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Abstract: With persistent ocean exploration, the complexity of deep-sea intervention is gradually
increasing. The deep-sea manipulator is the primary tool to complete complex intervention. The
manipulator dexterity determines the complexity of the task it can perform. First, a dynamic
dexterity evaluation method is proposed based on the kinematics and dynamics characteristics
of the deep-sea manipulator. This method takes into account the dynamic torque boundary and
Jacobian mapping constraint, which are different from terrestrial manipulators. The concepts of
the dynamic dexterity ellipsoid and dynamic dexterity measure are defined. Second, the effect of
viscosity resistance on dexterity is analyzed. The viscosity resistance is optimized by selecting the
most suitable compensation oil. Finally, the methods of dynamic dexterity evaluation and viscosity
resistance optimization are verified by a simulated deep-sea experiment. The method proposed in
this paper effectively improves the dynamic dexterity of the deep-sea manipulator by optimizing the
viscosity resistance. The proposed method can also be used to evaluate and improve the dexterity of
other underwater manipulators.

Keywords: deep-sea manipulator; dynamic dexterity; viscous resistance optimization; simulated
deep-sea experiment

1. Introduction

With further study of ocean exploration, underwater intervention tasks have gradually
become more complex, and the dexterity of underwater robots is being studied. Typical
examples of this type of robot include Ocean One [1], TRIDENT I-AUV [2], Aquanaut [3],
and Haidou I [4] (Figure 1). This kind of robot breaks through the working mode of
traditional underwater robots and has higher dexterity when performing underwater
intervention tasks.
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ical examples of this type of robot include Ocean One [1], TRIDENT I-AUV [2], Aquanaut 
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traditional underwater robots and has higher dexterity when performing underwater in-
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These types of robots are equipped with one or more underwater manipulators to exe-
cute underwater intervention tasks. The dexterity of the underwater manipulator largely
determines the intervention ability of these types of underwater robots. At present, under-
water manipulators can be divided into hydraulic manipulators and electric manipulators
according to the driving mode, and both of them have mature commercial products [5].
However, the performance indicators of underwater manipulators are still relatively simple,
such as the degree of freedom, load capacity, weight, and arm length, and there is no
quantitative index to evaluate the dexterity of an underwater manipulator.

Figure 2 shows the deep-sea 6 d.o.f. electric manipulator developed by Shenyang
Institute of Automation, Chinese Academy of Sciences [6,7]. This deep-sea manipulator
has been attached to the Haidou I underwater robot to complete many intervention tasks
on the seabed of the Mariana Trench and has been used to complete intervention at depths
of more than 10,000 m for the first time in the world. However, as the designer of this
deep-sea electric manipulator, we know only its basic performance indicators [8], and there
is no way to quantitatively evaluate its dexterity.
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Figure 2. Deep-sea 6 d.o.f. electric manipulator.

In terms of the dexterity evaluation of the manipulator, current research mainly
focuses on the dexterity of industrial robots [9–11], and there are few related studies on the
dexterity of deep-sea manipulators [12–14]. The dexterity evaluation is usually based on the
kinematics or dynamics model of the manipulator [15,16]. Due to the particular operating
environment of the deep-sea manipulator, it is not accurate to evaluate its dexterity using
the existing methods, and the dexterity of the deep-sea manipulator needs to be studied
comprehensively from the two aspects of kinematics and dynamics.

The deep-sea manipulator is filled with insulating oil to compensate for the external
water pressure, but this causes the motor and reducer of the joint to rotate in the oil, creating
additional viscosity resistance [17,18]. Some experiments show that the viscosity resistance
obviously reduces the dynamic performance of the deep-sea manipulator [19,20]. Based on
the theory of viscosity hydrodynamics, some previous work has studied the modelling of
viscosity resistance, but is has not tried to give optimization methods [21,22].

This paper takes the deep-sea electric manipulator shown in Figure 2 as the research
object and proposes a method of dexterity-based viscous resistance optimization. The main
contributions of this paper are as follows:

(1) A dynamic dexterity evaluation method of the deep-sea manipulator is proposed. This
method considers the kinematic and dynamic characteristic of the deep-
sea manipulator.

(2) The effect of compensating oil viscosity on dexterity is studied. A practical viscous
resistance optimization method is proposed.

