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Abstract— This article presents the comprehensive frame-
work for a hybrid-driven underwater vehicle-manipulator system
(HD-UVMS) to grasp marine products on the seabed. The
purpose of the proposed hybrid-driven propulsion system is
to improve the swimming ability of the HD-UVMS by using
thrusters and enhance the stability of its pose adjustment
mechanism via two unique long fin propulsors. The control mode
for the thrusters and long fin propulsors is based on a fuzzy
logic control method. Subsequently, a lightweight manipulator
is developed to grasp marine products. The open–closed angle
and current controls for the gripper help to avoid damaging
marine products. A vision system is installed to enable the
HD-UVMS to gradually approach marine products with the aid
of monocular vision and grasp them with the aid of binocular
vision. A detailed method for monocular passive ranging and
stereo matching, in accordance with real-time metrics, is elabo-
rated. Finally, relevant experiments are conducted in an indoor
pool and under real sea condition to assess the effectiveness of
the proposed framework.

Note to Practitioners—The motivation behind this article is
the design of an underwater vehicle-manipulator system that
can grasp marine products on the real seabed and perform
other underwater intervention tasks. Currently, the predominant
method of fishing for marine products relies on human divers,
which has disadvantages for human divers’ health due to the long
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periods of time spent working underwater. In order to further
study the problem, this article develops a hybrid-driven under-
water vehicle-manipulator system (HD-UVMS) to work in a real
seabed environment. A hybrid-driven motion control framework
is presented using the thrusters to achieve effective cruising and
searching for marine products and long fin propulsors for the
fine pose adjustment required to grasp marine products. The
proposed lightweight underwater manipulator can grasp marine
products on the seabed with the aid of a vision system. A series of
experiments suggests that the HD-UVMS is practical and valid.

Index Terms— Hybrid-driven underwater vehicle-manipulator
system (HD-UVMS), robot control system, underwater
manipulation.

I. INTRODUCTION

OWING to the development and utilization of the ocean
resources, autonomous underwater vehicle (AUV) tech-

nologies for the execution of planned AUV missions have
begun to capture the attention of researchers [1]–[8]. These
technologies are generally employed in tasks related to the col-
lection of sensor data, survey missions, and the generation of
detailed maps of the seabed [9], [10]. In recent years, relevant
scholars have started to focus on urgent underwater scenarios,
such as object search and recovery, underwater archeology,
valve turning, connector plugging/unplugging, and fishing
of marine products [11]–[13]. Intervention capacities present
an area of significant interest for scholars, which expand
the capabilities of AUVs in underwater manipulation [14].
Accordingly, underwater vehicle-manipulator system (UVMS)
technologies have been proposed, and these technologies
involve the use of one or more underwater manipulators to
address underwater intervention tasks [15].

Current practical underwater intervention technologies are
geared to the needs of industries. The UVMSs that have been
developed thus far, which are employed for deep-sea industrial
tasks, comprise very heavy platforms (more than 100 kg).
However, a large-scale UVMS is not suitable for grasping
marine products growing in the shallow sea (approximately
15–20 m), sufficiently light. Moreover, the implementation
costs of using heavy UVMSs to collect marine products
are high. A majority of lightweight remotely operated vehi-
cles (ROVs) that are commercially available are equipped
with 1-degree-of-freedom (DOF) manipulators, which lack
operational flexibility. SAUVIM [11] was proposed as an
intervention UVMS that performed autonomous manipulation
in ocean environments. It was tasked with an underwater
recovery mission that involved target search and recovery via a
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heavy, 7-DOF robotic manipulator. The project derived long-
term support from governments and, more pertinent to this
article, introduced the process of autonomous manipulation.
The system performed well and has achieved preferable results
in the underwater manipulation tasks and provided insights to
practitioners. In the Italian project MARIS, an autonomous
UVMS for transportation tasks, including a mechatronic inte-
gration and control framework, was developed. The total
weight (in air) of the platform can range from 350 to
500 kg, depending on the mission payload [14], [16]. Another
well-known project aimed toward autonomous intervention
was achieved through the TRIDENT. The objective of the
TRIDENT project was to autonomously search and recover
objects by using an intervention-AUV (I-AUV) weighing
less than 200 kg [17], [18]. To facilitate ocean exploration
and industrial applications and improve working efficiency,
an underwater autonomous dual hydraulic manipulator plat-
form, which focused on deep ocean industrial manipulation,
was developed [19]. In [20], a novel 4-DOF fully electric
subsea manipulator was designed and installed on a typical
thruster-driven commercial observation ROV, which could be
manipulated to perform underwater manipulation by a joystick
operated by the pilot. According to our analysis of the lat-
est research, from the perspective of technical contributions,
our developed hybrid-driven underwater vehicle-manipulator
system (HD-UVMS) shows good swimming performance and
operational flexibility in shallow water interventions and is
portable and cost-effective. The proposed bionic principle
shows the potential for practical engineering applications.

