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Underwater Bioinspired Propulsion: From
Inspection to Manipulation
Yu Wang , Rui Wang , Shuo Wang , Min Tan, and Junzhi Yu , Senior Member, IEEE

Abstract—This article presents the design of a
biomimetic underwater vehicle-manipulator system
(BUVMS) with bioinspired long-fin propulsion and its
control methods. The kinematic analysis of bioinspired
long-fin propulsion is conducted, and the maximum thrust
of this propulsion derived from our thrust measurement
platform can be up to 25 N. Bioinspired long-fin propulsion
is introduced to construct the BUVMS for inspection and
manipulation tasks, and the system architecture of the
BUVMS is described. Moreover, real-time dynamic dubinshelix path planning and tracking of the biomimetic vehicle
are proposed to realize the arrival of the desired pose.
The tracking error is less than 0.23 body length. Finally,
coordinated control between the biomimetic vehicle and the
manipulator is developed to achieve autonomous manipulation. The reaction of the manipulator served as feedforward
compensation is added into the closed-loop control of the
biomimetic vehicle. The experimental results are provided
to illustrate the validity of the proposed methods.
Index Terms—Bioinspired propulsion, coordinated control, underwater vehicle-manipulator system, underwater
manipulation.
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I. INTRODUCTION
URRENTLY, autonomous underwater vehicles have commonly been used for applications such as water quality
monitoring, oceanographic research, underwater archaeology,
and underwater intervention for the oil and gas industry [1]–[6].
Inspired by the excellent swimming ability of fish, including
their high efficiency, swift maneuverability, low-nose performance, and strong environment adaptation, many fish-inspired
underwater vehicles have been developed and researched upon
in the literature, and they are expected to have real applications
in future. Fish-inspired swimming modes can be divided into
two types: body and/or caudal fin (BCF) and median and/or
paired fin (MPF) [7].
The BCF swimming mode can be seen in most fish that move
by bending their bodies [8]. Kopman et al. created a robotic fish
with two links connected by an actuated joint, and its dynamic
model was presented. The tail vibration was modeled using the
Euler–Bernoulli beam theory [9]. Thanks to inspirations from
insect wings and fish fins, Zhang et al. created a robotic fish
with two caudal fins, and a central pattern generator (CPG)
model was presented to implement versatile maneuvering motions, motion switching, and autonomous swimming with an obstacle [10]. Chen et al. proposed a miniature untethered robotic
fish; its dynamic model was established based on the Lagrange
method. An MAPWM-based control method was proposed to
utilize the duty ratio to achieve the turning motion of the robotic
fish [11]. Yu et al. [12], [13] and Li et al. [14] developed different types of robotic fish prototypes, including a single-motoractuated robotic fish capable of fast swimming and fairly good
maneuverability, a multijoint robotic lucius, and a maneuverable
miniature robotic fish equipped with a magnetic actuator system.
Li et al. [14] established a mathematical model for a two-link
Carangiform robotic fish based on the Lagrangian mechanics
method. Moreover, an iterative learning control method was
presented to achieve precise speed tracking of a two-link
Carangiform robotic fish. Verma et al. [15] devised a dataassisted dynamical modeling and control approach to realize the
speed tracking of a two-link robotic fish. Pulse-based identification and step-response-based identification were proposed for