(3) The method proposed in this paper is verified by a simulated deep-sea experiment.
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The main research contents of this paper include the following: In Section 2, the
kinematic and dynamic models of the deep-sea electric manipulator are established. In
Section 3, a dynamic dexterity evaluation method with dynamic torque boundary and
Jacobian mapping constraint is proposed based on the dynamic model. In Section 4, a
viscosity resistance optimization method is proposed based on dynamic dexterity. In
Section 4, a simulated deep-sea experiment is used to verify the proposed method.

2. Mathematical Model
2.1. Kinematics Modelling of the Deep-Sea Manipulator

Figure 3 shows a three-dimensional model of the deep-sea electric manipulator, which
has six degrees of rotation freedom and a clamp function. The weight of the manipulator is
65 kg, and the maximum load is 35 kg in the full extension state. The deep-sea manipulator
is suitable for all ocean depths known to humankind at present, and it uses oil-filled
compensation to resist immense water pressure.
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Figure 4 shows the kinematic coordinate system of the deep-sea electric manipulator.
Table 1 shows the kinematic parameters of the six joints of the manipulator. The kinematic
model is established as

Xe = A0
1(q1)A1

2(q2)A2
3(q3)A3

4(q4)A4
5(q5)A5

6(q6) (1)

where Xe represents the end-effector pose matrix, Ai
i−1 represents the coordinate transfor-

mation matrix of adjacent joints, and qi represents the joint angle position.
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Table 1. Kinematic parameters of the deep-sea manipulator.

Joints q.(deg) d.(mm) α.(deg) a.(mm)

1 −30~90 0 90 130.4
2 −30~90 138.2 0 641.8
3 −90~30 0 90 220.2
4 −90~90 442.6 −90 21.5
5 0~90 0 90 −48.1
6 −180~180 239.6 0 0

2.2. Dynamic Modelling of the Deep-Sea Manipulator

The dynamic model of the deep-sea electric manipulator based on the Lagrange
method is established as [23]

M(q)
..
q + N

(
q,

.
q
) .
q + f

( .
q
)
+ W

(
q,

.
q
)
+ g(q) + O(q) = τ (2)

where M(q) represents the inertia matrix, N
(
q,

.
q
)

represents the centrifugal force and the
Coriolis force, f

( .
q
)

represents the frictional force, W
(
q,

.
q
)

represents the hydrodynamic
force, g(q) represents gravity, O(q) represents buoyancy, and τ represents the joint driving
torque. In the following sections, these variables are abbreviated.

The hydrodynamics of the deep-sea manipulator include mainly additional mass force
and water resistance [24,25]. The additional mass force is related to the acceleration of the
manipulator movement, and the water resistance is related to the speed of the manipulator
movement [26,27]. At present, it is usually calculated by the empirical equation [28,29]

W = WR + WM = ρWCRr
∫ l

0
‖v‖vdl + ρWCM A

∫ l

0

.
vdl (3)

where WR represents the water resistance, WM represents the additional mass force, ρW
represents the seawater density, CR represents the water resistance coefficient, l represents
the arm length, r represents the arm radius, v represents the velocity relative to fluid, CM
represents the additional mass force coefficient, and A represents the area facing fluid.

The deep-sea electric manipulator is filled with electric insulating oil to compensate
for seawater pressure. However, high-speed rotation of the joint motor and reducer in
the compensation oil leads to adverse viscous friction resistance. The low-temperature
and high-pressure deep-sea environment results in an increase in the viscosity of the
compensation oil, which leads to a prominent increase in the viscosity friction resistance.
This resistance reduces the output efficiency and dynamic characteristics of the joint.
Considering the influence of the viscous resistance, the joint driving torque τ in Equation (2)
is further expressed as

τ = Iη(τM − τV) (4)

where I represents the reduction ratio vector, η represents the efficiency vector, τM repre-
sents the motor output torque, and τV represents the viscous resistance. The modelling
method of the viscous resistance τV has been studied and verified in previous work [30].

By substituting Equation (4) into (2), the complete dynamic model of the deep-sea
electric manipulator is established as

M
..
q + N

.
q + f + W + g + O = Iη(τM − τV) (5)

3. Dynamic Dexterity Evaluation Method
3.1. Dynamic Manipulability

The dynamic model of a conventional manipulator is:

M
..
q + N

.
q + f + g = τ (6)
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Compared with Equation (5), the hydrodynamic force, viscous force, and buoyancy
are excluded.