In the context of underwater manipulation research, dif-
ferent control frameworks for underwater manipulations are
put up forward to contribute to the development of UVMS
technologies. The state of the art in UVMS control approaches
can be divided into two categories: kinematic control and
dynamic control. Kinematic control predominantly employs
fuzzy inverse kinematics algorithms, task priority, and others
[21]–[23]. Chiaverini [24] proposed a fuzzy inverse kinematics
method to find a flexible and reliable solution for UVMS
using different weight factors adjusted online according to
the Mamdani fuzzy inference. In the TRITON project, Cies-
lak et al. proposed a method that relies upon the decou-
pled control of vehicle and manipulator velocities using a
combination of the task priority redundancy resolution and
task concurrence approaches to implement valve turning with
the GIRONA500 platform [25]. In dynamic control, cer-
tain dynamic factors are provided to underline the nature
of the dynamic features of UVMSs. From this analysis, a
sliding-mode approach based on a feedforward compensation
term has been put forward. Numerical simulation results have
shown that knowledge of the dynamics allows the improve-
ments of the tracking performance [26]. Heshmati-Alamdari
et al. [27] proposed a robust force/position control scheme
for a UVMS in compliant contact with the environment,
with great applications in underwater robotics. The proposed
method can simplify the control design complexity. From et al.
[28] deduced singularity-free dynamic equations for a vehicle-
manipulator system by using minimally and globally valid
non-Euclidean configuration coordinates.

Regarding the grasping of marine products, Li et al. [29]
developed an absorptive-type ROV to capture marine products.
However, the absorptive force causes sandy silt and blurs the
camera vision. In order to improve the speed and maneuver-
ability of AUVs, a hybrid-driven glider with independently
controllable wings and a rudder has been developed [30].

With the aim of grasping marine products in shallow waters,
a low-cost and compact UVMS with a lightweight manipulator
is here developed. Compared with other existing UVMSs,
our proposed HD-UVMS, by combining the high-performance
long fin propulsors and thrusters of previous studies, shows
superior swimming abilities in sea environments. With the
help of thrusters, the HD-UVMS can cruise and approach
marine products quickly. Meanwhile, long fin propulsors can
contribute to underwater manipulation due to their relatively
low-speed undulation. An underwater manipulator with com-
pact sizes is developed so as to reduce water interaction.
Moreover, the gripper can implement open–closed angle con-
trol and current control to avoid damaging marine products.
An underwater vision system with both monocular and binoc-
ular cameras is proposed to improve navigation and assist
the detection and localization of marine products. Overall,
the system integrations for our HD-UVMS, and the relevant
experimental testing, lead to a successful demonstration of the
proposed technology’s capacities for grasping marine products
on the seabed.

In consideration of the goal of the HD-UVMS, that
is, to grasp marine products in shallow water, the main
contribution of this article is twofold.

1) Compared with the aforementioned heavy UVMSs,
a low-cost and lightweight HD-UVMS is specially
integrated with different mechatronic systems to grasp
marine products on the seabed. A proposed hybrid-
driven propulsion system, including thrusters and long
fin propulsors, is put forward to improve the HD-UVMS
swimming abilities.

2) Practical validation of the proposed HD-UVMS pro-
totype is conducted by applying the proposed control
framework to the task of grasping different marine
products in a real sea environment.

The remainder of this article is organized as fol-
lows. Section II presents the general characteristics of the
HD-UVMS and details of the mechanical design. Section III
introduces the speciality of the hybrid-driven propulsion sys-
tem and lays out the control framework based on the under-
water vision system. Moreover, the corresponding algorithm
for marine products localization is illuminated. Section IV
describes the relevant experiments on grasping marine prod-
ucts. This article ends with conclusions and future work in
Section V.