thrust delay and thrust nonlinearity, respectively. Marchese et al.
[16] designed an autonomous soft-bodied robotic fish with a
fluidic actuation system, which could achieve rapid continuumbody motion for escape. Zhang et al. [17] developed a gliding
robotic fish for long-duration monitoring of underwater environments, which was a hybrid of underwater gliders and robotic fish.
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The MPF swimming mode can be commonly seen in knifefish, cuttlefish, and stingrays. Zhou et al. [18] designed an underwater robot propelled by bionic undulating fins, and the coupled
CFD model was established for studying the dynamic behavior of underwater robots. Rahman et al. [19], [20] developed
five experimental prototypes with two undulating fins successively, and forward, turning, and braking motions were achieved.
Wei et al. developed an underwater vehicle propelled by two
symmetric long-fin propulsors. Closed-loop control methods
including depth/course control and waypoint tracking were proposed [21]–[23]. Zhou et al. constructed a biomimetic underwater vehicle with two flapping pectoral fins. CPG-based
control was used to achieve forward/backward and turning
swimming [24]. Additionally, some researchers used new materials to design biomimetic underwater vehicles with pectoral
fins. Wang et al. [25] proposed a micro biomimetic manta
ray robot fish actuated by SMA. Analogously, Yan presented
a biomimetic underwater vehicle with SMA-based flexible fins.
The kinematics model of the SMA-based flexible fin ray was
built, and the motion mechanism of the flexible fin was studied [26]. Kim et al. [27] presented and constructed a soft morphing ray propulsor with pectoral fins, and EcoFlex 0030 was
applied as the fin material. This robot could swim as fast as
0.26 body length per second. Takagi et al. [28] developed
a robotic ray fish based on ionic polymer metal composites,
and the propulsion speed was measured under various control
parameters.
By analyzing the fish-inspired swimming mode, the following
conclusions can be drawn. The BCF swimming mode can produce big thrust and good flow resistance but is relatively weak
in hovering ability and visual observation. The MPF swimming
mode demonstrates strong hovering ability and good adaptation
under complex turbulence, however, it is relatively weak against
resisting strong turbulence because of the smaller thrust. This
is a promising design for underwater vehicles as sensors can
be installed inside the stable body for accurate data during motions [24]. An underwater vehicle-manipulator system (UVMS)
belongs to a nonlinear, highly redundant and high-dimensional
system. There is no doubt, it is quite commonplace for UVMS
equipped with thrusters to be applied for scientific research and
commercial products. Moreover, the thrusters have good performance on hover control [29], [30]. From the respective of
academic research, in recent years, some achievements have
also been made in biomimetic propulsors [31]–[33].
The main contribution of this article is given as follows.
1) Bioinspired long-fin propulsion is introduced into an
UVMS so that tiny posture control of the body can be
achieved.
2) Practical validation of the proposed path planning and
tracking framework is conducted. Moreover, coordinated control between the biomimetic vehicle and the
manipulator is proposed, and free floating autonomous
manipulation is implemented.
The remainder of this article is organized as follows.
Section II deals with the mechanism study of bioinspired longfin propulsion. Section III describes the system architecture of
BUVMS. In particular, path planning and tracking of the vehicle

