle
in high-pressure scenarios, limiting their application in deep-sea operations.

2.3. Piezoelectric Tactile Sensors

Piezoelectric tactile sensors use materials that generate an electrical charge when
subjected to mechanical stress [12,13]. When a force is applied to the sensor, the piezoelectric
material deforms, producing a voltage output proportional to the applied pressure. This
mechanism enables the detection of dynamic forces and vibrations, making piezoelectric
sensors effective for capturing transient interactions during manipulation.

In underwater settings, piezoelectric sensors excel at detecting rapid changes in force,
making them ideal for applications involving quick or repetitive tasks. They are also less
susceptible to drift over time compared to other sensor types. However, they may not
provide accurate readings for static forces, as the generated charge dissipates once the stress
is removed, which can be a drawback in tasks requiring continuous pressure monitoring.

2.4. Piezoresistive Tactile Sensors

Piezoresistive tactile sensors operate by changing their electrical resistance when
subjected to mechanical pressure [14–16]. These sensors typically consist of a conductive
material that exhibits a change in resistance as it deforms under load. This change can be
measured and used to infer the amount of force being applied to the sensor’s surface.

In underwater applications, piezoresistive sensors are advantageous due to their
robustness and ability to provide continuous readings under varying conditions. They are
relatively simple to integrate and can be used in a variety of manipulation tasks. However,
their performance may be influenced by temperature and humidity variations, and they can
be less sensitive compared to capacitive or piezoelectric sensors, particularly in detecting
subtle touch interactions.

2.5. Visual-Tactile Sensors

Visual-tactile sensors combine visual data from cameras with tactile feedback from
other sensors to enhance their environmental perception [17–19]. This integration allows
robots to make more informed decisions by correlating visual cues with tactile information,
improving performance in object recognition and manipulation tasks.

In underwater scenarios, visual-tactile sensors can significantly enhance a robot’s
ability to interact with complex and dynamic environments, such as identifying and
handling fragile marine life. However, the effectiveness of visual sensing can be hampered
by the low-visibility conditions commonly found underwater, such as turbidity or varying
light levels. Additionally, the complexity of processing both visual and tactile data may
require advanced algorithms, which can increase computational demands and system costs.

2.6. Force Sensors

Force sensors measure the magnitude and direction of forces exerted on the manip-
ulator, providing critical feedback for control systems [20–23]. These sensors can operate
based on various principles, including strain gauges and piezoelectric materials, to capture
real-time force data during manipulation tasks.

In underwater applications, force sensors are essential for achieving precise control in
delicate operations, allowing manipulators to adjust their grip dynamically based on the
force exerted. They enhance safety by preventing damage to objects and the manipulator
itself. However, their performance can be affected by the harsh underwater environment,
including pressure variations and potential fouling. Moreover, depending on the type of
force sensor used, there may be limitations in measuring static forces or detecting subtle
changes in force, which could impact their effectiveness in certain tasks.
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2.7. Tactile Sensors in Underwater Environments

Despite extensive research on tactile sensors in electronic and robotic systems, their
successful implementation in underwater robotic applications remains limited. Table 1
summarizes fundamental information regarding the underwater tactile sensors developed
in recent years. This table includes details on various sensor types, sensing methods, and
specific applications, providing a comprehensive overview of the advancements in tactile
sensing technology for underwater environments.

Table 1. Overview of underwater tactile sensors.

Sensing Methods References Year Applications Sensor Types

Strain gauge, PVDF [12] 1997 Underwater gripper Force sensors, Piezoelectric
tactile sensors

PVDF [13] 2000 Underwater teleoperated
manipulator Piezoelectric tactile sensors

Strain gauge [24] 2006 Underwater dexterous hand Force sensors
Optical fiber [17] 2008 Underwater robots Visual-Tactile sensors
Strain gauge [20,21] 2010 Underwater manipulator Force sensors
Strain gauge [22,23] 2013 Underwater gripper Force sensors

Optical reflection [18,19] 2014 Underwater gripper Visual-Tactile sensors

Optical fiber, PVDF, strain
gauge [25–31] 2015 Underwater gripper

Visual-Tactile sensors, Force
sensors, Piezoelectric tactile

sensors
Capacitive [10,11] 2015 Underwater manipulator Capacitive tactile sensors