II. MECHATRONICS OF THE HD-UVMS

This section presents the mechatronics of the HD-UVMS.
A detailed description of the vehicle and the manipulator
subsystem is given since all the works are developed by us.

A. Overview of the HD-UVMS

Real sea environments typically feature undercurrents,
especially on the seabed. Underwater vehicles should have
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Fig. 1. 3-D CAD model of HD-UVMS.

TABLE I

STRUCTURE PARAMETERS OF THE HD-UVMS PROTOTYPE

good maneuverability to compensate for the effects of under-
currents as they grasp marine products, such as scallops,
sea cucumbers, and sea urchins. As shown in Fig. 1, our
HD-UVMS is actuated by two symmetrically arranged long
fin propulsors and four thrusters to adapt to the complicated
sea environment. The HD-UVMS uses the thrusters to gen-
erate large propulsive forces for cruising and approaching
marine products. Alongside, in contrast to thrusters, the two
long fin propulsors can produce small propulsive forces and
moments with sinusoidal and flapping waveforms. The long
fin propulsors can provide fine pose adjustments required by
the HD-UVMS, enabling it to stably grasp marine products.
The 3-DOF underwater manipulator equipped with the special
gripper can grasp marine products, and place them into the
basket.

The main cabin is equipped with a PC-104, which receives
and decodes signals from the control board and sends back the
corresponding control signals. The motion of the HD-UVMS
can be measured by an inertial measurement unit (IMU).
The underwater vision system consists of a binocular camera
(stereo vision) and a front-facing camera (monocular vision).
The binocular camera achieves the recognition and localization
of the marine products intended for grasping. The front-
facing camera provides a large sea environmental field of
vision for the HD-UVMS. Table I describes the main structure
parameters of the HD-UVMS prototype.

B. Mechanical Structure of the Underwater Manipulator

A lightweight and compact underwater manipulator is devel-
oped to grasp marine products. It is composed of three revolute
joints (e.g., waist, shoulder, and elbow) and a gripper that

Fig. 2. Detailed view of the underwater manipulator. (a) Structure of the
underwater manipulator. (b) Details of the gripper drive mechanism.

simply opens and closes by a pinion and rack assembly
without affecting the end-effector pose, as shown in Fig. 2.
The manipulator is made up of nylon plastic to reduce the
inertial mass and increase the buoyancy. Note that the four
servo motors are placed inside the waterproof cylinder base to
reduce the joint mass. Additionally, the waist joint is installed
in the interior of the vehicle to reduce water interaction.
The specific parameters and implementations of underwater
manipulator are detailed in Table II (n1, n2, n3, and n4
denote the corresponding transmission ratio of the bevel gears,
respectively). Kinematics of the underwater manipulator can
be established based on the D-H parameter model [31], [32].

III. HD-UVMS CONTROL FRAMEWORK

This section presents the control architecture developed for
our HD-UVMS. It mainly consists of three independent archi-
tectures: the underwater vehicle and underwater manipulator
architectures, and the vision system, all are shown in Fig. 3.
The HD-UVMS has two operation modes, i.e., a joystick
input for remote control, and autonomous operation. The state
of motion of the HD-UVMS can be obtained through the
IMU. The objective of the HD-UVMS is to grasp marine
products on the seabed. Long fin propulsors can achieve
good stability and fine pose adjustment through the long fin
control module, which is crucial for autonomous manipulation.
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TABLE II

IMPLEMENTATION OF THE UNDERWATER MANIPULATOR

Fig. 3. Framework of the HD-UVMS software architecture.

The main characteristic of the thruster is a large propulsive
force, which can propel HD-UVMS closer to the region
of interest using the thruster control module. The proposed
underwater manipulator can grasp marine products using the
joint position control and kinematic data. The gripper control
guarantees the safety of marine products by avoiding damage
through current detection. The vision system provides the
information necessary for navigation as well as detection and
location of marine products.

A. Performance of the Hybrid-Driven Propulsion System

Our HD-UVMS adopts a hybrid-driven propulsion system
to improve its efficiency in grasping marine products. In order
to show its performance, we conduct some comparative exper-
iments. Fig. 4 shows the computational fluid dynamics (CFD)
simulation and indoor pool propulsive force test for the long
fin propulsor.