Fig. 1.

Design concept of long-fin propulsion.

and the coordinated control of the BUVMS are detailed. Finally,
Section IV concludes this article.
II. BIOINSPIRED LONG-FIN PROPULSION
Bluespotted stingrays can achieve flexible motions in narrow
spaces under water turbulence. Swimming motions of bluespotted stingrays are achieved by the undulation of flexible fins on
both sides of the body. Research led by biologists has shown
that the single long-fin consists of evenly spaced groupings of fin
rays. Inspired by this excellent structural feature and Rahman’s
work [19], [20], long-fin propulsion is developed as shown in
Fig. 1. In order to increase the motions of undulatory fins, each
fin ray is driven by a corresponding servo motor. A pair of
orthogonally coupled bevel gears are used as the transmission
between the fin ray and the corresponding servo motor. A flexible membrane served as fish skin is covered over fin rays to
construct the long-fin propulsion.
The kinematic model of the long-fin propulsion can be
described as


2π
xi + θB
(1)
θi (xi , t) = A cos 2πf t ±
λ
where t is time, A represents the oscillating amplitude, f represents oscillating frequency, λ represents the wavelength of the
generated wave, xi is the position of the ith fin ray along the
baseline, and 2πxi /λ is the phase difference, which is equal to
ϕ ∗ i. Here, ϕ denotes the phase difference between two adjacent fin rays and θB is the deflection angle of the long-fin wave.
Note that the propagating direction of the wave is determined
by the “±” sign in (1).
In order to further analyze the properties of long-fin propulsion, a thrust measurement platform is constructed as illustrated
in Fig. 2(a). A push–pull gauge (HANDPI HP-500) is used to
measure the instantaneous force produced by the long-fin wave.
The long-fin propulsion is connected to a board, which can only
move horizontally through low-friction sliding blocks. Fig. 2(b)
shows the relationship between the forward thrust measured
by the thrust measurement platform and oscillating frequency
in different oscillating amplitudes. Note that forward thrust as
a function of frequency forms a parabolic curve. This is because the amplitude decreases, if the frequency is greater than a
threshold value.
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TABLE I
STRUCTURE PARAMETERS OF THE BUVMS
Fig. 2. Thrust measurement. (a) Thrust measurement platform.
(b) Thrust results.

III. BIOINSPIRED PROPULSION: FROM INSPECTION
TO MANIPULATION
A biomimetic underwater vehicle (BUV) with the bioinspired
long-fin propulsion is developed as shown in Fig. 3. The total
mass of the BUV is 27.2 kg. The diameter of the main body
is 236 mm, and the length of the main body is 778 mm. In the
main body of the BUV, all electronic equipments, which include batteries, control circuit, servo motors, a CMOS camera
are placed. Closed-loop motion control of this BUV including
depth and course control, and waypoint tracking were presented
and achieved [22]. After many years of research on this BUV,
which focused on mechanical design, mechanism analysis, and
motion control, we can list out the advantages of this BUV. The
main body of this BUV has high stability during motions at a
low speed. Furthermore, the tiny posture control of the BUV
can be realized by modulating fin rays. Thus, it is advantageous
to achieve motion control under complex turbulence. This BUV
could consequently be used for many tasks owing to a high
stable body at a low speed. It suitably serves as an underwater
observation platform, which uses a camera for inspection. Moreover, this bioinspired long-fin propulsion is suitable to serve as

the thrust source of an UVMS for autonomous manipulation.
Therefore, a BUVMS with the bioinspired long-fin propulsion
is developed for autonomous manipulation as shown in Fig. 3.
Next, the system architecture of the BUVMS is detailed.
A. System Architecture of the BUVMS
As illustrated in Fig. 4, the BUVMS is integrated based on
module concepts, which comprises the main body, two sets of
long-fin propulsors, and a 4-DOF manipulator. The manipulator
is placed under the main body, and two sets of modular long-fin
propulsors are placed on both sides of the main body. A modular
long-fin propulsor is composed of a cylindrical cavity and 12 fin
rays connected to one another by a fin membrane. The main
structure parameters of the BUVMS are listed in Table I. Servo
motors, a field programmable gate array (FPGA), and Li-ion
batteries with output of 8.4 V are placed inside the cylindrical
cavity of the long-fin propulsor served as a waterproof box.
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Fig. 6.

Fig. 4.

Module design of the BUVMS.

RDDH path planning and tracking.

controller sends the commands to FPGA chips. These
commands are wave parameters, which include frequency,
amplitude, phase difference, deflection angle, and propagating
direction of the long-fin waves. A PC104 controller is used to implement specific technologies of BUVMS, which include object
detection and localization, navigation, RDDH path planning,
and tracking of the vehicle and coordinated control between
the vehicle and the manipulator. An inertial navigation system
and a depth sensor are applied to realize the navigation of BUVMS. Binocular visual system is used to achieve the detection
and localization of an object to be grasped. Navigation and
object detection and localization were provided in [34]; here,
they are omitted. Next, RDDH path planning and tracking and
coordinated control are introduced.
B. RDDH Path Planning and Tracking of the
Biomimetic Vehicle

Fig. 5.

System architecture of BUVMS.

