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Abstract

Underwater Vehicle-Manipulator Systems (UVMS) play a critical role in various marine operations,
where the choice of manipulator architecture significantly influences system performance. While
serial robotic arms have been widely adopted in UVMS applications due to their operational
flexibility, their inherent structural characteristics present certain challenges in underwater
environments. These challenges primarily stem from the cumulative effects of joint mechanisms and
dynamic interactions with the fluid medium. In this context, we explore an innovative UVMS
solution that incorporates the Delta parallel mechanism, which offers distinct advantages through its
symmetrical architecture and unilateral motor configuration, particularly in maintaining operational
stability. We develop a comprehensive framework that includes mechanical design optimization,
implementation of distributed control systems, and formulation of closed-form kinematic models,
with comparative analysis against conventional serial robotic arms. Experimental validation
demonstrates the system's effectiveness in underwater navigation, target acquisition, and object
manipulation under operator-guided control. The results reveal substantial enhancements in motion
consistency and gravitational stability compared to traditional serial-arm configurations, positioning
the Delta-based UVMS as a viable solution for complex underwater manipulation tasks. Furthermore,
this study provides a comparative analysis of the proposed Delta-based UVMS and conventional
serial-arm systems, offering valuable design insights and performance benchmarks to inform future
development and optimization of underwater manipulation technologies.

Keywords: underwater vehicle-manipulator systems; delta parallel mechanism; mechanical design
optimization; underwater target acquisition

0. Introduction

The Underwater Vehicle-Manipulator System (UVMS) is an advanced underwater robotic
system designed for a wide range of tasks, including underwater observation, patrol, sampling,
installation, welding, and other operational activities [1,2]. A typical UVMS comprises two primary
components: underwater robot body and manipulator. During underwater operations, the
underwater vehicle is responsible for transporting the manipulator to the desired location by using
thrusters, while the manipulator, equipped with multiple degrees of freedom (DOF), ensures precise
positioning and assists the end-effector in performing the required tasks. To facilitate these
operations, UVMS units are typically equipped with cameras, providing visual feedback of the
underwater environment, aiding in target localization, and guiding the execution of tasks [3]. Given
the significant advantages in conducting unmanned underwater operations, UVMS technology is
becoming increasingly important in fields such as deep-sea environmental monitoring, mineral
exploration, and maritime rescue [4,5].
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In recent years, a growing number of research teams have recognized the critical role of UVMS
and have developed various models, including the SAUVIM [6] and GIRONA 500 [7]. As the motion
carrier of UVMS, the design of the underwater vehicle plays a crucial role in determining its
operational stability. Streamlined vehicle shapes, such as spherical, torpedo, and flat configurations,
are often employed to minimize fluid resistance and enhance speed. However, these designs face
inherent challenges, particularly with respect to the suppression of rolling and pitching motions,
which are influenced by the structural characteristics of the vehicle, time-varying currents, and drift
forces, especially when the vehicle is operating in a suspended state. Furthermore, the compact
interior of streamlined underwater vehicles presents difficulties in accommodating essential
equipment, including thrusters, end-effectors, and sensors. In contrast, rectangular (frame-type), flat-
shaped underwater vehicles offer structural advantages in suppressing both transverse and
longitudinal motions, thereby improving underwater maneuverability. Notable examples of such
vehicles include the CR6000 [8] and Dex-ROV [9].

As the execution unit of UVMS, the manipulator's performance directly impacts efficiency and
reliability underwater. Due to the advantages of serial robotic arm, such as simple control, large
workspace and multiple DOF, it has been widely used in underwater unmanned systems such as
MARIS 7080 [10], Schilling Titan 2 [11]. However, each kinematic joint of serial robotic arm requires
a separate motor for drive and control, the transmission mechanism (gears, belts, etc.) introduces
transmission and cumulative errors [12]. In addition, the limited speed of the serial robot arm affects
its application in scenarios that require high-speed response and rapid motion. Furthermore, the
embedded driving motors and transmission mechanism lead to a heavier weight of the arm, and the
movement of the serial robotic arm during underwater operation leads to a change in the position of
the center of gravity, which affects the stability and operational accuracy of UVMS.

Compared to serial robotic arms, parallel robotic arms, such as the Delta parallel robot, offer
superior rigidity, effectively minimizing vibration and instability, thereby ensuring high operational
stability and precision. The load can be evenly distributed across each motion arm, enabling the
parallel robot to handle heavier payloads. Furthermore, as the drive motors and transmission
mechanisms are not integrated within the individual arms but are instead located in the stationary
base, the moving mass of the parallel robotic arm is significantly reduced. In the Delta parallel robot,
the drive motors are symmetrically mounted on one side of the static platform, which reduces their
impact on the underwater vehicle's center of gravity. Additionally, the parallel robot's rapid
acceleration capabilities provide significant advantages in dynamic tasks such as underwater
grasping and material transfer. Recently, numerous scholars have recognized the advantages of Delta
parallel robots and conducted research on their applications in underwater environments. For
example, Simoni et al. [13] proposed a lightweight Intervention-Autonomous Underwater Vehicle (I-
AUV) equipped with a 6-DOF foldable and deployable Delta-type parallel manipulator, which is
horizontally mounted on the front end of the vehicle. Deng et al. [14] developed a dynamic model for
an underwater Delta parallel robot, analyzing the influence of hydrodynamic, kinematic, and
structural parameters on the robot's motion trajectory and mechanical properties.

