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Floating Autonomous Manipulation of the
Underwater Biomimetic Vehicle-Manipulator
System: Methodology and Verification
Chong Tang

, Yu Wang, Shuo Wang

Abstract—This paper addresses the achievement of
floating autonomous manipulation of the underwater
biomimetic vehicle-manipulator system (UBVMS). A practical vehicle-manipulator coordinated plan and control
methodology of the UBVMS for autonomous interventions
are designed. First, the system configuration is introduced, and the optimal work space is confirmed. Then,
the control framework of the UBVMS mainly consisting
of online motion planning, multitask kinematic control,
dynamic feedforward compensation, and adaptive parameter undulatory control for autonomous manipulation is
presented. The online motion planning method with resort
to tracking differentiator is developed to produce desired
task trajectory and reference rate. The singularity-robust
multitask kinematic control algorithm with state observers
is designed to obtain system reference velocity. The couple
influence on the vehicle induced by the presence of the
manipulator is described as the dynamic feedforward compensation signal to reduce undesired waggle of the UBVMS.
Adaptive parameter modifier of the biomimetic propulsor is
designed to satisfy multifarious performance requirements
in different motion phases. Finally, pool experiments in
multiple scenarios for autonomous grasping manipulation
are conducted to verify the effectiveness and adaptability
of the developed coordinated plan and control strategy.
Index Terms—Autonomous underwater manipulation, autonomous vehicles, unmanned underwater vehicles.
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I. INTRODUCTION
NDERWATER operation in autonomous manners by underwater vehicle-manipulator system (UVMS) has been
an active research subject. In particular, a fully autonomous
operation without the assistance of the operator has been showing promising vista. Nevertheless, now the underwater interventions are mostly performed by means of remote control or
manual operation. Although some efforts have been devoted to
autonomous underwater operation, the level of the autonomy
still need to be further promoted significantly.
With our best knowledge, an autonomous manipulation primarily concerns system design [1], kinematic and dynamic analysis and modeling [2], [3], target identification and localization
[4], coordinated control of the vehicle-manipulator [5], and autonomous localization and navigation. Moreover, an excellent
framework of the UVMS also plays a vital role in autonomous
underwater intervention missions [6], which contributes to the
extension and integration of all functional modules.
In general, the UVMS is highly redundant with respect to
manipulation missions and the task-priority algorithm based on
the generalized inverse has shown great advantages in solving
redundant control problem. Whitney resolved the motion rate
control for manipulators based on optimized generalized inverse of the Jacobian relationships [7]. Liegeois developed a
two-level adaptive control for the kinematics control of vehiclemanipulator multibody mechanisms [8]. Then, Siciliano et al.
developed a general framework for controlling multiple tasks in
redundant systems [9]. Thus, the task-priority algorithm framework was constructed basically. Thereafter, Chiaverini paid special attention to solving the singularity problem of task-priority
algorithm [10], [11] and the stability of the prioritized closedloop inverse kinematic algorithms was analyzed in [12].
In recent decades, this task-priority framework is comprehensively adopted in practical UVMS prototypes for autonomous
interventions. Typically, the task-priority algorithm was applied
in projects of RAUVI [13], TRIDENT [14], and MARIS [15].
An autonomous underwater manipulation task in the unstructured environment was performed by SAUVIM [16] in 2010 and
the achievements of autonomous intervention by GIRONA 500
were reported in [17]–[21] successively. Remarkably, in [22],
Simetti et al. proposed a coordinated control methodology for
floating manipulation to manage both inequality and equality
objectives based on task-priority. This method was employed
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within the TRIDENT EU FP7 project, and both simulations
and experiments were conducted to prove the effectiveness of
the proposed coordinated control architecture. In [23], the technique to integrate both the activation and deactivation of tasks
and the inequality control objectives in the priority-based control was proposed. This activation and deactivation mechanism
could treat inequality control objectives efficiently and manage
task transitions easily. The above two works were mainly focused on the management for the inequality objectives and task
transition. While in this paper, the control tasks are all equality
objectives, so the classical task priority framework is adopted,
and the enhancement is concentrated on the combination with
the tracking differentiator and the state observer. Moreover, for
specific applications, Ocean One [24] endowed with human
intelligence and intentions was newly developed for underwater archaeology and oceanic discovery, and semiautonomous
DexROV [25], addressing the dexterous capabilities for various kinds of operations, was designed for off-shore inspection,
repair, and maintenance.
The UVMSs mentioned in previous literatures are driven
by conventional screw propellers, and usually they have large
size and heavy weight (more than 150 Kg). Moreover, these
UVMSs are mainly concentrated on the intervention for the
fixed object in single scenario. Nature selection in long evolution has endowed the cuttlefish with dramatical maneuverability and adaptability [26]. Inspired by biomimetics, a compact
lightweight (less than 52 Kg) underwater biomimetic vehiclemanipulator system (UBVMS) is developed to pursue the properties of remarkable propulsive efficiency, excellent maneuverability, and fine micro adjustment. By virtue of the advantages
of the biomimetic system, we are devoted to the floating autonomous cruising and grasping of the UBVMS for intervention
missions in multiple scenarios.
In our project, the path following control of the UBVMS
has been investigated [27], [28], and autonomous grasping performed only by the manipulator has been conducted [29]. The
autonomous underwater grasping by an UVMS driven by longfin propulsors is first achieved in this paper. This paper concentrates on the framework integration and implementation for
free floating autonomous manipulation by the UBVMS in multiple scenarios. Specifically, a general vehicle-manipulator coordinated plan and control framework is designed for floating
autonomous manipulations based on task-priority framework.
For pursuing floating autonomous grasping, a singularity-robust
kinematic control strategy of the UBVMS with the tracking differentiator and the state observer is designed to generate system
reference velocity. The disturbance on the vehicle induced by
the motion of the manipulator is reduced by feedforward signal to avoid waggle of the vehicle. Additionally, the parameter
adaptive control of the biomimetic propulsor achieves stationary
transition between the cruising phase and manipulating phase.
Grasping experiments are conducted in multiple scenarios to
validate the effectiveness of the coordinated plan and control
framework and method.
The rest of the paper is organized as follows. The system configuration and analysis are introduced in Section II. Section III
reports the coordinated plan and control strategy with tracking