Suction flow [32] 2015 Underwater mobile
manipulation Force sensors

Piezoresistive [14,15] 2018 Underwater dexterous hand Piezoresistive tactile sensors
Piezoresistive [16] 2020 Underwater manipulator Piezoresistive tactile sensors

Suction flow [33] 2020 Submerged dexterous
manipulation Force sensors

Triboelectric [34] 2022 Underwater autonomous
target grasping Force sensors

Force sensing using flex
sensors [35] 2022 Underwater soft robotic

applications Force sensors

Force sensing using Hall
effect sensors [36] 2023 Deep-sea exploration Force sensors

Triboelectric, Visual-Tactile [37] 2023 Underwater manipulation Force sensors, Visual-Tactile
sensors

Piezoresistive [38] 2024 Underwater dexterous hand Piezoresistive tactile sensors
Piezoresistive [39] 2024 Underwater force sensing Piezoresistive tactile sensors
Optical fiber [40] 2024 Underwater grasping Visual-Tactile sensors

Compared to terrestrial environments, underwater conditions present distinct chal-
lenges for tactile sensing. High hydrostatic pressures at greater depths can significantly
affect the behavior and performance of sensors by altering their structural integrity and
calibration. For instance, capacitive sensors may experience changes in dielectric proper-
ties, piezoresistive sensors may show variations in resistance, and fiber-optic sensors may
encounter wavelength shifts, all leading to measurement inaccuracies. Kampmann and
Kirchner [25,26] demonstrated that optical tactile sensors can effectively determine object
geometry even under pressures up to 600 bar, highlighting the need for specialized designs
to withstand extreme underwater conditions. Material deformation and sealing issues
under pressure further complicate sensor performance. Waterproof sealing is critical to
prevent water ingress and potential sensor failure. Muscolo and Cannata [10,11] proposed
a novel tactile sensor for deep-sea environments that utilizes a deformable membrane and
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oil-filled structure to address waterproofing challenges and improve pressure tolerance.
Additionally, water turbidity can impact vision-based sensing methods, necessitating the
exploration of various sensing mechanisms and materials to overcome these challenges.
Similarly, Zhang et al. [39] developed a flexible underwater tactile sensor based on water-
proof graphene/carbon nanotube/polydimethylsiloxane (GR/CNT/PDMS) composites,
which demonstrated excellent pressure resistance and structural durability.

Suction-based tactile sensors detect contact through changes in suction flow or pressure
differentials. Although they can enhance underwater grasping stability, their performance
may degrade under high-pressure environments due to flow instability or seal deformation.
Research by Stuart et al. [32,33] indicated that suction can significantly improve underwater
grasping performance. Triboelectric tactile sensors exploit the triboelectric effect to generate
electrical signals proportional to mechanical stimulation, offering high sensitivity and low
power consumption, though they may be affected by changes in environmental humidity.
Mu et al. [37] developed a bionic electronic finger (EM-Finger) that combines triboelectric
and visual-tactile sensing for underwater human–robot interaction.

In addition to sensor-specific challenges, environmental factors such as water turbidity
can impact vision-based sensing methods, while temperature variations may alter sensor
calibration, particularly for piezoresistive and piezoelectric sensors. Kirchner et al. [25–31]
addressed some of these limitations by developing a deep-sea hydraulic three-fingered
hand called SeeGrip, equipped with multimodal sensors, including piezoelectric, strain
gauge, and fiber-optic sensors, and capable of operating at depths of up to 6 km. These de-
signs demonstrate the importance of pressure-resilient structures and adaptive calibration
techniques for deep-sea applications.

Underwater tactile sensors have diverse applications across various fields. In un-
derwater object recognition and localization, tactile sensors provide valuable information
about an object’s shape, texture, and hardness. Tactile sensors are essential for underwater
grasping and manipulation, offering feedback on grasping force, contact position, and slip
detection. Aggarwal et al. [26,31] proposed a tactile object recognition and localization
system that operates effectively in noisy underwater environments.