As shown in Fig. 5, the long fin propulsor can generate a
stable propulsive force along x (the wave direction in Fig. 4).
Moreover, the force along y (perpendicular to the wave
direction in Fig. 4) nullifies each other due to the symmetrical
arrangement of the two long fin propulsors. Note that the
actual forces reduce with the increase in the frequency as
the frequency exceeds 1.5 Hz due to the compliant nature of
the actuators.

Fig. 4. Propulsive force test for the long fin propulsor. (a)–(d) Maximum
pressure difference of left side and right side of each undulating peak changes
with the movement of the long fin propulsor waveform during a wave period
using the CFD simulation. (e) and (f) Force test for the long fin propulsor
using the designed force measurement platform.

Compared with the long fin propulsor, thrusters can generate
large propulsive forces. According to official manuals,
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Fig. 5. Test and evaluation of propulsive force for long fin propulsor.

Fig. 6. Image sequences of HD-UVMS motion stability test. (a) and (b)
Motion stability test with long fin propulsors. (c) and (d) Motion stability
test with thrusters.

Fig. 7. Time evolution of HD-UVMS attitude driven by (a) long fin
propulsors and (b) thrusters.

the maximum propulsive force obtainable is 50 N. In order to
test the characteristics of the long fin propulsor and thrusters,
we implement a comparative experiment on the HD-UVMS
and record its response using the IMU. Fig. 6 shows the image
sequences of the two different motion modes.

In Fig. 7, the test results can be observed and analyzed.
The two charts show the time evolution of the roll and
pitch angles of the HD-UVMS driven by long fin propulsors
and thrusters, respectively. After comparison and analysis,
the long fin propulsor can be seen to generate an even force
and maintain the equilibrium of the HD-UVMS, and this is

Fig. 8. Thrusters’ allocation.

a positive indicator of its ability to facilitate hovering and
manipulation. The thrusters, however, generate large forces
and bring a large momentum to the HD-UVMS.

B. Modeling of Hybrid-Driven Propulsion System

We introduce a fuzzy method to determine the relationship
between the propulsive force and the parameters of thrusters
and long fin propulsors, respectively.

1) Modeling of Thrusters Based on Fuzzy Inference: As
shown in Fig. 8, the two horizontal thrusters are symmetrically
positioned along the horizontal axis (axis X), and two vertical
thrusters are symmetrically arranged along the vertical axis
(axis Y ). According to the arrangement of the four thrusters,
the forces and moments imposed on the HD-UVMS generated
by thrusters can be presented as⎧⎨⎨⎨⎨

⎨⎨⎨⎩

FX = FT3 + FT4

FZ = FT1 + FT2

MX = D(FT2 − FT1)

MZ = L(FT4 − FT3)

(1)

where FT1 , FT2 , FT3 , and FT4 are the propulsive forces
of four thrusters, respectively. The symbols FX and FZ

denote the resultant forces in the X- and Z -axes, respectively.
The symbols MX and MZ denote the resultant moments
in the X- and Z -axes, respectively. The symbols 2D and
2L denote the distance between the two vertical thrusters
and two horizontal thrusters, respectively. The thrusters are
controlled in an open-loop mode by adjusting the pulsewidth
modulation (PWM) signal, as the rotation speed is immea-
surable. Moreover, it is difficult to provide a quantitative
assessment of the hydrodynamical model of the thrusters,
considering the complex external forces and torques. In order
to improve the control accuracy, we conduct experiments to
obtain the force/torque under different PWMs (i.e., rotating
speed). Therefore, we introduce a fuzzy method to determine
the nonlinear relationship between the PWM and the control
inputs of the HD-UVMS. Taking two horizontal thrusters as
an example, we give the specific fuzzy modeling of thrusters.

The proposed fuzzy approach has two inputs and
two outputs. The inputs for the system are the surge
force τu (FX ) and yaw moment τr (MZ ), and the out-
puts are the velocities of the two horizontal thrusters.
According to (1), the range of the input and out-
put variables are defined as τu ∈ [−100, 100], τr ∈
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Fig. 9. Membership functions for horizontal thrusters. (a) Membership
function for τr . (b) Membership function for τu . (c) Membership function
for T4. (d) Membership function for T3.