Fig. 1.

System configuration.

differentiator and state observer based on task-priority. Experiments and results are given in Section IV. Conclusion and future
work are summarized in Section V.
II. SYSTEM PLATFORM AND ANALYSIS
The system configuration is shown in Fig. 1, where the size
of the pool is 5 m × 4 m × 1.2 m. The origin of the earth-fixed
frame OI − XY Z (East-South-Down) is located at the corner
of left-inner-top of the pool. The global camera-fixed frame
OG C − XY Z is parallel to the earth-fixed frame. In this paper,
autonomous manipulation consists of autonomous cruising and
autonomous grasping. During the stage of autonomous cruising,
the global camera plays a critical role to navigate the UBVMS
to the region of interest. However, this would be replaced by
the LBL or USBL system in real scenarios. While in the second stage, the pose of object with respect to the UBVMS can
be always estimated by the binocular vision for autonomous
grasping.
The manipulation missions are performed by the lightweight
UBVMS, which is composed of the main cabin, two symmetrical long fin propulsors, and a manipulator with 4 degrees of
freedom, as depicted in Fig. 2 [30]. In [29], the design of the
manipulator was elaborated, and autonomous grasping manipulation is conducted without the coordination of the vehiclemanipulator. The long fin propulsors, or biomimetic propulsors
provide the driving force and moment for the UBVMS, and
they endow the UBVMS with advantages of good stability, low
noise, and excellent fine adjustment. In main cabin, a binocular
camera is mounted to collect underwater image information and
monitor the target of interest.
Limited by the mechanical structure, the security working
range of the joint angle of manipulator must be ensured. Furthermore, for the efficiency of manipulating, more strict work
space need to be analyzed and confirmed. Fig. 3 shows the lateral view of the task space, and the blue shadow area is the entire
field which the manipulator can reach. The field of vision of the
binocular camera is in middle of upper and lower solid lines.
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Fig. 4. Working schema of the UBVMS for floating autonomous manipulation.