Overall, underwater tactile sensing technology has made significant strides, leading
to the development of various sensors with unique characteristics and capabilities. These
sensors have found applications in underwater robotics, including object recognition,
grasping, manipulation, and environmental exploration. However, challenges remain,
such as improving reliability and durability in high-pressure, low-temperature, and highly
corrosive underwater environments. Future research directions include the development
of novel sensing materials and multimodal sensing technologies to enhance sensitivity,
resolution, and perceptual capabilities. Additionally, integrating artificial intelligence and
machine learning algorithms into tactile data processing holds promise for improving
the intelligence of underwater robotic tasks. Continued advancements will drive the
evolution of underwater robotics, enabling operations in more complex and challenging
environments, thus contributing to human exploration and utilization of ocean resources.

3. Touching-Based Robot Control
The control methods of UVMSs are critical for ensuring precision and adaptability in

manipulating underwater objects. To provide a comprehensive overview, this chapter is
divided into two main subsections: manipulator control methods and gripper and hand
control methods. The first subsection explores the control strategies employed for overall
manipulator systems, while the second focuses specifically on the techniques used for
controlling grippers and hands, which are crucial for delicate interactions.
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3.1. Manipulator Control Methods

Existing commercial underwater manipulator systems often exhibit limited control ca-
pabilities and a lack of automation. While high-quality sensors and actuators are employed,
the control mechanisms are frequently inadequate, leading to low precision, repeatability,
and control loop frequencies. Historically, these systems have been designed primarily
as remote-controlled devices, rather than as fully autonomous robotic arms. Figure 4
illustrates a typical UVMS control framework, showcasing the integration of sensing, plan-
ning, and actuation modules. This framework highlights how modern UVMS designs
are evolving to address these basic control components by improving the task priority,
adaptability, and force and coordinate control in underwater manipulation tasks.

Figure 4. Typical UVMS control framework.

One of the early efforts to tackle force interaction in underwater manipulators was
undertaken by Lane et al. [41], who developed a hydraulic-driven manipulator and pro-
posed a hybrid position and force control scheme. This approach was both theoretically
developed and tested on real hardware [42]. Lane’s method involved decoupling the force
and position into independent subspaces, applying position control in unconstrained opera-
tional directions and force control in constrained directions. Following this, the AMADEUS
project further advanced the field by developing a UVMS and creating a series of robust
force control algorithms designed to enhance performance in unstructured environments
and varying stiffness conditions [12,43,44].

Recent studies have focused on extending hybrid position–force control to adap-
tive and model-based approaches to better handle dynamic disturbances in underwater
environments. Examples include integrating machine learning techniques for adaptive
force regulation and predictive force control schemes that anticipate environmental vari-
ations [45,46]. These methods are particularly effective for tasks requiring continuous
adaptation to unpredictable underwater currents or uneven terrain.

In contrast to earlier models focusing solely on base dynamics, researchers like
Cui et al. have developed comprehensive dynamic equations for the entire UVMS and de-
signed impedance control algorithms [47]. They later introduced a hybrid control algorithm
combining fuzzy impedance control with force–position control, which enabled smooth
contact transitions and effective force trajectory tracking [48]. This integration of advanced
control techniques highlights the evolution in the design of underwater manipulators,
facilitating more nuanced interactions.

Simultaneously, researchers have conducted simulation-based studies to explore the
complex dynamics of underwater manipulators. For example, Kajita et al. [49] modeled the
interaction forces generated during the operation of a manipulator’s end-effector by com-
pensating for forces exerted by the base ROV’s thrusters. They developed a force control
algorithm to maintain these interaction forces effectively. Similarly, Lapierre et al. [50] in-
stalled a force sensor between the manipulator’s base and the vehicle to estimate the torque
exerted on the platform, allowing for stabilization during manipulator operations [51].
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Building on these foundational approaches, various researchers have expanded the
control methods available for UVMSs. Antonelli et al. [52] designed an admittance con-
trol algorithm by establishing the force–position relationship between a UVMS and its
environment. In parallel, Bilodeau et al. [53] and Sekhavat et al. [54] focused on hydraulic-
driven manipulator joints, conducting dynamic modeling and designing impedance con-
trol algorithms, with Sekhavat validating their algorithms on physical hardware [55].
Lemieux et al. [56] constructed a testing platform to validate UVMS force control algo-
rithms, providing a crucial link between theoretical development and practical application.