In real-world applications such as underwater mining, lighter systems with fewer DOF offer
significant advantages, including enhanced operational efficiency, reduced mechanical complexity,
and improved adaptability to challenging environments. The Eureka II deep-sea mining robot
designed by Impossible Mentals company exemplifies these benefits [15], as it operates effectively
within the tight space and weight constraints required for missions at depths of up to 6,000 meters.
Despite its low DOF, the Eureka II's Delta parallel manipulator demonstrates exceptional precision,
speed, and rigidity, enabling efficient and accurate mining in extreme deep-sea conditions. This
application of a Delta-based mechanism in underwater missions serves as a strong feasibility
validation, forming the foundation for the design of a more lightweight, Delta-based UVMS in this
study.

This study proposes a flat-type UVMS based on Delta parallel mechanism to overcome stability
limitations in underwater grasping tasks. Through kinematic modeling and workspace analysis, we
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established the theoretical framework and validated system performance via trajectory simulations
and operational experiments. Delta-based UVMS configuration exhibits better motion stability than
conventional Serial UVMS designs, significantly reducing hydrodynamic effects and improving end-
effector precision during dynamic operations. The rest parts of this paper have been organized as
follows. Section II presents the methodology of the Delta-based UVMS, detailing its mechanical
architecture, control strategy, kinematic modeling, and comparative analysis with conventional
serial-arm system. Section III implements experimental validation through targeted grasping tests
and trajectory tracking experiments, evaluating both the Delta manipulator's operational
performance and the vehicle's motion control capabilities. Section IV provides an in-depth analysis
of the experimental results, including quantitative comparisons with existing UVMS configurations.
The study concludes with key findings and implications in Section V.

1. Material And Methods

1.1. Mechanical design of the UVMS

Figure 1 shows the mechanical composition of the proposed UVMS, which can be divided into
two parts: the upper floating-motion unit and the lower Delta gripper unit. The system is specifically
designed to address the stability, robustness, and adaptability challenges encountered in deep-sea
mining environments, where vehicles must operate reliably under high pressure, complex currents,
and unpredictable sediment disturbances.

Box === = Buoyancy

Blocks
Thrusters 73

Binocular
Camera

Scaled Box  Waterproof Rating: 168

ZF-USB-02B10 ZF-D60
Waterproof Rating: P68 Waterproof Rating: P68
Binocular Camera Drive Motor

Figure 1. (a) Mechanical design and (b) Waterproof design of UVMS.

The upper floating-motion unit adopts a rectangular structure with multiple buoyancy blocks
(material: polystyrene) arranged around the cylindrical capsule to ensure stability during vehicle
movement. The integrated system exhibits positive buoyancy, as its total buoyancy exceeds
gravitational force. Diving and ascending are achieved by modulating thrust from four centrally
mounted vertical thrusters (Model 2820, ROV-maker Co., China) within the upper floating-motion
unit. These vertical thrusters (T1-T4) simultaneously enable pitch and roll moment generation
through differential thrust allocation. An additional quartet of thrusters, arranged symmetrically
around the rectangular framework, provides horizontal translational control and yaw rotation. This
8-thruster configuration theoretically grants the floating-motion unit 6-DOF maneuverability,
ensuring fine station-keeping and precise positioning—critical capabilities when conducting
polymetallic nodule collection or sensor installation on rugged seabed.

To achieve precise manipulation of the lower Delta gripper unit, a waterproof binocular camera
(ZF-USB-02B10, Zhi-fan Marine Equipment Co., China) is mounted on the floating-motion unit for
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real-time observation and illumination. The essential hardware components, including power
supplies, motion controllers, camera drivers, and sensors, are enclosed within a sealed acrylic box,
centrally positioned to minimize hydrodynamic interference. This modular design not only simplifies
integration but also accommodates additional payloads such as sampling tools or mining-specific
sensors, which are essential in deep-sea operations.