Fig. 2.

Prototype of the UBVMS.

of the manipulator is taken into consideration specially. Therefore, the manipulator hydrodynamic model is built to describe
the feedforward signal. By resorting to fuzzy rules obtained
by experience, all demanded control parameters for biomimetic
propulsors could be computed according to the desired force
and moment. Moreover, an adaptive parameter modifier is designed to satisfy the multiple performance demands during the
autonomous cruising and manipulation.
A. Online Motion Planning

Fig. 3.

Task space field (lateral view).

The target is mainly recognized and localized by the binocular
camera. So the grasping has to be performed in the overlapping
area of field of view of binocular camera and reachable field of
the manipulator. Furthermore, when the manipulation position
lies close to the center axis of the binocular camera, i.e., the dash
line, the UBVMS can perform autonomous manipulations well.
Therefore, the area of red rectangle is approximatively regarded
as the optimal manipulation space when the gripper performs the
grasping from the direction of underneath or back-underneath.
III. VEHICLE-MANIPULATOR COORDINATED PLAN AND
CONTROL
The general vehicle-manipulator control framework is illustrated in Fig. 4. Given the task to be performed, the motion is first
planned uniformly by the tracking differentiator. Then, the taskpriority inverse kinematics transfers the given task reference
velocity into system reference velocity with full consideration
of the function of both vehicle and manipulator and the control
of the vehicle and the manipulator are conducted, respectively.
The control of the manipulator is based on closed-loop position controller. The vehicle is affected by manipulator’s motion,
water current, and unknown disturbance. Here, the influence

In unstructured underwater environment, the drifting motion
of the UBVMS is inevitable. The traditional trajectory planning is unable to work effectively when drifting motion occurs
frequently and remarkably. The trajectory planning must be conducted frequently when the actual path deviates far away from
the expected path. This will reduce control precision and efficiency. For the sake of improvement of those drawbacks, an
online motion planning method based on tracking differentiator
is developed. Given the present states and the final expected
states of the UBVMS, the developed motion planning method
generates desired state at next moment instead of planning the
entire trajectory. This improves the computing efficiency and
saves calculating cost dramatically.
During the process of autonomous manipulation, many tasks
can be regarded as setpoint jump problem, for instance, heading
direction switching waypoint tracking. The tracking differentiator could construct a smooth transient profile for a setpoint
jump. By virtue of the fast tracking differentiator developed in
[31], the motion planner is designed to generate desired trajectory and its speed. The discrete form of the motion planner can
be written as
⎧
f = f (zi − z0 , vi , r0 , h0 )
⎪
⎨ i
zi+1 = zi + h0 vi
(1)
⎪
⎩
vi+1 = vi + h0 fi
where z0 is the expected point, zi and vi are the generated trajectory and its derivative at time i, respectively, r0 and h0 are
the parameters relating with the steepness and smoothness of
the trajectory, respectively, and they need to be adjusted accordingly for a specific setpoint jump problem. f (·) is the timeoptimal solution deduced from the discrete double integral plant,
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under more complex cases, i.e., with nonzero initial velocity
and random drifting of the trajectory and velocity. From those
simulation results, it can be observed that the motion planer
can work effectively in various situations. Therefore, the online
motion planning method has wide adaptability and practicability, particularly in the situation where there are large position
drifting and velocity drifting in underwater environment. This
motion planner generates the desired trajectory and velocity just
at current time according to present system state, so the planning
efficiency is improved and the computation cost is reduced.
B. Singularity-Robust Multitask Kinematic Control
The online motion planner generates desired trajectory, and
provides task velocity for the kinematic control. The Jacobian
relationship between the task velocity and the system velocity
can be expressed as
σ̇ = Jζ