Recent advancements have also seen the development of various hybrid control
strategies. Barbalata created a series of hybrid force–position control algorithms using
sliding mode control [57–59]. Following this, Dai et al. [60] designed an impedance control
algorithm based on sliding mode control, while Cieslak et al. [46] developed an adaptive
admittance control algorithm integrated with a task priority framework. Notably, in 2023,
they further refined an adaptive admittance control algorithm specifically for detecting
underwater structural corrosion [61].

The versatility of control methods is exemplified by Seki et al. [62], who designed a
UVMS equipped with dual three-degree-of-freedom manipulators, creating an impedance
control algorithm that integrates task priority motion control. Cetin et al. [63] introduced an
adaptive force control algorithm capable of seamlessly transitioning between contact and
non-contact states for underwater facility inspections. Additionally, Konoplin et al. [64,65]
focused on tool utilization, designing a hybrid force–position control algorithm for various
underwater manipulator tasks.

Heshmati-Alamdari et al. [66] made strides in collaborative manipulation by im-
plementing a force control that converts force signals into velocity commands for a
UVMS. Their work included several algorithms for multi-UVMS collaboration, such as an
impedance control algorithm [67], a distributed impedance control algorithm [68], and a
model predictive control algorithm for dual UVMS systems [69]. They later developed a
collaborative impedance control algorithm that facilitates object manipulation without the
need for direct communication between systems [70].

The advancement of admittance and impedance control algorithms has also led to the
development of task-priority-based frameworks, which allow manipulators to prioritize
multiple objectives, such as avoiding obstacles while maintaining force stability during
operations [46,71]. These frameworks are increasingly important in real-world applications,
where multiple constraints must be handled simultaneously.

In the realm of teleoperation, significant advancements have also been made in force
control algorithms. Kwon et al. [72] designed an adaptive sliding mode controller with a
disturbance observer for force feedback teleoperation, addressing the challenges posed by
underwater disturbances. Khabit et al. developed the humanoid underwater robot Ocean
One [73–75], creating a whole-body teleoperation control algorithm that enables bilateral
force feedback for underwater archaeological tasks [76]. Furthermore, Wang et al. [77]
developed a six-axis underwater manipulator based on ROS 2 control, successfully testing
the teleoperation of an admittance control algorithm in underwater environments.

In summary, the field of force control for underwater manipulators has made remark-
able progress, with a variety of control strategies being developed to enhance performance
in complex underwater settings. Ongoing research and innovation are crucial for address-
ing the remaining challenges and expanding the capabilities of underwater robotic systems.

3.2. Gripper and Hand Control Methods

Similarly to other actuators in underwater manipulator systems, grippers are also
controlled through a master–slave control system using a miniature master arm. Most
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grippers are hydraulically driven and operate using open-loop rate control. Operators
predefine the opening and closing speeds of the gripper in the main controller settings and
activate the grip function by squeezing a textured band on the master arm’s wrist. Some
underwater manipulators use closed-loop servo position control for grippers, where sensor
feedback, typically provided by linear variable differential transformers (LVDT), enables
precise control. However, only a few experimental prototypes developed in laboratories
have implemented grip force control and force feedback.

More advanced gripper control methods now integrate multi-modal sensing, combin-
ing force, pressure, and tactile feedback to improve grasp stability and adaptability [39,78].
These methods are particularly useful for applications involving fragile or irregularly
shaped objects. The use of soft robotic grippers, designed with flexible materials, further
enhances compliance and reduces the risk of damage during manipulation.

Sensing, particularly tactile sensing, is crucial for autonomous grip force control.
However, reliable tactile sensing in underwater environments is challenging. This is due to
the limited availability of underwater tactile sensing solutions and the fact that only a few
have been tested under high-pressure conditions. In the AMADEUS project [79], Lane et al.
equipped grippers with tactile sensors [80,81] and designed a simple PI force control
algorithm [82]. Zhang et al. developed an adaptive fuzzy impedance control algorithm
for gripper force control using pressure sensors [83]. Khabit et al. implemented a force
feedback teleoperation control algorithm for the gripper in the Ocean One system [84,85].
Han et al. designed an adaptive fuzzy impedance control and a parameter-identification-
based impedance controller [86], which is less sensitive to the inner position loop’s response
speed, providing better robustness.

Recent developments in adaptive control schemes, such as variable stiffness control
and bio-inspired designs, enable grippers to handle both rigid and deformable objects effec-
tively [37]. These improvements address challenges related to unpredictable underwater
environments and complex manipulation tasks.