In the main body of the BUVMS, batteries with an output of
24 V, an upper PC/104 unit, and sensors for specific needs are
installed. The maximum working depth of the BUVMS is 50 m,
and the maximum weight load of the manipulator is 2.5 kg.
The system architecture of the BUVMS is shown in Fig. 5.
A Windows 7 PC104 controller as the main control unit
communicates with the manipulator, FPGA chips (ALTERA
EP3C55F484), inertial navigation system, depth sensor through
the RS232 interface, and communicates with the binocular visual system through the USB interface. FPGA chips are used
to control servo motors corresponding to fin rays to achieve
the propagating wave of the long-fin propulsor. The PC104

It is essential to utilize RDDH path planning and tracking.
Thus, the BUVMS can swim from the initial pose to a fixed pose
to execute inspection and manipulation tasks. RDDH path planning and tracking are provided as illustrated in Fig. 6. RDDH
path planning was presented in our previous work [35]. It could
generate a smooth trajectory connecting the initial pose to the final pose in real time. RDDH path tracking comprises LOS guidance system, three active disturbance rejection control (ADRC)
subcontrollers, and fuzzy inference. LOS guidance system is
used to get the desired course and depth of the BUVMS. The
three ADRC subcontrollers are surge speed controller, course
controller, and depth controller. Fuzzy inference is used to get
the nonlinear relationship between the propulsive force/torque
and the control inputs of the BUVMS. The proposed RDDH path
planning and tracking method can be applied to other driventype underwater vehicles by replacing the fuzzy interference.
The three-dimensional (3-D) trajectory based on Dubins and
helix curves is applied in the RDDH path planning. The projection of this 3-D trajectory on the xy plane is a Dubins path.
This 3-D trajectory only comprises two 3-D helix curves and a
straight-line curve as shown in Fig. 7(a). The planned trajectory
can be reproduced according to the current pose of the BUVMS
owing to the real-time performance of the RDDH path planning.
In RDDH path tracking, the detailed description of the ADRC
controller could be found in [36]. Next, the LOS guidance system and fuzzy inference of RDDH path tracking are given as
follows.
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trajectory is composed of two 3-D helix curves and a straightline curve. Therefore, the finite state machine is designed, which
includes the helix and straight-line path tracking states. The
control objective is to reduce the cross-track error between the
BUVMS and the desired path. First, the helix path tracking state
starts off. Then, when the BUVMS enters the closed ball of
the first cutoff point denoted by Cts , the helix path tracking
state ends off and the straight-line path tracking state starts off.
Next, when the BUVMS enters the closed ball of the second
cutoff point denoted by Ctg , the straight-line path tracking state
ends off and the helix path tracking state starts off. The helix
path tracking state ends off until the BUVMS approaches the
final pose as close as possible.
In the helix path tracking state, for simplicity, the foresight
point on the OE XE YE plane is first computed. As illustrated
in Fig. 7(c), the helical path is projected onto the OE XE YE
plane. This projection path is a circular arc with a radius of RH .
Assume that there is a virtual circle associated with the BUVMS, whose center is located in the barycenter of the BUVMS
and the radius is Ru h . The intersection of the virtual circle and
the projection circle of the helix path is chosen as the foresight
point. Particularly, when there are two intersection points, the
intersection point further forward along the helical path is selected as the current foresight point [green point as marked in
Fig. 7(c)]. Otherwise, if there is no intersection, the point, which
is both located on the projection circle and closest to the virtual
circle, is chosen as the foresight point. Furthermore, the 3-D
position of the foresight point on the helix path is determined.
In case that the number of revolutions of the helix path is greater
than 1, multiple corresponding foresight points may exist on the
helix path. The determination of the foresight point is related
to the total rotation angle of the BUVMS around the rotation
axis. The single foresight point Plos is selected as the red point
in Fig. 7(c).
In the straight-line path tracking state, the current foresight
point represented by Plos is located somewhere on the line segment LC t s C t g . Assume that there is a virtual ball associated
with the BUVMS, whose center is located in the barycenter of
the BUVMS and the radius is Ru s . If the virtual ball intersects
the current tracking line segment LC t s C t g , the intersection point
closer to the next waypoint Ctg is served as the foresight point,
which can be calculated as

Fig. 7. Guidance system. (a) Foresight point on the RDDH path.
(b) Finite state machine. (c) Foresight point on the O E X E Y E plane
during the helix tracking state.