Fig. 5. Cases study of the online motion planning based on tracking
differentiator. (a), (b) are the trajectory and velocity without any drifting.
(c), (d) are the trajectory and velocity with random drifting of the trajectory.
(e), (f) are the trajectory and velocity with nonzero initial velocity and
random drifting of the trajectory and velocity.

and it is [32]
⎧
d = r0 h20
⎪
⎪
⎪
⎪
⎪
a0 = h0 vi
⎪
⎪
⎪
⎪
⎪
⎪
y = zi + a0
⎪
⎪
⎪

⎪
⎪
⎪
a1 = d(d + 8 |y|)
⎪
⎨
a2 = a0 + sign(y)(a1 − d)/2
⎪
⎪
⎪
⎪ sy = (sign(y + d) − sign(y − d))/2
⎪
⎪
⎪
⎪
⎪
⎪
a = (a0 + y − a2 )sy + a2
⎪
⎪
⎪
⎪
⎪
sa = (sign(a + d) − sign(a − d))/2
⎪
⎪
⎪
⎩
f = −r0 (a/d − sign(a))sa − r0 sign(a)

(3)

where J ∈ Rm ×(n 1 +n 2 ) is the Jacobian matrix, σ̇ ∈ Rm is the
task velocity vector, and usually m < n1 + n2 . Here n1 , n2 are
the degree of freedom of the vehicle and manipulator, respectively, and ζ ∈ Rn 1 +n 2 is the system velocity vector.
By implementation of the online motion planning, the task
desired velocity σ̇d can be obtained. Then, the system reference
velocity ζd is able to be found to realize σ̇d at best by solving
following optimization problem:
min||σ̇d − Jζ||2W
ζ

(4)

where W is the weighted matrix. Thus, by generalized inverse
of the Jacobian matrix, the solution is [9]
ζ = J + σ̇d + (I − J + J)z

(5)

+

(2)

where sign(·) is sign function. d, a0 , y, a1 , a2 , sy , a, sa are the
symbols for denoting the calculation procedure of f (·). f (·) has
been optimized by the saturation function to eliminate steadystate oscillations, and ensures that the generated trajectory has
no overshoot.
Fig. 5 shows the simulation results of the developed motion
planning method under different situations. In the cases study,
the initial position is 0, the terminal position is 2 and the maximum velocity is limited to 0.15 m/s. Fig. 5(a) and (b) shows the
trajectory and velocity under the ideal conditions, i.e., without
any drifting in trajectory and velocity. Fig. 5(c) and (d) shows
the trajectory and velocity with some random drifting in trajectory. Fig. 5(e) and (f) shows the planned trajectory and velocity

where J is the generalized inverse of J and z is the arbitrary
item. As for underdetermined system of equation such as (3), the
generalized inverse J + is right inverse based on matrix theory,
i.e., J + = W −1 J T (JW −1 J T )−1 . However, JW −1 J T is not
invertible when J loses full row rank. Therefore, a singular
value-oriented regulated kinematic singularity robust form is
J + = W −1 J T (JW −1 J T + P (Σ(JW −1 J T ), a, b, c))−1 (6)
where P (Σ(JW −1 J T ), a, b, c)) is the bell-shaped and positive
matrix function
1
. (7)
P (Σ(JW −1 J T ), a, b, c) =
1 + (abs(Σ − c)/a)2b
It is parameterized by eigenvalue matrix Σ of the singular value
decomposition, i.e., JW −1 J T = U ΣV T , c is the center of the
bell-shaped region, a and b determine the shape of the bellshaped region. This function will prevent J + from growing to
infinite, and ensure the continuity of the algorithm.
The second task can be represented by following Jacobian
relationship:
σ̇2 = J2 ζ

(8)

with J2 ∈ Rm 2 ×(n 1 +n 2 ) , σ̇2 ∈ Rm 2 .
Analogously, the optimization problem is
min||σ̇2 − J2 ζ||2W .
ζ

(9)
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Equations (4) and (9) are taken into consideration together,
so optimization problem could be rewritten as
ζ = ρ1 + Q1 z2 : z2 = min||σ̇2 − J2 ρ1 − J2 Q1 z2 ||2W
z2

(10)

where ρ1 = J + σ̇d , Q1 = I − J + J, Q1 is null space operator
of J.
This means that
σ̇2 = J2 ρ1 + J2 Q1 z2 .