Reports suggest that the quality of tactile information obtained from underwater
tactile exploration is lower than that from aerial exploration. Therefore, tactile data may
require appropriate processing before they can be used for grip force control. Additionally,
some researchers have designed grippers with compliant properties inherent in their soft
structures to perform compliant manipulation tasks. Relevant research on soft underwater
grippers can be referenced in Park et al.’s review [78] on the subject.

4. Underwater Manipulation
Researchers have achieved tremendous progress in underwater manipulation studies.

In this section, we mainly summarize studies on three key topics: (1) levels of underwater
manipulation autonomy, discussing the varying degrees of autonomy in manipulation
tasks; (2) basic tasks of underwater manipulation, which outlines the fundamental actions
required for effective interaction; and (3) applications of underwater manipulation, which
showcases real-world use cases in diverse settings.

4.1. Levels of Underwater Manipulation Autonomy

UVMS manipulations can be categorized based on the different levels of intervention
autonomy: fully teleoperated manipulation, shared autonomy manipulation, and fully
autonomous manipulation. This classification is necessary to account for the varying levels
of human involvement, system capability, and environmental complexity in underwater
tasks. Different autonomy levels allow an UVMS to be tailored to specific mission require-
ments, ensuring flexibility, safety, and efficiency in operation. The basic information of
these modes and force control requirements is shown as Table 2.
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Table 2. Comparison of manipulation modes and force control requirements.

Type Characteristics Force Control Requirements Limitations

Teleoperated
Real-time control, high
precision,
operator-dependent.

Low-latency communication,
rapid feedback, manual
adjustments.

Operator fatigue, skill
dependency, communication
delays.

Shared Autonomy
Hybrid control—routine tasks
automated, complex tasks
supervised.

Autonomous force
compensation, manual
supervision for complex
forces.

Skilled supervision required,
communication constraints.

Autonomous
Fully automated, detects
objects, plans actions,
executes tasks.

Pre-programmed algorithms,
real-time sensing,
impedance/admittance
control.

Limited adaptability, complex
algorithm requirements.

In fully teleoperated manipulation, two operators directly control the underwater
manipulator and ROV in real-time, which typically requires high precision and adaptability
to complex, dynamic environments [87,88]. Human decision-making is critical in this
mode, enabling quick responses to unpredictable situations. However, fully teleoperated
manipulation places substantial physical and cognitive demands on the operator, due to
the need for continuous control. For force control, this mode relies on the operator’s input
to manage the manipulator’s interaction forces, demanding rapid feedback and low-latency
communication to achieve fine-tuned adjustments in force.

Communication delays caused by the constraints of underwater acoustic channels
pose significant challenges to teleoperated systems, especially in deep-sea environments.
Recent advancements, including hybrid acoustic-optical communication systems, multi-
hop relay networks, and predictive control algorithms, have been explored to address these
limitations and improve real-time feedback performance. While such developments are
highly relevant to underwater operations, this review focuses specifically on touching-based
perception, control, and manipulation. Relevant research on underwater communication
technologies and time delay mitigation can be found in Quattrini Li et al.’s review [89] on
the subject.

In shared autonomy manipulation, control is distributed between the human operator
and the autonomous system [73–75,77,90,91]. Here, the UVMS autonomously handles
routine or low-level tasks, such as maintaining a stable position or compensating for
disturbances, allowing the operator to focus on more complex, task-specific actions. This
approach reduces the operator’s workload and improves efficiency, while retaining human
oversight of critical decision-making. In terms of force control, shared autonomy requires
the UVMS to handle basic force adjustments autonomously, particularly in maintaining
stability and adapting to minor disturbances, while the operator handles force-intensive
tasks. This hybrid approach helps balance the force control requirements between the
system and the operator, though it remains constrained by communication limitations.

In fully autonomous manipulation, the UVMS performs underwater operations en-
tirely independently, detecting objects, planning actions, and executing manipulations
without user intervention [61,70]. This mode is ideal for repetitive or well-defined tasks
in stable environments. For force control, fully autonomous manipulation depends on
pre-programmed algorithms and real-time sensor feedback to manage interaction forces.
Advanced force control algorithms, such as impedance or admittance control, are essential
to enable the manipulator to adapt to varying object stiffnesses and environmental condi-
tions without human input. However, fully autonomous manipulation can be challenged
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in highly dynamic or uncertain environments, where real-time decision-making for force
control is crucial.