The lower Delta gripper unit is mechanically structured based on a 3-RS;(Ps)S, mechanism,
comprising a gripper and multiple interconnected subcomponents. Specifically, "R" denotes a
rotational subcomponent, "S" represents a spherical subcomponent, and "Ps" refers to a parallelogram
pivot chain formed by four spherical subs. The static platform is securely mounted on the upper
floating-motion unit, while the dynamic platform integrates a flexible gripper. To ensure structural
stability, the static and dynamic platforms, along with the active and passive arms, are interconnected
via high-stiffness Hook hinges. Actuation is achieved through three high-performance motors (ZF-
D60, Zhi-fan Marine Equipment Co., China), which are fixed to the static platform to drive the
dynamic platform. This configuration enables the mechanism to achieve 3 translational DOF. The
flexible gripper operates via a linkage mechanism actuated by additional motors, whose drivers are
also housed within the sealed box to ensure environmental protection and system reliability. The
Delta mechanism’s reduced moving mass and rigid closed-loop architecture are especially
advantageous for grasping heavy, irregularly shaped mineral nodules, where stability and gripping
precision directly determine extraction efficiency.

Since the UVMS operates in underwater environments, waterproofing is a crucial aspect of the
system’s design. The system is designed for a depth of 300 m. Figure 1b illustrates the waterproofing
strategy implemented in the proposed system. The binocular camera, IMU sensor, and the drive
motors for both the Delta mechanism and gripper are rated IP68, ensuring suitability for prolonged
submersion. As previously mentioned, all essential electronics, including the microcontroller board
(Raspberry Pi) and Pixhawk 2.4.8, require robust waterproofing. These critical electronics were
housed in a custom sealed box featuring an acrylic pressure-resistant capsule, complemented by a
flange design with O-ring interference sealing. The assembly was further reinforced through dual
epoxy applications, employing Epoxy Resin AB for structural bonding and Adhesive for perimeter
sealing enhancement. This multi-layer waterproofing strategy is tailored for the highly corrosive and
high-pressure deep-sea mining environment, ensuring continuous system reliability during long-
duration operations.

All hardware devices are powered by a lithium battery, specifically a 65-25C battery with a
capacity of 16,000 mAh, capable of delivering a maximum power output of 2000 W to the UVMS.
Under this configuration, the gripper drive motor can achieve a maximum effective gripping force of
approximately 25 kg with the torque of 2 Nm. Each thruster provides a maximum thrust of 2 kg, and
the selected robotic arm servo can generate a gripping force of up to 25 kg, significantly exceeding
the propeller’s thrust. Consequently, considering the combined thrust of all four thrusters (4 x 2 kg),
the maximum estimated weight of an object that the UVMS can effectively grasp is 8 kg. This payload
capability is sufficient for typical polymetallic nodules, which range from several hundred grams to
several kilograms, thus meeting the practical requirements of deep-sea mineral collection. Additional
relevant technical parameters are summarized in Table 1. for further reference.

Table 1. Parameters of the umbilical cable.

Parameters Norm Note
Working depth (m) 300 Maximum design water depth
Weights (kg) <30 Dry weight
Opverall size (mm) 550x400x700 LxWxH
Rating (kW) 2 Battery Output
Maximum thrust (kg) 8 -
Robotic Load (kg) 25 Catch Max
Robotic servo torque (Nm) 2 -

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Duration (min) =30 Battery-powered
Battery capacity (mAh) 16000 Rechargeable
Number of camera paths 2 Monocular +Binocular
Remote operation mode PC + Joystick -

1.2. Control System and Control Strategy

Figure 2a illustrates the control system framework and key equipment of the proposed UVMS,
which consists of two main sections: the ground control section and the underwater actuation section.
Considering the extreme conditions of deep-sea mining—such as high-pressure environments,
complex hydrodynamics, and low-visibility due to suspended sediments—the control system
emphasizes robustness, redundancy, and adaptive data fusion.
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Figure 2. (a) Control system framework and key equipment of the proposed UVMS and (b) control strategy of
the proposed UVMS.

A custom user interface, developed using Python, enables control of the UVMS from a standard
PC and joystick guided by video images and sensor data provided by the interface. Key operational
data, such as images, angles, and poses, are stored in real time for post-mission analysis and system
optimization. The microcontroller board (Raspberry Pi) performs the kinematic calculations of the
Delta robot and streams binocular camera video, while communication with the console is
established via TCP/IP.

The Pixhawk 2.4.8 serves as the execution unit, integrating an electronic compass, Inertial
Measurement Unit (IMU), Doppler Velocity Logger (DVL), and altimeter. This integration is crucial
for deep-sea mining tasks, where reliable localization and station-keeping are essential to prevent
sediment plumes from disrupting visibility or to avoid damaging valuable mineral deposits. The
Raspberry Pi pre-compiles and executes the code responsible for controlling motors and servos,
functioning as the central controller. It receives commands from the Ground Control Section via the
umbilical cable, processes these inputs, and generates RC and PWM signals for the Pixhawk. These
signals precisely actuate thrusters and Delta robot joints. The binocular camera, connected via USB
4.0, captures real-time images of the working environment. This dual-layer control architecture
enhances fault tolerance, ensuring continuity of operations even under the unstable communication
conditions often encountered in deep-sea missions.