(11)

The algorithmic singularity occurs when J2 Q1 loses full rank.
In [10], algorithmic singularity can be avoided by solving following optimization problem instead of (10)
ζ = ρ1 + Q1 z2 : z2 = min||J2+ σ̇2 − ρ1 − Q1 z2 ||2W .
z2

(12)

Q1 owns the properties of Hermitian and idempotent, so the
corresponding solution is
z2 = Q1 J2+ σ̇2 + (I − Q+
1 Q1 )z3 .

(13)

Substitute (13) into (5) and the singularity robust iterative
solution can be obtained
ζ = ρ1 + Q1 J2+ σ̇2 .

(14)

Therefore, the singularity-robust task-priority iteration can be
concluded as
ρi = ρi−1 + Qi−1 Ji+ σ̇i .

(15)

The above iteration is an open-loop task priority algorithm.
Here, the state observers are designed to estimate state and velocity of given task, providing necessary feedback information.
The model of the state observer is expressed as
⎧
e = ẑi − zi
⎪
⎪
⎪
⎪
⎨ ẑi+1 = ẑi + h0 (v̂i − β1 e)
(16)
⎪
⎪
⎪ v̂i+1 = v̂i + h0 (âi − β2 e + Jζ)
⎪
⎩
âi+1 = âi + h0 (−β3 e)
where zi is the actual state at the moment of i of given task,
ẑi , v̂i , âi are the estimations of state, velocity, acceleration of
given task, and β1 , β2 , β3 are the parameters ensuring the convergence of the control. Here, the task-priority projection can be
abstracted into a virtual plant, and ζ is the output of this virtual
system, i.e., the system reference velocity. J is the corresponding Jacobian relationship matrix.
The feedback law is represented as
⎧
⎪
⎨ e1 = ẑi − zd
e2 = v̂i − σ̇di
(17)
⎪
⎩ u = h(σ̇ , e , e ).
d 1 2
One available choice of h(·) is linear weighted superposition
u = σ̇d + k1 e1 + k2 e2 .

(18)

Finally, the completed kinematical coordinated plan and control strategy based on task priority redundancy resolution framework is described thoroughly in Algorithm 1.
Given setpoint zsp , the tracking differentiator generates
both the trajectory point zdi and speed vdi sequentially. In
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Algorithm 1: Coordinated plan and control algorithm.
1: Initialization
2: ρ0 = 0, Q0 = I, i = 1;
3: while (true) do
4: if (task is over) then
5:
ζ = ρi + Qi z;
6:
Break;
7: else
8:
Compute Jacobian matrix Ji ;
9:
On-line motion planning to compute σ̇di ;
10:
State observers to estimate ẑi , v̂i ;
11:
Compute position error e1i = ẑi − zd ;
12:
Compute velocity error e2i = v̂i − σ̇di ;
13:
Compute feedback law ui = σ̇di + k1 e1i + k2 e2i ;
14:
Qi = Qi−1 (I − Ji+ Ji );
15:
ρi = ρi−1 + Qi−1 Ji+ ui ;
16:
i + +;
17:
end if
18: end while
Algorithm 1, zd can be selected as zsp or zdi . If zd = zdi , the
planned trajectory is achieved strictly, and this must be guaranteed by high motion precision at every moment. Apparently, this
would increase control cost significantly while if zd = zsp , the
trajectory may not be achieved strictly, but zsp can be reached
at a higher speed.
C. Feedforward Compensation
The manipulator is modeled as multilinkage mechanism,
while the vehicle body is assumed to be link 0. Hence, the
added effect of the manipulator is transformed to the vehicle
body by kinematic chain.
The UBVMS always keeps itself stable at the equilibrium
points in roll and pitch angle, or naturally recovers to its balance
under the restoring forces. Therefore, here define the system
velocity vector as ξ = [υx , υy , υz , r], where υx , υy , υz are the
linear velocity of the UBVMS, and r is the yaw angle rate.
Customarily, the dynamic model of the vehicle is written as the
following compact form [33]:
M ξ˙ + C(ξ)ξ + Dξ = τv − τa