This range of autonomy levels in UVMS manipulation allows for a flexible approach
to underwater tasks, accommodating the specific demands of force control depending on
the required human involvement and environmental complexity.

4.2. Basic Tasks of Underwater Manipulation

When performing underwater manipulation, UVMSs face a range of challenges de-
pending on the task type, and the basic features of these tasks are shown in Table 3. The
complexity of the underwater environment—characterized by factors such as limited visi-
bility, dynamic water currents, and uncertain contact forces—requires the system to handle
various operational issues. Below is an analysis of common underwater tasks and the
unique challenges associated with each.

Table 3. Basic Features of Underwater Manipulation Tasks.

Task Key Requirements Challenges Applications

Grasping Tactile sensing, force
feedback, adaptive control.

Irregular shapes, high
currents, fragility.

Object retrieval, sample
collection.

Valve-turning Torque control, hybrid
force–position algorithms.

Alignment, torque
precision in dynamic
conditions.

Pipeline maintenance,
infrastructure repair.

Force Regulation Real-time sensing,
compliance control.

Surface variations,
dynamic stability.

Cleaning, inspections,
sampling.

Cooperative Manipulation
Multi-robot
communication,
distributed control.

Synchronization, load
sharing, delays.

Assembly tasks, object
transportation.

Underwater grasping is complicated because of the lack of precise visual feedback
due to murky water and low-light conditions, as well as the unpredictable dynamics
of floating or drifting objects [83,86]. UVMSs must rely on tactile and force sensors to
securely grasp objects, while avoiding damage to delicate items. Additionally, buoyancy
and water resistance affect the force and stability of the grasp, making it difficult to control
the manipulator’s movements precisely.

Valve-turning tasks, common in underwater infrastructure maintenance, demand high
precision and controlled force application [90]. Water resistance can cause feedback delays,
making it challenging for the manipulator to maintain a steady grip and apply rotational
force accurately. Furthermore, the force required to turn a valve must be carefully regulated
to avoid over-torquing, which could damage the valve or connected systems. Hydrody-
namic effects may also destabilize the manipulator’s position during these fine tasks.

Tasks that require precise force regulation, such as drilling or cutting, are particularly
challenging in underwater environments [46,59,60]. The interaction between the manipu-
lator and the environment is harder to control due to unpredictable water currents, drag
forces, and the compliance of underwater materials. UVMSs must integrate advanced
force feedback control algorithms to maintain an appropriate contact force, preventing tool
slippage or excessive pressure that could lead to failures or damage to the structure being
worked on.

In cooperative manipulation tasks, where multiple UVMSs or manipulators on the same
platform must work together, synchronization becomes a major challenge [69,70,92]. The
underwater environment exacerbates communication delays, and coordinating the motion
and force application of multiple manipulators can be difficult due to the influence of water
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currents and external forces. Maintaining stability and control over both manipulators, while
ensuring precise interaction with the task object, requires advanced control strategies, robust
feedback systems, and accurate coordination algorithms.

These task-specific challenges highlight the complexity of UVMS operations underwa-
ter, where environmental factors and the physical limitations of underwater robotics must
be carefully managed to ensure successful task execution.

4.3. Applications of Underwater Manipulation

UVMSs are widely employed across the various underwater applications shown
in Table 4, including underwater archaeology [93–96], construction [97–100], aquacul-
ture [101,102], maritime rescue [103–108], and deep-sea exploration [109–112]. Their abil-
ity to perform precise tasks in challenging underwater conditions makes them essential
for a wide range of operations, enhancing the efficiency, safety, and accuracy in these
demanding environments.

Table 4. Applications of underwater manipulation.

Application Key Tasks Challenges

Archaeology Excavation, artifact recovery,
mapping.

Fragile artifacts, sediment
disturbance.

Construction Welding, assembly, inspection,
repair.

Visibility, currents, precision
assembly.

Aquaculture Cage cleaning, feeding,
monitoring.

Biofouling, marine disturbance,
debris.

Rescue Recovery, damage assessment,
salvage.

Time constraints, hazardous
conditions.

Exploration Sampling, mapping, ecosystem
studies. Pressure, temperature, reliability.