The linear mapping relationship between the end-effector velocity and joint angular
velocity is expressed as

v = J
.
q (7)

where J represents the manipulator Jacobian matrix. By differentiating Equation (7), the
end-effector acceleration is obtained as

a = J
..
q +

.
J

.
q (8)

Equation (8) is substituted into Equation (6) to obtain

a = JM−1τ + JM−1 A (9)

where A = MJ−1
.
J

.
q− N

.
q− f − g. It can be seen from Equation (9) that the end-effector ac-

celeration a for a given configuration q is obtained by the superposition of the contributions
of the joint torque τ and the additional torque A.

The joint driving torque is normalized as:

τ̃ = T−1τ (10)

where T = diag[τ1_max, τ2_max, τ3_max, τ4_max, τ5_max, τ6_max] represents the normalized ma-
trix, τi_max = Iητi_mot.max represents the joint torque boundary, and τi_mot.max represents
the joint motor torque boundary. At this point, a Euclidean norm form can be obtained as

‖τ̃‖ ≤ 1 (11)

The dynamic manipulability ε of a conventional manipulator [31] is defined as

ε ≡
{

a = JM−1Tτ̃ + JM−1 A⇐ ‖τ̃‖ ≤ 1
}

(12)

The dynamic manipulability ε represents the set of achievable end-effector accelera-
tions that can be obtained when τ spans the set of all allowed joint torques.

3.2. Dynamic Torque Boundary

It can be seen from Equations (5) and (6) that the deep-sea manipulator is affected
by additional hydrodynamic force, viscous force, and buoyancy. These factors reduce
the effective joint torque and affect the normalized matrix in Equation (10). Considering
the influence of these factors, the joint torque boundary of the deep-sea manipulator is
modified as:

τmod_max = (τmot_max − τv)Iη −W −O (13)

Considering the unique dynamic factors of the deep-sea manipulator, the modified
joint torque boundary τmod_max changes dynamically with the joint motion state.

Substituting Equation (13) into Equation (12), the dynamic manipulability of the
deep-sea manipulator is obtained:

εd.s. ≡
{

a = JM−1Tmodτ̃ + JM−1 A⇐ ‖τ̃‖ ≤ 1
}

(14)

where Tmod represents the modified normalized matrix.

3.3. Dynamic Dexterity with Jacobian Mapping Constraint

Because the deep-sea manipulator discussed in this paper is non-redundant, Equation (14)
can be solved to give

τ̃ = T−1
modMJ−1a− T−1

mod A (15)
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By substituting Equation (15) into Equation (11), the dynamic manipulability ellipsoid
is established as (

a− JM−1 A
)T

J−T MT−2
modMJ−1

(
a− JM−1 A

)
≤ 1 (16)

Equation (16) represents the mapping relationship between the joint torque unit ball
and end-effector acceleration ellipsoid. The positive definite ellipsoid core J−T MT−2

modMJ−1

is determined by the kinematic and dynamic parameters of the deep-sea manipulator
and uniquely determines the direction and length of the principal axis of the dynamic
manipulability ellipsoid.

The dynamic manipulability of the deep-sea manipulator represents the mapping
between the joint torque and end-effector acceleration without considering the limit of the
joint velocity boundary. The motion speed of a deep-sea electric manipulator is generally
lower than that of a conventional manipulator, so the joint angular velocity boundary is an
important index affecting the end-effector dynamic.

In this paper, a dynamic evaluation method for the deep-sea electric manipulator with
the Jacobian mapping constraint is proposed based on the dynamic manipulability, which
is defined as dynamic dexterity. The basic principle of this method is to solve the constraint
of joint velocity boundary on end-effector velocity by a Jacobian mapping relation and
then synthesize the constraint and dynamic manipulability into a reachable space within a
given time.

The velocity constraint of the end-effector along the principal axis of the dynamic
manipulative ellipsoid is established as

vmax = E−1 J
.
qmax (17)

where E represents the matrix containing all the eigenvectors of the dynamic manipulative
ellipsoid.

The maximum reachable space of the end-effector within a given time is calculated by
using the limit of velocity and acceleration along all directions:

Dismax =

{
v2

max
2amax

+ (δt− vmax
amax

)vmax, (amaxδt > vmax)
amaxδt2

2 , (amaxδt ≤ vmax)
(18)

where ∆t represents the given time. The mapping relationship between the end-effector dis-
placement and joint torque under the joint velocity boundary is defined as the dynamic dexterity
to provide a more accurate and quantitative index to evaluate the deep-sea manipulator.