(19)

where M (q), C(q, ζ), D(q, ζ) ∈ Rn 1 × n 1 are the inertia matrix, Coriolis and centripetal matrix, friction and hydrodynamic damping matrix, respectively. Here, all of them include
the added mass effects and τv ∈ Rn 1 is the vector of force
and moment provided by the biomimetic propulsors, and the
τa represents the coupling effect caused by the presence of
the manipulator. Therefore, the desired driving force can be
written as
τv = τcontrol + τ̃a

(20)

where τcontrol is the output of vehicle controller, while τ̃a is the
estimation of coupling effect. The estimation of τ̃a based on the
forward and inverse dynamics recursive equations is given in
[34].
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D. Adaptive Parameter Control of the Biomimetic
Propulsor
The undulatory model of the long-fin biomimetic propulsors
is analyzed in [35], the model is expressed as
⎧
2
θ (i, t) = Al sin[2πFl t − 11
(i − 1)Pl π] + Bl
⎪
⎨ l
2
θr (j, t) = Ar sin[2πFr t − 11 (j − 1)Pr π] + Br
(21)
⎪
⎩
i, j = 1, 2, . . . 12
where A, F, B, P are the amplitude, frequency, bias, and wave
number (relating with phase) of the undulatory fin, respectively,
and those parameters determine the motion of the vehicle completely.
By virtue of fuzzy mapping, those control parameters of longfin biomimetic propulsors can be transformed from desired force
and moment output by dynamics controller [33]. With our best
experience, during the manipulation phase, high stability is vital
to the success of operation. While in cruising phase, fast motion
speed is demanded for arriving at the area of interest. Therefore,
the control parameters should be further modified adaptively to
achieve the compromise of stability and speed. Thus, an adaptive
gaussian weighed modifier is designed as
T∗ =

1



α + βe

−x 2
2γ 2



T

(22)

where T is the initial parameter among A, F, B, N output by
fuzzy mapping, and T ∗ is the modified control parameter, x is
the actual distance from the vehicle to the target. α, β determine
1
, α1 ), and
the amplitude range of weight coefficient, i.e., [ α +β
the effective action range is decided by γ.
IV. EXPERIMENTS AND RESULTS
Three groups of actual experiments in pool are conducted
to fully explore the properties of the UBVMS under different
conditions and disturbances. The target object with red label
is approximatively displaced at the point of [0.55, 1.8, 0.5]T m
expressed in earth-fixed frame and the UBVMS sets out from a
distant point with any initial pose.
A. Control Tasks
The UBVMS has the characteristics of spinning on the spot,
and it will contribute to energy saving and visual scanning, so
the heading direction is first adjusted. Thus, the first control task
can be expressed as
||ψ − ψd || = 0

(23)

where ψ is the yaw of the UBVMS and ψd is desired heading
direction.
The manipulator’s end gripper must eventually reach to the
target object for preparing the successive grasping phase, so the
second task is
||ηee1 − ηobj || = 0

(24)

where ηee1 is the position of the end gripper and ηobj is the
position of the target object.

Fig. 6.

Adaptive amplitude versus distance.