TABLE III

FUZZY RULE BASE FOR HORIZONTAL THRUSTERS

[−5, 5], VF3 = [−50, 50], and VF4 = [−50, 50]. The fuzzy
sets with seven linguistic values for τu , τr , VF3 , and VF4

are defined: [{N B, N M, N S, Z , P S, P M, P B }. Note that
N B, N M, N S, Z , P S, P M, and P B are linguistic values
representing negative large, negative median, negative small,
zero, positive small, positive median, and positive large,
respectively [33], [34]. The standard triangular membership
functions are used and are shown in Fig. 9. The rule bases of
the fuzzy controller are listed in Table III, which is generated
on the basis of priority principles (i.e., the priority of the yaw
control is higher than that of the surge control; namely, when
the yaw torque and surge force are both large, the large yaw
torque is guaranteed preferentially). Finally, at the stage of
defuzzification, the outputs are given by the center of gravity
method. Similarly, the control of the two vertical thrusters can
be achieved using fuzzy inference for τw and τp .

2) Modeling of Long Fin Propulsors Based on Fuzzy
Inference: In order to stably implement underwater manip-
ulation, two symmetrical undulating long fin propulsors are
installed on both sides of the HD-UVMS. A sinusoidal wave
function is employed by the servo motor controllers to gener-
ate forces and moments, as shown in Fig. 10. The forces and
moments vary with the oscillating frequencies and amplitudes.

Fig. 10. Oscillating analysis of the long fin propulsors.

According to [35], the oscillating discipline for each fin ray
can be expressed as

θ(x, t) = θm sin

�
2π f t + 2π

λ
x + φ0

�
+ θB (2)

where the symbol θm denotes the oscillating amplitude,
the symbol f denotes the oscillating frequency, the symbol λ
denotes the wavelength of the undulating long fin propulsor,
and the symbol θB denotes the initial phase. Note that the
width of the membrane and the maximum moving speed of
servo motors have constraints due to the mechanism design.
The detailed introduction of long fin propulsor can be found
in [35].

Designing a motion control algorithm based on oscillating
discipline 2) is difficult due to the complex hydrodynamic
parameters, modeling inaccuracies, and parameter identifica-
tion tasks. Moreover, we mainly focus on the surge force
and yaw moment. The control of the two long fin propulsors
requires four parameters (i.e., θm , the left long fin propulsor
oscillating frequency fL , the right long fin propulsor oscillat-
ing frequency fR , and θB). We adopt a fuzzy approach to map
the relationship between the two forces/moments and the four
parameters. The specific implementation can be found in the
literature [36].

C. Implementation of Hybrid-Driven Propulsion System for
Approaching Marine Products

According to the performance analysis of the hybrid-driven
propulsion system, a control scheme for the autonomous
approaching of marine products using a hybrid-driven
propulsion system is established. As shown in Fig. 11, the long
fin propulsor controller is composed of a proportional–
integral–derivative (PID)-based yaw controller and fuzzy-
based parameter mapping. The thruster controller consists of
a PID-based surge controller and fuzzy-based parameter map-
ping. In the process of searching for marine products, the front-
facing camera is used to navigate and approach the detected
marine product if the binocular camera does not detect them.
With the HD-UVMS approaching the marine product, it will
appear in the binocular camera and the stereo vision algorithm
will be executed. If the two cameras detect marine products
at the same time, the stereo vision will be tackled. In the
process of approaching marine products, the HD-UVMS will



This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

CAI et al.: GRASPING MARINE PRODUCTS WITH HD-UVMS 7

Fig. 11. Control scheme for autonomous approaching to marine products using a hybrid-driven propulsion system.

Algorithm 1 Strategy for Autonomous Approaching to Marine
Products With the Hybrid-Driven Propulsion System
1: Initialization
2: repeat
3: HD-UVMS cruises using thrusters;
4: if the monocular camera detects marine products then
5: if (|ψa| > ψre f ) then
6: Thruster controller is activated to reduce yaw angle

relative to detected marine products.
7: else
8: Thrusters propel HD-UVMS approach to marine

products xa → xre f ;
9: end if

10: end if
11: if binocular camera detects marine products then
12: Thrusters stop working, meanwhile HD-UVMS

adjusts pose using long fin propulsor controller.
13: end if
14: if ((|ψa| ≤ ψre f ) and (xa ≤ xre f )) then
15: HD-UVMS lands on the seabed.
16: end if
17: until HD-UVMS lands on the seabed.

first adjust the yaw angle ψa (the actual yaw angle of the HD-
UVMS with respect to marine products) to the desired value
ψre f (a small positive threshold) and then approach the marine
products using thrusters. The distance between the marine
product and the HD-UVMS in the surge direction varies from
xa to xref . The strategy for the autonomous approaching of
marine products with the hybrid-driven propulsion system is
concluded in Algorithm 1.