In underwater archaeology, UVMSs are used for the delicate recovery and preservation
of submerged artifacts, shipwrecks, and historical sites. They can perform tasks such as
excavating sediments, handling fragile objects, and documenting discoveries with minimal
disturbance to the surrounding environment. Their precise control and ability to access
hard-to-reach areas make them ideal for archaeological missions in deep and shallow
waters alike.

For underwater construction, such as building offshore structures or repairing under-
water pipelines, UVMSs are employed to manipulate heavy objects, install components,
and perform inspections. They can be used to weld, cut, and drill materials at great depths,
where human divers face limitations due to pressure and safety concerns. UVMSs ensure
safer and more efficient construction operations in these hazardous conditions.

In the aquaculture industry, UVMSs can automate the monitoring and maintenance
of underwater fish farms. They are capable of feeding fish, cleaning nets, and inspecting
fish health and farm infrastructure. By reducing the need for human divers, UVMSs
increase operational efficiency, improve safety, and provide real-time data to enhance the
management of marine farms.

UVMSs are also crucial in maritime rescue operations, where they can assist in locating
and retrieving sunken vessels, debris, or even trapped survivors. Equipped with advanced
sensors and manipulators, they can conduct search-and-recovery missions in dangerous or
unreachable areas, such as deep ocean zones or areas with strong currents, ensuring timely
and effective rescue efforts.



Machines 2025, 13, 41 15 of 22

In deep-sea exploration, UVMSs are used to explore the ocean floor, collect samples,
and perform geological surveys. They can take sediment and biological samples from
extreme depths, contributing to research in marine biology, geology, and environmental
studies. Their ability to function in high-pressure environments allows scientists to discover
new species, resources, and underwater ecosystems, pushing the boundaries of human
knowledge in deep-sea exploration.

UVMSs’ versatility across these diverse fields demonstrates their crucial role in ad-
vancing underwater technologies and improving operational capabilities in challenging
and often dangerous environments.

5. Future Research Challenge
As UVMSs continue to evolve, significant advances are expected in both tactile sensing

and force control, aimed at addressing the unique challenges posed by the underwater
environment. The following detailed trends are anticipated to shape the future of UVMS
capabilities in these areas.

• Development of high-resolution, pressure-resistant underwater tactile sensor arrays.
These can provide precise, multi-dimensional feedback in real time. Current tactile
sensors often struggle with the high-pressure conditions at greater ocean depths,
temperature fluctuations, and biofouling, which reduces their performance over time.
Future sensors are expected to leverage advanced materials such as flexible piezo-
electric polymers, nanomaterials, and soft sensing technologies. These materials will
allow for enhanced sensitivity to shear forces, pressure, and texture. Additionally,
bio-inspired designs, such as those mimicking the sensing capabilities of marine organ-
isms, are being explored to improve adaptability and durability. Tactile sensor surfaces
may also integrate self-cleaning or anti-biofouling coatings to maintain long-term
operations in marine environments.
To further enhance the functionality of these sensors, researchers are investigating mul-
timodal tactile sensors capable of detecting not only surface textures but also the phys-
ical properties of objects, such as stiffness, compliance, and temperature. This would
enable UVMSs to differentiate between various types of materials underwater, such as
metals, corals, or biological tissues, leading to more precise manipulation strategies.

• Exploiting machine learning for the interpretation of tactile data. By training ML
models on large datasets of underwater manipulation tasks, future UVMSs will be
able to recognize patterns in tactile sensor feedback more accurately and in real time.
For instance, a system could autonomously adjust its manipulation strategy based on
the texture or compliance of the object it is interacting with. Techniques such as deep
learning and reinforcement learning will likely be applied to process noisy tactile data,
extract meaningful insights, and improve decision-making in unstructured underwater
environments. Furthermore, real-time processing of tactile data in conjunction with
force control would enable continuous refinement of grip force and object handling,
especially in tasks requiring fine motor control, such as grasping fragile objects or
performing repairs to delicate structures.
Moreover, machine learning techniques can also address challenges caused by com-
munication delays in remote operations by enabling predictive feedback systems that
anticipate operator actions and environmental changes. These systems can preprocess
incoming sensor data locally to reduce transmission delays, ensuring smooth and
responsive manipulation even under constrained communication conditions.