In the previous section, optimal working field with full consideration of the performance of the binocular camera and the
manipulator has been discussed. When the pose of the manipulator is close to qd = [0, 45, −60, 0]T , above optimal working
field can be satisfied without visual blocking. Thus, the third
task is
||q − qd || = 0.

(25)

In following experiments, these three tasks are conducted to
achieve the autonomous cruising and autonomous grasping.
B. Experiment on Single Accuracy Grasping
The first experiment concerns the implementation of the single accuracy grasping, i.e., achieving the operation at first opportunity. One key parameter to determine stability and speed
is the undulatory amplitude of the long fin. Fig. 6 shows the
actual adaptive undulatory amplitude weighted by the adaptive
parameter modifier. The value of amplitude is defined as integers, so the curve takes on the shape of stair. When the UBVMS
is far away from the target, speed is prioritized with large amplitude. Otherwise, stability is prioritized with small amplitude.
2.2 m–0.4 m is the transition, during which the amplitude gradually changes from maximum 29◦ to minimum 15◦ . Autonomous
grasping tends to be failed without this adaptive scheme due to
the inertial effects.
As analyzed above, the heading direction is adjusted first, and
the yaw angle of the UBVMS is desired to point at the direction
of the target. As shown in Fig. 7, the yaw angle is changed obviously in the starting phase, i.e., during 0–7 s. Then, the yaw
angle of the UBVMS is finely adjusted, and eventually maintains approximately stable. Fig. 8 delineates the trajectories of
the end effector and vehicle body of the UBVMS. From the solid
lines, it can be observed that the position of the vehicle body
has a sharp change in 6–40 s, which means that the UBVMS
is getting close to the region of interest at fast speed. Thereafter, the UBVMS arrives at the region of interest and locks the
target object, and the autonomous grasping phase is activated
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Fig. 7.
ment.

Yaw angle of the UBVMS in single accuracy grasping experi-
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Fig. 9. Feedback laws u in single accuracy grasping experiment. Blue
and red line denote the feedback law of position of the end effector in X,
Y directions, respectively, and the green line denotes the feedback law
of yaw angle.

Fig. 10. Images of the single autonomous grasping. (1)–(4) are the
phase of heading direction adjustment, (5)–(8) are the phase of fast
approaching to the target, and (9)–(12) are the phase of autonomous
grasping.

C. Experiment on Multitry Grasping
Fig. 8. Trajectories of the UBVMS in single accuracy grasping experiment. Blue and red dash line are the trajectories of the end effector in
X, Y directions, respectively, and the blue and red solid line are the trajectories of the vehicle body in X, Y directions, respectively. To the end,
EE is the abbreviation of end effector.

while the UBVMS keeps stable. However, there exists an undesired motion in OI − X direction before 7 s. This results from
the unavoidable spinning drifting of the rotation motion of the
UBVMS and the dash lines describes that the end gripper of
the UBVMS reaches at the point of the object under the leading
of binocular camera and the feedback laws of the yaw of the
UBVMS and position of the end effector are presented in Fig. 9.
The feedback law of the yaw angle first converges to nearly stable zero state. At about 60 s, all feedback laws nearly converge
to zero, that means the control objectives have been achieved.
The entire process of autonomous grasping operation is
shown in Fig. 10, which consists of three phases, i.e., yaw angle
adjustment, fast approaching, and autonomous grasping. During
this entire process, the UBVMS takes about 94 s and only one
chance to achieve the autonomous grasping successfully.