Figure 2b presents the control strategy implemented in the proposed UVMS. The system
leverages a binocular camera for real-time target recognition, supported by image processing steps
including calibration, aberration correction, and stereo matching. The YOLO v5 vision algorithm is
employed to extract the target’s 3D coordinates, which are then processed by the control program on
the Raspberry Pi. This vision-guided recognition is especially valuable in deep-sea mining scenarios
where targets such as polymetallic nodules are partially buried in sediment and must be
discriminated from background rocks and biological organisms.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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The UVMS attitude is stabilized using PID control algorithms, with real-time adjustments
facilitated by the Pixhawk’s IMU and DVL. This closed-loop stabilization strategy ensures that the
UVMS maintains a fixed orientation despite ambient currents, enabling precise and repeatable
manipulations critical for harvesting fragile mineral nodules without causing seabed disturbance.
Once stabilized, the system executes pick-and-place operations based on motion planning algorithms
that optimize arm trajectories within the underwater workspace.

Figure 3 illustrates the control block diagram for target capture. If the 3D coordinates of the
recognized target fall within the predefined operational workspace, the recognition frames on the
host computer turn blue, and the controller computes the necessary joint rotations of the Delta
gripper. Conversely, if the target lies outside the workspace, the recognition frames turn red,
indicating inaccessibility. This boundary-based visual feedback not only prevents futile
manipulations but also supports task planning in deep-sea mining, where time and energy efficiency
are paramount due to limited battery capacity and mission windows.

|
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Figure 3. The control block diagram for target capture.

1.2. Kinematic Analysis of the UVMS

To analyze the positional relationship of the manipulator with respect to the underwater vehicle
and to determine the response to the motor driving angles, the inertial frame E:(xt,ye,zz), the body
frame B:(xs,y8,z8), the static platform frame S:(xs,ys,zs) and the dynamic platform frame D:(xp,yp,zp)
are established to develop the kinematic model of the UVMS, as shown in Figure 4.

Figure 4. Mechanism sketch of the proposed UVMS.

The body, static and dynamic frames are built at the upper floating-motion unit center, the static
platform center and the dynamic platform center, respectively. The center position B of the upper
floating-motion unit in the inertial frame can be expressed as:

’73=[x3 Ve Zz 5 Vs ¢B] 1)
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where x, y,z are the positions of the upper floating-motion unit center and the dynamic platform
center in the inertial frame, and ¢, 7,y are the roll, pitch and yaw angles of the upper floating-motion
unit in the inertial frame, respectively.

The transformation relationship between the body frame B and the inertial coordinate system E
can be expressed as:
CW,CYy —SW,Ch+CW,SY,80, SW,S@+CW, Sy, Chy X,
SWaCry  CWRCH SV, SYpSEy  —CYpSPtsy,sy iy

—S7p s¢3073 C¢BC7B Zg
0 0 0 1

TS =

B

2)

where ¢- = cos(-) and s- = sin(")
The static platform of the lower Delta gripper unit is fixed to upper floating-motion unit, and the
relationship between the static frame S with the body frame B and the center point D of the

S

dynamic platform in the static frame can be represented as 7, = [SxD Vb SzD] , the relationship can

be expressed as:

10 0 Fux
010 %y

TB: N

flo o1 Pz 3)
000 1 |
(10 0 Sy,
010 %y

TS: D

oo 1 Sz, @)
000 1 |

Thus, the relationship between the dynamic frame D and the inertial frame E canbe expressed
as: T, =T;T;/T; . The positional relationship between the center S of the static platform and the center
D of the dynamic platform can be obtained by analyzing one of the closed-loop branch D-M;-N;-P;-S
of the Delta parallel robot, whose vector form can be expressed as:

SD=SM,+M,N +N,P,+PD (5)

The individual vectors in the static frame can be denoted as:
’x, Rcp LcOcp —ref,
SD=|°y, b SM,=|Rsp, |, M,N,=| LcOsp, |, PD=|-rsp,

§ 0 L;s6, 0

Zp

: (6)

where R is the radius of static frame, L:is the length of the active arm of the Delta parallel robot, 6 is
the angle between the static platform and the active arm, the angle § between each branched chain
and xs axis can expressed as: 8, =(i—1)27/3, i=1,2,3.

Since the length of the passive arm is fixed, i.e., the distance L: between N: and Pi is constant,
accordingly, the following kinematic equations are obtained:

[(R+LcO-r)ch " x, ] +[(R+Lcl-r)cf "y, I +(L;s6 =" z,)’ =L 7)

where 7 is the radius of dynamic frame, L: is the length of the positive arm of the Delta parallel
robot, i = 1,2,3.