• Advanced adaptive and predictive control methods for UVMSs. Traditional force
control algorithms, which rely on rigid models, often fail in dynamic environments. As
a solution, new approaches based on adaptive control techniques are being developed.
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These methods adjust the applied forces in real time by continuously monitoring
feedback from both internal force sensors and external environmental sensors. Predic-
tive models, such as those built on model-predictive control (MPC) frameworks, will
enable UVMSs to anticipate changes in current and pressure, adjusting manipulator
movements before disturbances occur.
In addition, force feedback will increasingly be integrated with position control sys-
tems, enabling hybrid force–position control strategies. This integration is essential
for tasks that require both precise positioning (such as aligning tools) and controlled
force application (such as drilling or fastening). Research is also focusing on devel-
oping controllers that can autonomously switch between force control and position
control modes, depending on the task requirements, to enhance the overall operational
efficiency of UVMSs.
Moreover, adaptive and predictive control methods can mitigate the impact of commu-
nication constraints by compensating for time delays and disturbances. By integrating
predictive strategies into control loops, UVMSs can maintain precise force regulation
and positioning, even with delayed feedback. This approach is particularly beneficial
for remote operations, where low-latency communication may not always be feasible.

• Visual and haptic interface for teleoperation. For UVMSs in semi-autonomous or
teleoperated modes, providing human operators with realistic haptic feedback will
be a key research focus. Current systems lack detailed force feedback, making it
difficult for operators to sense the exact conditions underwater. Future developments
may aim to create more intuitive haptic interfaces, allowing operators to feel the
texture, stiffness, and resistance of objects through force feedback gloves or joysticks.
This direct feedback loop will improve the precision of teleoperated manipulation,
particularly in complex or delicate tasks such as archaeological artifact recovery or the
repair of fragile underwater infrastructure.
To achieve this, researchers are investigating low-latency transmission methods for
haptic data, which will reduce the lag in delivering tactile and force feedback to
operators working remotely. This is especially important for deep-sea operations,
where communication delays due to depth and distance can impair real-time control.
Advanced signal processing and compression techniques will be critical for transmit-
ting detailed sensory data in real time, ensuring the operator receives accurate haptic
feedback despite the challenging underwater communication environment.

• Data fusion approaches to integrate different modality data from UVMSs and im-
prove the autonomous manipulation capability. The future of UVMS tactile and force
control research will increasingly involve sensor fusion, where tactile, force, vision,
and acoustic data are combined to provide a more comprehensive understanding
of the underwater environment. By fusing tactile and force information with visual
data, UVMSs will be able to better perceive the objects they are manipulating, even
in low-visibility conditions. This multimodal approach will enhance object recogni-
tion, improve manipulation accuracy, and enable more adaptive control strategies in
dynamic environments.
Additionally, data fusion approaches can help compensate for communication con-
straints by enabling local processing and integration of sensor data, reducing the need
for high-bandwidth communication during remote operations. Machine learning
algorithms can also be used to predict environmental changes and refine sensor data,
improving the robustness and reliability of autonomous manipulation tasks.
Future research will focus on creating robust algorithms capable of integrating these
diverse data streams and translating them into actionable insights for real-time ma-
nipulation. This requires advancements in both hardware, to ensure that the sensors
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can function in harsh underwater conditions, and software, to process and integrate
the sensor data in real time. Machine learning techniques will also play a key role in
sensor fusion, helping UVMSs extract the most relevant information from noisy and
incomplete datasets.

In summary, future research in tactile sensing and force control for UVMSs will be
directed towards improving sensor accuracy, adaptability, and robustness, while developing
more advanced control algorithms to handle the complexities of underwater environments.
These advancements will significantly enhance systems’ manipulation capabilities and
autonomy, allowing for more sophisticated and precise underwater operations.

6. Conclusions
In this review, we explored touching-based underwater robotic perception and ma-

nipulation, reviewing and analyzing the current state of research from the perspectives
of sensor hardware, force control algorithms for underwater manipulators and grippers,
and related operational tasks. Unlike previous reviews, our focus was primarily on the
emerging field of underwater manipulation when contact occurs and discussing how to
improve manipulation capabilities with tactile sensors. Based on the identified limitations,
we highlighted several key challenges and proposed future research directions aimed at
enhancing UVMS operational capabilities and expanding the scope of their applications.
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