When the detected marine product appears in the field of
binocular view, long fin propulsors are activated to adjust the
pose of the HD-UVMS using the real-time position informa-
tion obtained via the stereo vision algorithm. Finally, the HD-
UVMS will land on the seabed with the desired pose.

D. Grasping Marine Products Without Damage

During the process of grasping marine products, we should
ensure that the system is capable of grasping marine products
without damaging them. Note that sea cucumbers are soft
and can be easily damaged by the gripper. Scallops and sea
urchins are stiff and can cause gripper damage if open–closed
angle detection and torque detection are not implemented. The
motor current can reflect the variation trend of the torque
of gripper imposed on marine products, to a certain extent.
Considering these factors, we design a gripper control method
based on open–closed angle detection and current control
detection. The symbols L and Ld represent the actual and
desired Euclidean distances between the gripper and marine
products, respectively. The symbol δ denotes the threshold
at which the manipulator movement should be stopped. The
symbols τg and θg denote the real-time values of the current
and open–closed angle of gripper, respectively. The symbols τd

and θd denote the corresponding desired values. The symbols
μ and σ denote the threshold values of the open–closed angle
and current of the gripper to realize the appropriate grasping
of the marine product, respectively. A detailed description can
be found in Algorithm 2.

E. HD-UVMS Vision System

As described in Section II-A, the HD-UVMS vision system
consists of two parts: a front-facing camera (monocular vision)
and a binocular camera (stereovision). The front-facing camera
is predominantly used for navigating and detecting marine
products due to its large field of view. We can also obtain the
approximate positions of marine products through the monoc-
ular camera if marine products are detected. Furthermore,
the precise 3-D coordinates of marine products are provided
by the binocular vision. Section III-E1 mainly introduces the
mechanisms of monocular passive ranging, stereo matching,
and localization.

1) Monocular Passive Ranging Principle: Monocular
passive ranging has been subjected to considerable research.
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Algorithm 2 Gripper Control Method
1: Initialization, Grasped = False;
2: manipulator starts to move to approach marine products;
3: compute position error between gripper and marine prod-

ucts in the manipulator base reference e = |L − Ld |;
4: while (e < δ) do
5: obtain gripper current τg(i);
6: obtain gripper open-closed angle θg(i);
7: θg(i) → θd (closing) by angle PID controller;
8: In the process of gripper closing, τg(i) → τd by current

PID controller;
9: if (

�		τg(i)− τd
		 ≤ μ


 || �		θg(i)− θd
		 ≤ σ



) then

10: Grasped = True;
11: if Grasped == True then;
12: Place the marine product in the basket;
13: end if
14: break.
15: end if
16: end while

Fig. 12. Transform relationship of different coordinate systems.

We commonly use a camera calibration method to obtain the
internal and external parameters of the camera. The sizes
of marine products vary. Therefore, we have designed a
range of common sizes covering each category of marine
products (by choosing the average of each of the ten marine
product sizes). We can obtain an approximation of the distance
between the marine products and the HD-UVMS by using the
monocular vision. In Fig. 12, the 3-D coordinates of target
(in the monocular coordinate system) can be determined by
the following monocular passive ranging [37]:⎧⎨⎨

⎨⎩
Z = (Ld f/l p + Wd f/wp)/2

X = Z(u − u0)dx

Y = Z(v − v0)dy

(3)

where the symbol Z denotes the Zc-direction component
in the monocular camera coordinate system. The symbols
Ld and Wd denote the length and width of the detected
target size, respectively. The length and width of the target
detected on the pixel plane are denoted by the symbols l p

and wp , respectively. The symbol f denotes the effective
focal length of the camera. Similarly, the symbols X and Y
denote the values of the Xc- and Yc-direction components in
the monocular coordinate system, respectively. The symbols

Fig. 13. SIFT-based matching process. (a) Detected result. (b) SIFT feature
point matching. (c) Calculated result.