1) Guidance System: A 3-D line-of-sight guidance system
based on the finite state machine is presented to provide the
desired course and depth of the BUVMS as shown in Fig. 7(b).
Ps and Pg denote the initial pose and the final pose, respectively.
Cts (xts , yts , zts ) and Ctg (xtg , ytg , ztg ) denote cutoff points as
marked in Fig. 7(a). P (x, y, z) denotes the current position of the
BUVMS, Plos (xd , yd , zd ) denotes the foresight point. The 3-D

2
(x − xd )2 + (y − yd )2 + (z − zd )2 = Rus

(2)

xd − xts
yd − yts
zd − zts
=
=
.
xtg − xts
ytg − yts
ztg − zts

(3)

Otherwise, the point, which is both on the current tracking line
segment and closest to the virtual ball, is chosen as the foresight
point, which can be obtained as
(x − xd )(xtg − xts ) + (y − yd )(ytg − yts )
+ (z − zd )(ztg − zts ) = 0
xd − xts
yd − yts
zd − zts
=
=
.
xtg − xts
ytg − yts
ztg − zts

(4)
(5)
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Plos is chosen as the foresight point, then the desired heading
angle can be computed as
⎧
⎪
π + 12 ssgn(ye ) · π,
xe = 0
⎪
⎨
ye
1
ψd = arctan( x e ) + π + 2 ssgn(ye ) · π
(6)
⎪
⎪
⎩ 1
− 2 ssgn(xe ) ssgn(ye ) · π,
xe = 0
where xe = x − xd , ye = y − yd . ssgn(·) denotes a sign
function defined as

1, x ≥ 0
ssgn(x) =
.
(7)
−1, x < 0
The desired depth is selected as the depth of the foresight point.
2) Fuzzy Inference: It is difficult to provide a quantitative
assessment of the hydrodynamical model of fin propulsion considering complex external force and torque. Some numerical
analysis methods are usually used for hydrodynamic analysis
of the long-fin propulsion. The nonlinear relationship between
the propulsive force/torque and the parameters of the long-fin
propulsion has been deduced and validated in [37] and [38].
However, the drawbacks of these methods include modeling
difficulty, large computation, and weak real-time performance.
Therefore, we introduce a fuzzy method to determine the nonlinear relationship between the propulsive force/torque and the
control inputs of the BUVMS, i.e., the parameters of propagating waves on bilateral fins, including left-fin frequency (denoted as FL ), right-fin frequency (denoted as FR ), amplitude of
waves, phase difference, and deflection angle. τr , τu , and τw are
propulsive force or moment acting on surge, heave, and yaw,
respectively. The proposed fuzzy method is composed of fuzzification, an inference engine, rule base, and defuzzification. The
commonly used Mamdani’s max–min method is used to achieve
fuzzy inference, and the weight average method is applied for
defuzzification. The detailed description can be seen in [21] and
[22]. Thus, it is omitted.
3) Experiment Results: Experiments of helix and straightline path tracking are conducted to confirm the validity of the
RDDH path tracking. The experiment site is a swimming pool
with dimensions of 5 × 4 × 1.1 m (length × width × depth).
Fig. 8(a) shows the desired path and actual path of the BUVMS
in the helix path tracking experiment. The initial position of
the BUVMS is (2.050, 0.819, 0.180), and the initial orientation
is 0.143 rad. The center of the helix curve projected onto the
OE XE YE plane is (2.3, 2.0). Fig. 8(b) shows the time history
of the path tracking error in the helix path tracking experiment.
Fig. 9(a) shows the desired path and actual path of the BUVMS
in the straight-line path tracking experiment. The initial position and final position of the BUVMS are, respectively, (1.500,
1.500, 0.580) and (3.500, 1.500, 0.300). Fig. 9(b) shows the
time history of the path tracking error in the straight-line path
tracking experiment. It is seen that the tracking controller is able
to force the BUVMS to track the planned path and converge to
the final position. Notice that the turning motion of the BUVMS
is achieved by regulating different frequencies of two long-fin
propellers. Moreover, the deflection angles of the waveform are

Fig. 8. Helix path tracking experiment. (a) Desired and actual paths.
(b) Time history of the helix path tracking error.