If the angle i of the active arms is known, the position of the dynamic platform with respect to
the upper floating-motion unit can be obtained from the above equations. On the contrary, if the point
D is known, the corresponding angle 0i of the active arms can be obtained by the inverse kinematic
solution.
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1.2. Kinematic Analysis of the UVMS

To quantitatively evaluate the stability advantages of the Delta parallel UVMS over the
conventional serial UVMS, dynamic simulations were performed using Adams software. Both
systems were modeled with identical geometric dimensions of 550 mm x 400 mm x 700 mm, 6-DOFs,
buoyancy-to-weight ratios of 1.05, and open-loop trajectory tracking control parameters. As
illustrated in Figure 5a, both configurations executed predefined “M” and “®” trajectories under
uniform floating-state conditions (see Figure 5b), where only gravity, buoyancy, and hydrodynamic
forces were considered. Thruster-based PID compensation was intentionally disabled to isolate the
intrinsic mechanical effects of the manipulator designs.

SMTorque % g

TX (Serial)- - T.Y (Serial) -~ T.Z (Serlal]
X (Delia) — 1. (Delta) — 1.2 Delta}

05 1 s 2 28 3 15 4
Time ()

“oo”-Torque -

150 F-TX Sarial) - T (Serial) -~ 1.
[ TX (Debta) —T.Y (Delta) —T.

[ 1 15

Figure 5. (a) The simulation model configurations for Delta and Serial UVMS types, (b) end-effector executing

identical predefined "n" and "" trajectories, the corresponding simulation results about Force and Torque

variation in X, y, z directions of (c) "n" and (d) "oo".

Figure 5c,d presents the hydrodynamic forces acting on the upper floating-motion unit. During
“o” trajectory execution, the serial UVMS experienced peak forces of ~8.8 N, while the Delta UVMS
recorded a markedly lower peak of 4 N. Although both systems exhibited comparable maximum
forces during the “N” trajectory, the serial configuration sustained a consistently higher average
force, inducing greater perturbations in body displacement. Torque analysis further revealed that the
serial system generated more substantial z-direction torques, adversely affecting angular stability. By
contrast, the Delta UVMS exhibited a more uniform torque distribution, thereby reducing angular
deviations.

From a deep-sea mining perspective, this reduced hydrodynamic disturbance is critical, as
excessive forces and torques not only compromise vehicle stability but also exacerbate sediment
plume generation near the seabed, obscuring visual sensors and jeopardizing sustained mining
operations. The Delta parallel structure inherently mitigates such perturbations, ensuring more stable
body dynamics in unstructured environments.

Figure 6. compares the trajectory tracking performance of both systems. During “N” trajectory
execution (Figure 6a), the Delta manipulator outperformed its serial counterpart across all axes. For
example, in the x-direction, the maximum deviation of the Delta system was ~45 mm, compared to
~227 mm for the serial manipulator. During the “©” trajectory (Figure 6b), both systems achieved
comparable x-direction accuracy, yet the Delta UVMS demonstrated smaller y-axis (39.7 mm vs. 59.5
mm) and z-axis (3.2 mm vs. 10.1 mm) deviations.
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Figure 6. Trajectory tracking performance of the end-effector for Delta parallel UVMS and serial UVMS, showing

(a) "n" trajectory, and (b).""trajectory.

These improvements stem from the structural alignment of the Delta manipulator, which
extends vertically downward beneath its base, enabling motions that are naturally aligned with the
vehicle body. Although this introduces challenges in precise z-direction control, the overall three-
dimensional error accumulation remained significantly lower than that of the serial configuration.

The comparative results underscore the engineering significance of the Delta parallel design for
deep-sea mining applications. Superior hydrodynamic stability reduces plume disturbances and
enhances vehicle station-keeping, while improved trajectory tracking ensures reliable grasping of
polymetallic nodules and other seabed resources under strong ocean currents. Moreover, the reduced
torque fluctuation lowers mechanical stress on joints and actuators, thereby enhancing system
durability and energy efficiency, both of which are vital in long-duration autonomous mining
missions.

2. Experiment Results

2.1. Mechanical Performance of the Lower Delta Gripper Unit

As previously mentioned, the dexterity of the Delta gripper unit is a key feature of the system.
To quantitatively evaluate the kinematic accuracy of the fabricated Delta robot, an HTC VIVE tracker
2.0 (Hongda International Electronics Co., Ltd., China) was mounted on the dynamic platform for
precise measurements (see Figure 7a). In land-based experiments, presented in Figure 7c,d,
demonstrate that the Delta robot could follow predetermined trajectories with a maximum deviation
of 6.4 mm. This deviation can be attributed to factors such as friction variations due to insufficient
lubrication among the rods and inaccuracies in position and velocity control, which occasionally led
to arm decoupling. Enhanced lubrication and refined control algorithms are expected to reduce these
discontinuities. However, the current level of trajectory-following precision is deemed sufficient for
the operational requirements of underwater vehicle-manipulator systems.
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Figure 7. Mechanical performance of the Delta gripper unit, showing (a) experimental setup for evaluating
kinematic accuracy of the fabricated Delta robot, (b) sea cucumber model grasping experiment, (c) “n” Shape

motion trajectory of the Delta robot, (d) “00” shape motion trajectory of the Delta robot.