(u0, v0) denote the coordinates of the origin of the image
coordinate system in the pixel coordinate system. The symbols
dx and dy denote the physical dimensions of each pixel in the
x- and y-directions of the image plane, respectively. Finally,
we can obtain the 3-D coordinates (X,Y, Z ) of the detected
marine products in the monocular coordinate system.

2) Stereo Matching Based on Binocular Vision: Most stereo
matching algorithms are designed for dense stereo matching
tasks. The 3-D points’ cloud techniques were applied to
establish the detailed models on simple underwater objects for
grasping operations [38], which is a time-consuming approach
for UVMSs required real-time control.

The proposed stereo matching algorithm based on
scale-invariant feature transform (SIFT) adopts supersparse
matching so as to reduce the computational redundancies
for grasping tasks. Compared with the traditional gray win-
dow methods, SIFT feature point-based matching is more
reliable [39]. Moreover, it has a lower computational complex-
ity and higher real-time performance than adaptive support-
weight matching, convolutional neural networks (CNNs), and
other deep-learning-based matching methods. Fig. 13 shows
the principle of an SIFT-based matching process. A detailed
description of the SIFT-based stereo matching algorithm is
shown in Algorithm 3 (symbol B denotes the baseline distance
between two cameras, and symbol f denotes the effective
focal length of the camera.).

IV. EXPERIMENTS AND ANALYSIS

To verify the effectiveness of the proposed hybrid-driven
platform for grasping marine products, we conducted a series
of experiments in an indoor pool and on a real seabed.

A. Autonomous Approaching Marine Products in an
Indoor Pool

The image sequences in Fig. 14 depict the process of
autonomously approaching a marine products. Note that in
the strategy of approaching marine products, the first step is to
adjust the yaw angle of the HD-UVMS to the desired value and
then to swim to them. Fig. 15 shows the temporal evolution of
the yaw angle and the Euclidean distance between the marine
products and the HD-UVMS. From 0 to 5 s, the HD-UVMS
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Algorithm 3 SIFT-Based Stereo Matching Algorithm
Input: Binocular camera image sequences with pixel coordi-

nates of detected marine product Pl(xl, yl , wl , hl), where
the symbols xl and yl denote the pixel coordinates on
the left image, the symbols wl and hl denote the size of
detected target’s bounding box;

Output: the 3D coordinates of detected target Coordinate3d;
1: Initialization parameters (polar line tolerance δ, Maximum

disparity Dmax and Minimum disparity Dmin);
2: Feature point matching is performed on the detection

result (Pl , Pr ), and the obtained matching point pairs
(si f tli , si f tri ) are stored in the vector SV, where i stands
for i -th sift features points;

3: for (i = 1, i < k, i + +) do

4: if (
(
			ysi f tli

− ysi f tri

			 ≤ δ)&&(Dmin <			xsi f tli
− xsi f tri

			 < Dmax)
) then

5: Compute Xi = Bxsi f tli|xsi f tli
−xsi f tri

| ,Yi =
B ysi f tli|xsi f tli

−xsi f tri
| , Zi = B f

|xsi f tli
−xsi f tri

| ;
6: end if
7: Compute the average value [Xi ,Yi , Zi ], and regard the

average value as Coordinate3d;
8: end for
9: return Coordinate3d;

Fig. 14. Autonomous approaching sea cucumber. (a) and (b) Phases of
yaw adjustment. (b)–(d) Phases of approaching to the sea cucumber. (e) and
(f) Phases of HD-UVMS landing in front of sea cucumber by using long fin
propulsors.

Fig. 15. Yaw angle and Euclidean distance. The pinkish purple line denotes
the change of the yaw angle, while the black line denotes the distance between
HD-UVMS and marine products.

adjusts its yaw angle from −16.0◦ to 0◦ and begins to swim
toward a sea cucumber, and it is powered by the thrusters
and guided by the front-facing camera. The Euclidean distance
changes from 1.3 to 0.61 m at approximately 17 s. Finally, and
with the aid of long fin propulsors, the HD-UVMS lands in
front of the sea cucumber with an accurate pose.

Fig. 16. Experiment prototype and sea area. (a) Designed HD-UVMS
prototype. (b) Experimental sea area.

Fig. 17. Time evolution of coordinates of sea urchin with respect to the base
of manipulator.