Fig. 9. Straight-line path tracking experiment. (a) Desired and actual
paths. (b) Time history of the straight-line path tracking error.
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task-priority algorithm is efficient at solving the multiple redundancy problems using the Jocabian relationship. In the taskpriority algorithm, the mission is divided into several independent tasks. Those tasks are prioritized and conducted successively according to their priorities. The control variable of the
lower priority task is projected into the null space of the higher
priority task. Thus, all tasks are performed, but it would not
affect with each other. The singularity-robust task-priority iteration [40] is given as

Qi = Qi−1 (I − Ji+ Ji )
(8)
vi = vi−1 + Qi−1 Ji+ ui

Fig. 10. Block diagram of the coordinated control between the vehicle
and the manipulator.

regulated to produce the heave force. Thus, depth control can be
realized by controlling fin surfaces. The experiments show the
good maneuverability and stability of the BUVMS. The tracking errors are not more than 0.18 m, which is far less than the
size of the BUVMS. The trajectory tracking accuracy can satisfy application demands. However, from the tracking results,
we can see that the speed of the BUVMS is relatively low, which
reflects that the thrust of the bioinspired long-fin propulsion is
relatively small. This characteristic is also confirmed from thrust
measurement (see Fig. 2).
C. Coordinated Control Between the Biomimetic Vehicle
and the Manipulator
The block diagram of the coordinated control between the
vehicle and the manipulator is presented for autonomous manipulation as illustrated in Fig. 10. vM d represents the angular
velocity of the manipulator joint, and v̇M d represents the angular
acceleration of the manipulator joint. vV d represents the
angular velocity of the vehicle, and v̇V d represents the angular acceleration of the vehicle. vV represents the actual velocity
of the vehicle. These parameters are marked in Fig. 10. The
closed-loop position controller is used for the manipulator, and
the closed-loop ADRC controller based on fuzzy inference is
used for the biomimetic vehicle, which has been described in
Section III-B. In order to consider the coupling effect between
the vehicle and the manipulator, the reaction of the manipulator
is calculated as feedforward compensation by the hydrodynamic
model[39]. This feedforward compensation is added into the
body closed-loop control to realize the coordination between
the biomimetic vehicle and the manipulator. Task-priority kinematical control is applied to establish the relationship between
the given task reference velocity and system reference velocity.
The method can be appropriate for other UVMSs equipped with
thrusters by establishing the relationship task reference velocity
and rotation speed of thrusters. Here, task-priority kinematical
control and feedforward compensation are described.
1) Task-Priority Kinematical Control: The underwater vehicle-manipulator system is highly redundant. The

where i is the index of the task, Q is the null space projection
operator, I is the identify matrix, J is the Jacobian matrix, J + is
the pseudoinverse matrix, v is the desired system velocity, and
ui is the input of the task-priority algorithm. Traditionally, ui
only contains the desired task velocity. For control stability, state
feedback and velocity feedback are added into the ui to construct
closed-loop control. Thus, u is the combination of the planned
information and feedback information. The next operation is
the calibration of the previous error and the achievement of the
latest expected task simultaneously.
In order to realize autonomous manipulation, three tasks are
set as follows.
1) The first task: The BUVMS should adjust to the desired
yaw.
2) The second task: The end effector of the manipulator has
to reach the target object.
3) The third task: The joint angles of the manipulator should
be the desired angles according to the optimal working
field, which is the intersection between the working field
of the manipulator and the camera visual field.
Fig. 11 describes the detailed iteration implementation of
the abovementioned procedure for the three tasks. The primary
priority task is performed first. u1 consists of the planned desired task velocity σ̇1d , state error σ1d − σ̂1d , and velocity error
ˆ1d . The corresponding v1 is computed by the pseudoinσ̇1d − σ̇
verse Jacobian matrix J1+ . The subprimary priority task is performed analogously together with the equivalent pseudo-inverse
Jacobian matrix Qi−1 Ji+ . Finally, the eventual system desired
velocity v is obtained after all tasks are executed iteratively.
2) Feedforward Compensation: To achieve feedforward
compensation, the dynamic model of an underwater manipulator
is developed through the recursive Newton–Euler formulation,
which contains a set of forward and backward recursive equations. The forward equations compute the link velocities and
accelerations recursively from link 1 to link n. The backward
equations compute the forces and torques of interaction, and
joint actuator torques recursively from link n to link 1. Moreover, the weight and movement of a manipulator would affect
the underwater vehicle dynamics, which should be considered
as external forces or disturbances exerted on an underwater vehicle. The iterative Newton–Euler dynamics algorithm for all
links can be written as
Mm v̇ + Cm (v)v + Dm (v)v + gm (η) = τm