To further evaluate the system’s performance, target grasping experiments were conducted
using a soft-bodied sea cucumber model as the target. The lower Delta gripper unit was controlled
via a joystick, with real-time guidance provided by binocular camera images displayed on the PC
interface (see Figure 7b). Across five independent trials, the gripper was able to reach the target
localization accurately. However, the compliant dexterity of the soft gripper resulted in successful
target acquisition in four out of five attempts (80% success rate), with a mean positioning-to-grasp
duration of 7.9 + 1.3 seconds.

2.2. Kinematic Performance of the Upper Floating-Motion Unit

The proposed UVMS employs thruster-based actuation, utilizing coordinated control of eight
propulsion units to achieve full 6 DOF maneuverability within its floating-motion module. This
configuration enables precise spatial control through differential thrust allocation, essential for the
underwater manipulation required in deep-sea mining, where translation along the x, y, and z axes,
as well as yaw, are the dominant degrees of freedom (DOFs). Roll and pitch stabilization is inherently
supported by the vehicle’s structural design, which ensures stability under varying operational
conditions. For deep-sea mining, where precision and stability are paramount to the successful
extraction of underwater resources, the ability to manage these key DOFs is essential.

To evaluate the kinematic performance of the UVMS, a series of experiments were conducted in
a controlled experimental pool. As shown in Figure 8a, the proposed UVMS demonstrated
impressive flexibility and maneuverability. During underwater operation, the stable attitude of the
upper floating-motion unit plays a critical role in enhancing the reliability of the lower Delta gripper
assembly, which is crucial for grasping and manipulating materials from the seabed in a controlled
manner. The Delta gripper’s ability to maintain a precise grasp, free from body displacement or
instability, significantly contributes to the operational success of deep-sea mining.

In this study, an IMU-based PID feedback control algorithm was implemented to control the
floating-motion unit, ensuring stability during operation. To validate the effectiveness of this control
strategy, comparative experiments were conducted with and without PID control. The experimental
setup is shown in Figure 8b,c, with the waterproof angle sensor (HWT901B-TTL, WIT Co., China,
IP68 waterproof rating) placed at the top center of the vehicle’s body to monitor angular variations
along the x, y, and z axes during the trajectory execution. The experiments were grouped as follows:
a control group with a fixed stationary body, an experimental group with a floating body using open-
loop control, and an experimental group with a floating body utilizing PID control. The Delta robotic
arms were controlled to follow a predefined "N" trajectory during the trials.
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Figure 8. (a) the kinematic performances of the floating-motion unit, (b) experimental setup for the stationary
UVMS, (c) experimental setup for the floating UVMS, (d) angular information measured by the angle sensors
mounted on the vehicle body.

The body angle curves (see Figure 8d) demonstrate the effectiveness of the PID control strategy.
In the fixed body group, the angular variations remained close to 0° across all three axes, as expected.
However, the open-loop experimental group exhibited more significant angular changes, with the
variation ranging from -1.58° to 2.12°. In contrast, the PID-controlled group showed reduced angular
fluctuations, ranging from -0.33° to 0.66°, underscoring the stability provided by the PID control
system.

These results highlight a key advantage of the Delta mechanism-based UVMS in deep-sea
mining applications: even without PID control, the system's closed-chain kinematic structure
maintains body orientation stability, with angular deviations kept within 2.12°. This closed-chain
design distributes dynamic loads symmetrically across its linkages, minimizing torque imbalances
that could lead to body rotation or displacement. Such stability is crucial for deep-sea mining, where
even minor deviations in vehicle orientation could lead to significant errors in material handling,
potentially damaging equipment or causing resource misplacement.

The ability to execute precise trajectories while maintaining a stable body orientation, even in
dynamic underwater environments, is a significant advantage for the proposed UVMS in the context
of deep-sea mining. As underwater excavation and material collection often involve interaction with
the seabed, any displacement of the vehicle body could lead to suboptimal performance and
increased risks of failure. The stable attitude control provided by the PID feedback algorithm and the
inherent structural stability of the Delta mechanism ensure that the UVMS can maintain its
operational position, thus enhancing the reliability and precision required for extracting valuable
resources from the ocean floor.

The improved stability and accuracy of the proposed UVMS, especially in maintaining
orientation during operational tasks, positions it as a highly viable option for the next generation of
deep-sea mining systems. By reducing disturbances and ensuring reliable grasping of materials, the
system ensures more efficient and safer underwater resource extraction, crucial for long-duration
missions in deep-sea mining operations.
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2.3. Underwater Grasping Experiment

As described above, the proposed UVMS demonstrates the capability to perform underwater
grasping tasks with the assistance of a binocular camera. To validate its effectiveness, a series of
grasping experiments were conducted using a sea cucumber model. The grasping process, supported
by binocular vision, unfolds as follows: Initially, the UVMS is maneuvered via PC and joystick control
to approach the target, ensuring it enters the binocular camera's recognition range. A predefined
boundary range is established within the workspace of the lower Delta gripper unit, with these
boundary points integrated into the binocular recognition algorithm to assess the feasibility of the
grasping operation. If the target lies outside the Delta robot's workspace, the recognition frame turns
red, prompting the UVMS to autonomously adjust its attitude and reposition the Delta robot within
the workspace. The capture logic, detailed in Figure 3 of Section II B, illustrates this process,
emphasizing the role of the upper floating-motion unit in adjusting its position until the target is
within the operational workspace of the Delta gripper unit.