B. Cruise to Search for Marine Products on the Seabed

To demonstrate its capacity for grasping marine products
on the real seabed, the HD-UVMS was transported by boat
to a specific sea area for its maiden expedition. Fig. 16
shows the preparatory work and the experimental sea area.
We used the remote control mode to cruise and seek for
marine products. After the preparatory work, the HD-UVMS
was released to dive to the seabed. Once a marine product
was detected, the HD-UVMS approached it, using the front-
facing camera. When the marine product was locked in by the
binocular camera, its corresponding coordinates were obtained
in real time. The HD-UVMS adjusted its pose with respect
to the detected marine products using its long fin propulsors.
Fig. 17 shows the time evolution of the sea urchin coordinates
with respect to the manipulator during the process of pose
adjustment. The time at which the 3-D coordinates of the
detected sea urchin with respect to the manipulator coordinate
system was calculated was regarded as the start time of the
curve lines in Fig. 17. The time at which the detected sea
urchin was in the manipulator workspace and could be grasped
was regarded as the end time of the curve lines in Fig. 17.
Fig. 18 shows the HD-UVMS cruising to search for marine
products using thrusters and its pose adjustment via long fin
propulsors.

C. Grasping Marine Products Based on Visual Servo

The coordinates of the marine product with respect to
the base of the manipulator was obtained when the detected
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Fig. 18. Image sequences on cruise to search for marine products. (a)–(d) Phase of cruise with thrusters. (e) and (f) Phase of the pose adjustment and landing
on the seabed.

Fig. 19. Image sequences of grasping sea urchin. (a) and (b) Phases of gripper
approaching marine products. (c) Phase of the closing gripper. (d) Phase of
the lifting gripper. (e) Phase of put sea urchin into the basket.

Fig. 20. Time evolution of manipulator joint position and gripper position.

marine product was matched successfully by stereo vision.
Subsequently, the manipulator began to move to grasp the
marine product with the assistance of stereo vision. When the
marine product was grasped, it was automatically put into the
basket belonging to the HD-UVMS. Fig. 19 shows the process
of grasping a sea urchin. The grasping process is comprised

Fig. 21. Time evolution of open–closed angle and current of gripper.

Fig. 22. Image sequences of grasping other marine products. (a) Phases of
grasping sea cucumber. (b) Phase of grasping scallop. (c) Grasped marine
products.

of two steps. In the first step, the gripper moves to the actual
position of the marine product.

In the second step, in order to avoid damaging marine
products, the gripper began to grasp them using the open–
closed angle detection and current detection. Fig. 20 shows
the temporal evolution of the actual joint and gripper positions
for the manipulator.

Fig. 21 shows the time evolution of the open–closed angle
and current of the gripper servomotor during the process of
grasping the sea urchin. The desired current (e.g., torque)
of the gripper servomotor is set to 200 mA, which was
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found preferable through experiments. Similarly, the desired
open–closed angle of the gripper can be obtained. Once the
actual current is within the desired range, the gripper will
maintain the current angle.

In order to demonstrate the HD-UVMS’s capacity to grasp
different marine products, some experiments were conducted.
Fig. 22 shows the process of grasping scallop and sea cucum-
ber. Finally, we grasped six sea urchins, one sea cucumber,
and one scallop in 15 min, which demonstrated the feasibility
and reliability of the comprehensive HD-UVMS.

V. CONCLUSION AND FUTURE WORK

This article has presented the integrated systems that
constitute a hybrid-driven propulsion system, underwater
manipulator, control method framework, and underwater
vision system. The proposed platform can cruise and approach
marine products using thrusters and is capable of fine pose
adjustment using its long fin propulsors. The strategy for the
autonomous approaching of marine products is formulated.
The gripper control with open–closed angle detection and cur-
rent detection is designed to avoid damaging marine products.
The underwater vision system is proposed to supply the real-
time tracking and precise positions of marine products. Mean-
while, the capacity of the HD-UVMS for grasping marine
products is demonstrated successfully.

Compared to the above-mentioned UVMSs, the proposed
HD-UVMS is more suitable to grasp marine products
in shallow waters due to its portability and low cost.
The developed HD-UVMS presents good swimming ability.
However, the HD-UVMS has no autonomous obstacle avoid-
ance capacity. In the future work, we will focus on the gripper
torque control via dynamic models and improve obstacle
avoidance capacity using the sonar technology.
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