After the grasping behavior is performed, the UBVMS would
swim back for a distance. If the distance between the target
object and the end gripper of the UBVMS exceeds the threshold,
the grasping mission is failed, and another grasping will be tried
until the operation is successful or the task is stopped manually.
If it is successful, the operation will be terminated automatically.
In multitry grasping experiment, as shown in Figs. 11 and 12,
the first try grasping is conducted at about 70 s, and the target
is moved away intentionally to result in failure of the grasping. Then, the target is placed back in original position, and
the UBVMS tries grasping again. In Fig. 11, there are obvious
changes at near 70 s, and the second grasping is conducted at
about 104 s. It has been judged that the grasping is successful,
so the operation is soon terminated. From the curves of feedback law in Fig. 12, we can also find that feedback laws are
increasing apparently after the failure of the first grasping, and
soon converge to zero to prepare for the second grasping. The
multitry autonomous grasping experiment is depicted in Fig. 13,
and the UBVMS takes about 109 s to accomplish the multitry autonomous grasping successfully and this experiment shows that
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Fig. 13. Images of the multitry grasping. (1)–(4) are the phase of heading direction adjustment, (5)–(8) are the phase of fast approaching to the
target, (9)–(12) are the phase of first grasping and failed, (13)–(16) are
the phase of second try of grasping and successful.

Fig. 11. Yaw angle and trajectories of the UBVMS in multitry grasping
experiment. Purple line is yaw angle of the UBVMS. Blue and red dash
line are the trajectories of the end effector in X, Y directions, respectively,
and the blue and red solid line are the trajectories of the vehicle body
in X, Y directions, respectively. The vertical dash lines at 70 and 104 s
mark the time of first grasping and second grasping, respectively.

Fig. 14. Images of autonomous grasping for unfixed object. Here, the
phases of heading direction adjustment and fast approaching to the
target are omitted. (1)–(8) are the phase of UBVMS tracking the moving
object, (9)–(12) are the phase of locking again and autonomous grasping.

Fig. 12. Feedback law u in multitry grasping experiment. Blue and
red line denote the feedback law of position of the end effector in X, Y
direction, respectively, and the green line denotes the feedback law of
yaw angle.

the UBVMS could pursue the accomplishment of autonomous
manipulation mission at cost of multiopportunities and longer
time.
D. Experiment on Grasping for Unfixed Object

Fig. 15. Error between the end-effector and the target. Before 37.5 s
(the green dash line), the position of the target is given by the priori
knowledge. The target is firstly detected by the UBVMS at 37.5 s. At
about 46 s (the black dash line), the end-gripper first reaches to the
target. At about 80 s, the end-gripper reaches to the target again.

The experiment of autonomous grasping for unfixed
object is carried out to evaluate the performance of the
autonomous operation of the UBVMS for moving objects.
After the target object is detected via binocular camera, the
object is moved continuously within the visual field of the
UBVMS, as presented by images in Fig. 14. The UBVMS
tracks the object successfully by resorting to the visual

guidance. The error between the end-effector and the target is
depicted in Fig. 15. Actually, this error information is utilized
in the feedback law. Fig. 16 shows that the yaw angle of the
UBVMS is adjusted to point at the object. Meanwhile, the end
gripper is getting close to the object gradually. The control
strategy works effectively during the object is moving, as
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propulsors achieves autonomous grasping in multiple scenarios,
particularly the successful grasping for the unfixed object target.
This indicates that the developed coordinated plan and control
method in this paper has wide adaptability, and contributes to
the future research and implementation of autonomous manipulation in more complex environments.
V. CONCLUSION AND FUTURE WORK

Fig. 16. Yaw angle and trajectories of the UBVMS in autonomous
grasping experiment for unfixed object experiment. Purple line is yaw
angle. Blue and red dash line are the trajectories of the end effector in
X, Y directions, respectively, and the blue and red solid line are the trajectories of the vehicle body in X, Y directions, respectively. The vertical
dash line is the moment of that the target starts to be moved.

An increasing attention has been paid to underwater autonomous manipulation of the UVMS. Here, three groups of
experiments with different application environments have been
conducted. All grasping missions were accomplished successfully with high level of autonomy. It has been validated that
the developed control strategy is effective and practical. The
main superiority of the control strategy is that it endows the
UBVMS with high robustness, wide adaptability, and practicability, which also promotes further development of the level of
autonomy of the UVMS for autonomous interventions.
Future research will concentrate on the autonomous interventions in outdoor environments, and improvement in environment
sensing based on binocular camera and sonar.
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