The experimental setup and results for underwater grasping of the targets model are presented
in Figure 9a. The UVMS was controlled to grasp, transfer, and place the target, with motion data of
the gripper acquired using position sensors. The results demonstrate that the UVMS can successfully
grasp targets (e.g., sea cucumber, steel pipe) and transfer them to specified locations under binocular
camera guidance (see Figure 9b—e). However, hydrodynamic forces generated by the movement of
the lower Delta gripper unit induce attitude changes in the upper floating-motion unit, necessitating
real-time thruster adjustments to maintain positional stability. This dynamic coupling between
manipulator actuation and platform stability resulted in a 60% success rate (6/10 trials) in underwater
grasping attempts with a mean task duration of 12.7 + 3.1 seconds, which is significantly longer than
terrestrial counterparts.

Figure 9. Underwater grasping experiment of a sea cucumber model, showing (a) the experimental setup, (b)
image recognition and boundary region determination using binocular camera, (c) grasping process for the sea

cucumber model, (d) transfer process for the sea cucumber model, (e) transfer process for the steel pipe.

3. Discussion

In this study, we present an innovative UVMS based on the Delta parallel mechanism. A
comparative analysis with other UVMS systems, as summarized in Table II, reveals that the proposed
Delta-based UVMS offers distinct advantages in weight reduction and operational stability for
underwater tasks. The bottom-mounted robotic arm effectively mitigates stability interference on the
buoyancy body, addressing the stability challenges associated with lateral configuration [13].
Meanwhile, compared with the traditional torpedo or spherical floats [13,16], the flat-type floats show
better static stabilization characteristics, which provides a basic guarantee for underwater operations.
Although serial robotic arms [6,16] provide increased degrees of freedom and a larger workspace,
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their inherent weight and the substantial shift in the center of gravity during operation pose
challenges to UVMS stabilization during underwater tasks. In contrast, the Delta parallel mechanism
minimizes these issues, enhancing system stability. Compared to commercial bottom-mounted
system like the Eureka II [15], the proposed UVMS features a simpler mechanical structure while
achieving human-machine interaction through vision-based visual servo autonomous grasping and
joystick-based control modes. Notably, while preliminary functionality has been validated through
land-based and underwater experiments, the system's reliability under dynamic marine conditions,
including turbulent disturbances and biofouling effects, requires quantitative evaluation through
systematic sea trials. Combining target pose prediction model inspired by [17] to build a collaborative
system that combines IMU-based vehicle control with anticipatory motion planning can improve the
grasping success rate in complex underwater environments, which requires further research.

The constructed Delta gripper unit could move along the predetermined trajectories, but some
disruptions occurred during the execution of the experiments (see Fig.7(c, d)). This phenomenon can
be attributed to several factors, including variations in friction and inaccuracies in controlling the
position and velocity of the arms. To address these issues, optimized control strategies, such as the
pick-and-place operation trajectory planning method [18] and the simultaneous control-and-
identification method [19], helping reduce discontinuities, resulting in improved velocity and
acceleration behavior. However, further investigation is required to refine these methods for better
performance. Nevertheless, for current UVMS, IMU-based float control and grasping operations
assisted by binocular camera navigation can fulfill the basic requirements for underwater operations.

The workspace of the Delta parallel robot can be further increased by increasing the length of
individual rods. Extending the rod length to enlarge the workspace involves trade-offs, including
reduced precision due to increased deflection, added weight, and potential decreases in payload
capacity. These factors necessitate careful consideration, as they impact actuator requirements,
structural integrity, and overall system efficiency. However, it is important to note that the active and
passive arms should be increased in the ratio of 0.58 [20], which is the golden ratio that maintains the
best kinematic performance of the Delta Parallel Machines.

The underwater grasping experimental results show that it is a challenge to keep the underwater
vehicle absolutely stable in suspension. This is attributed to the strong coupling within the Delta
manipulator vehicle-water multibody and fluid system, which arises from the dynamic motion of the
Delta manipulator. Furthermore, the propellers cause water to flow in particular directions makes
the upper float-motion unit subject to more compact hydrodynamic force. This represents a complex
hydrodynamic coupling issue commonly encountered in UVMS, which cannot be effectively
addressed through basic PID control alone. Therefore, further research is required to develop
synergistic optimal control strategies. In the future, it is necessary to establish a dynamic model of
UVMS considering hydrodynamics and optimize the control system accordingly, so as to improve
the stability of the underwater vehicle by optimizing the thrust distribution.