(9)
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Fig. 12.

Snapshots of the free-floating manipulation.

Fig. 13.

Control laws in autonomous free-floating manipulation.

Task-priority kinematical control for autonomous manipulation.

where
Mm = MRB + MA
Cm (v) = CRB (v) + CA (v)
Dm (v) = DL + DQ |v|

(10)

MRB and CRB (v) are the rigid body mass matrix and the Coriolis
and centripetal matrix, respectively. MA and CA (v) are the
added mass matrix and the added Coriolis and centripetal matrix,
respectively. DL and DQ |v| are the linear and quadratic drag
matrices, respectively. gm (η) is the resultant vector of gravity
and buoyancy. v = [u, v, w, p, q, r]T denotes the vector of linear
and angular velocities in the underwater manipulator coordinate
frame. η = [x, y, z, ϕ, θ, ψ]T is the vector of absolute positions
and Euler angles. τm is the resultant input vector of forces and
moments of manipulator, which is given as
τm = τcontrol + τM a

(11)

where τcontrol is the output of vehicle controller, while τM a is
the estimation of the reaction of the manipulator. This reaction
can be computed by the forward and inverse dymanics recursive
equations [39].
3) Experiment Results: In order to show the feasibility
and effectiveness of the proposed method, the underwater autonomous manipulation under disturbance is conducted in the
indoor pool. Fig. 12 shows a few snapshots of the free-floating
manipulation of the BUVMS, where (a)–(d) are the phases of
heading direction adjustment, (f)–(h) are the phases of fast approaching to the target, (i)–(l) are the phases of disturbances
generated by sticks on BUVMS, (m)–(p) are the phases of second try of grasping successfully. Fig. 13 shows the feedback
laws of the BUVMS yaw and the end effector position. The
feedback law of the yaw angle first reaches nearly zero. Then,

the feedback law of the end effector position reaches nearly
zero. From Fig. 13, we can see the BUVMS is disturbed at
about 46 s. But, the autonomous grasping is still achieved. It
takes about 90 s to realize underwater manipulation under disturbance. From Fig. 12, we can see that tiny posture control of
the BUVMS can be achieved by the modulation of fin rays, and
BUVMS can keep the high stability of the main body during
motion. It is very suitable for underwater free-floating manipulation. Although the BUVMS only implements motions at a
relatively low speed, the stability of the main body is an important indicator for free-floating manipulation. This experiment
verifies that it is feasible to introduce long-fin propulsion into
UVMS. Moreover, an autonomous free-floating grasping experiment under disturbance validates the effectiveness and robustness of the coordinated control between the biomimetic vehicle
and the manipulator. It contributes to the future research and
implementation of autonomous manipulation in more complex
environments.
IV. CONCLUSION
In this article, a biomimetic underwater vehicle-manipulator
system was constructed. The system architecture of the BUVMS was given. In order to achieve inspection and manipulation tasks, the control methods including RDDH path planning
and tracking and the coordinated control between the vehicle
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and the manipulator were presented and described. RDDH path
planning and tracking were applied for the arrival of the desired pose. Coordinated control of the BUVMS was applied
for autonomous manipulation. The experimental results further
demonstrated the effectiveness of the proposed control methods.
Future research will concentrate on autonomous manipulation
of the BUVMS in sea states.
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