A comparative analysis of task completion times between underwater and terrestrial
environments reveals that underwater manipulation tasks inherently take longer due to fluid
resistance, which significantly affects manipulator speed and precision. Hydrodynamic forces, such
as drag and buoyancy fluctuations, introduce delayed response times and reduced operational
efficiency, requiring additional control effort from the operator. This increased cognitive load
underscores the need for optimized control strategies and assistive automation to enhance the
precision and efficiency of underwater manipulation.

Regarding the 40% grasping failure rate in underwater grasping experiment, it arises from
multifactorial causes, with the reliability of the mechanical gripper being the predominant factor.
While the soft gripper can successfully prevent target object damage, its inherent flexibility is not
enough to support its grasping. Redesigning the contact geometry of gripper from planar to curved
wraps, implementing variable stiffness modulation to dynamically adapt to load requirements, and
increasing the gripper’s angular range of motion to expand its operational envelope all contributed
to improved grasping success. Unlike terrestrial applications, hydrodynamic forces induced by
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robotic arm motion in underwater compromise the stability of its floating platform, leading to
grasping failure, which is one of the reasons for the reduced success rate. To mitigate the impact of
robotic arm motion on floating structures, we developed a downward-mounted Delta parallel
mechanism and conducted dynamic simulations under identical operational conditions with a
comparable serial manipulator. Comparative simulation results demonstrated that the Delta parallel
manipulator exhibits reduced destabilizing effects on the floating body. To further minimize
operational impacts, a PID control algorithm was implemented and underwater comparison
experiment without PID control was carried out. The empirical findings confirm that PID-controlled
actuation improves stabilization performance. The floating body oscillations also affect the visual
localization accuracy of binocular camera, which in turn has an impact on the success rate of grasping.
While template matching methods (e.g., SIFT, ORB) could partially mitigate these effects, such
computational enhancements remain beyond the current scope of this study. Regarding challenges
posed by limited underwater visibility and turbidity, structured light-based 3-D reconstruction
techniques can improve navigation precision in conditions of reduced water clarity and increased
particulate concentration

Table 2. Comparison with other light Underwater Vehicle Manipulator Systems with robotic arms.

. . . Yang et al. .
Parameters Yeu et al.[6] Mario et al. [16] Simoni etal. [13]  Eureka II [15] [17] This work
Body Shape Flat Torpedo Torpedo Flat Flat Flat
Body size(m) 1.2 x0.9x1.1 1.0x1.0x1.5 1.0x1.0x1.5 3.2x1.95x1.93 - 0.3%0.4*0.55
Depth rating(m) - 300 - 6000 - 300
System Weight(kg) 230 <200 <200 3950 21.9 <30
Parallel
Robotic arm type Serial Serial Parallel (Delta)  Parallel (Delta) (Delta) Parallel (Delta)
elta
Bottom
Arm position Bottom front Body front Body front Bottom below bel Bottom below
elow
Arm DOF 7 5 3 3 3 3
Arm maximum
14 1 1.2 - 0.68 0.52
elongation (m)
Arm weight(kg) 51 29 - - 0.7 0.8
payload capacity(kg) 25 12 - 100 - 8
Pixhawk, Pixhawk
Controller ROS ROS Micro PIC -
STM32 Raspberry Pi
IMU, Depth
. IMU, DVL, DVL, AHRS, DVL, AHRS, IMU, DVL,
Sensors equipped - sensor, .
Depth sensor etal. ~ Camera et al. Camera et al. Binocular Camera
Camera et al.
Prototyping(Y/N) Y Y N Y Y Y

4. Conclusions

This study presents an UVMS integrated with a Delta parallel robot, designed for marine
exploration and intervention tasks. The Delta manipulator is mounted beneath the vehicle,
capitalizing on its parallel architecture to minimize weight while enhancing structural rigidity,
payload capacity, and stability in high-dynamic underwater environments. A comparative analysis
of the Delta-based UVMS against conventional serial-manipulator UVMS highlights its superior
operational stability, as demonstrated through dynamic simulations in Adams software.
Experimental trials confirm the Delta manipulator’s ability to execute rapid dynamic responses and
high-precision trajectory tracking, while the vehicle demonstrates proficiency in both fundamental
maneuvers and advanced operations such as obstacle navigation. Motion control is achieved via an
integrated robust PID controller with disturbance rejection capabilities, ensuring precision under
hydrodynamic uncertainties. The system’s operational efficacy is further validated through binocular

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.



https://doi.org/10.20944/preprints202511.1656.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 21 November 2025 d0i:10.20944/preprints202511.1656.v1

15 of 16

vision-guided object grasping and relocation tasks, demonstrating exceptional resilience to
hydrodynamic disturbances. Successful emulations of seabed sampling and equipment maintenance
scenarios underscore the UVMS’s potential for complex underwater interventions, highlighting its
applicability in demanding marine operations.
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