3.4. Dynamic Dexterity Ellipsoid and Dynamic Dexterity Measure

The relationship between the dynamic dexterity ellipsoid and depth is shown in
Figure 5. The dynamic dexterity ellipsoid of the deep-sea manipulator in a typical operating
posture is obtained based on Equation (18). The physical significance of the ellipsoid
represents the maximum reachable space of the end-effector in finite time. This finite time is
artificially specified and is set to 1 s in this paper. The dynamic dexterity ellipsoid represents
the ultimate performance of the kinematics and dynamics of the deep-sea manipulator.

The dynamic dexterity measure is established as

Imean =
1
3
(Dismax1 + Dismax2 + Dismax3) (19)

The Dismax1, Dismax2, and Dismax3 represent the length of the ellipsoidal principal
axis. The Imean is positively correlated with the volume of the dynamic dexterity ellipsoid
and represents the mean reachable distance of the end-effector in finite time (1 s). The
relationship between dynamic dexterity measure and depth is shown in Table 2.
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oil: No. (b) Depth: 1 m, compensating oil: Yes. (c) Depth: 4500 m, compensating oil: Yes. (d) Depth:
7000 m, compensating oil: Yes. (e) Depth: 11,000 m, compensating oil: Yes.

Table 2. Relationship between dynamic dexterity measure and depth.

Depth Compensating Oil Dynamic Dexterity Measure

1 m No 0.52 m
1 m Yes 0.48 m

4500 m Yes 0.40 m
7000 m Yes 0.27 m

11,000 m Yes 0.11 m

4. Viscous Resistance Optimization

As shown in Tables 2 and 3, the dynamic dexterity of the deep-sea manipulator
decreases with the increase in depth. This is because the greater the depth, the higher the
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viscosity of the compensating oil. The high viscosity compensation oil leads to greater
viscosity resistance and reduces the dynamic performance of the manipulator.

Table 3. Relationship between oil viscosity and depth (pressure).

22# Hydraulic Oil 10# Hydraulic Oil Synthetic Oil

0 m (0 MPa) 157 cSt 50 cSt 4 cSt
4500 m (45 MPa) 496 cSt 94 cSt 7 cSt
7000 m (70 MPa) 857 cSt 135 cSt 11 cSt

11,000 m (110 MPa) 2250 cSt 270 cSt 20 cSt

Figure 6 shows the relation between the dynamic dexterity and the compensatory oil
viscosity, and the dexterity is negatively correlated with the oil viscosity monotonically.
The compensation oil with low viscosity and small viscosity–pressure coefficient is of great
significance to ensure the dexterity of the deep-sea manipulator.
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The viscosity resistance optimization is regarded as an analytical optimization problem
focusing on engineering rather than a mathematical optimization problem. This paper
studies the dynamic dexterity with three different viscosity oils as compensation oil. Table 3
shows the relationship between oil viscosity and depth (pressure), where the synthetic oil is
a homemade mixture of kerosene and transformer oil. It can be seen from this table that the
synthetic oil has significantly lower viscosity at all depths (pressures) and is most suitable
for compensating oil.

5. Experiment
5.1. Experimental Method

Because an actual deep-sea experiment is very expensive, a pressure tank is used to
simulate the deep-sea experiment environment. As shown in Figure 7, the deep-sea manip-
ulator is placed in the pressure tank. The master manipulator controller is connected with
the deep-sea manipulator through a watertight cable. The master manipulator controller
can also record the motion data of the deep-sea manipulator in real time. The monitor
shows the motion of the manipulator in the pressure tank.

In the process of the simulated deep-sea experiment, the pressure inside the pressure
tank varies from 0 to 115 MPa, simulating the pressure environment from the surface to the
deepest point of the ocean. The compensation oil of the deep-sea manipulator adopts 22#
hydraulic oil, 10# hydraulic oil, and synthetic oil, respectively.

The physical meaning of the dexterity indicator is the reachable space of the end-
effector in a limited time at the current pose. In the process of the simulated deep-sea
experiment, the experimental data of dexterity are obtained by testing the average distance
of the end-effector moving in multiple directions in a finite time (1 s). The experimental
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process is tested under the limit of the kinematic and dynamic practical performance of the
deep-sea manipulator.
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5.2. Experimental Results

The experimental results are shown in Figure 8. The figure shows the relationship
between dexterity and pressure when three different compensation oils are used in the
deep-sea manipulator. The theoretical value of the dynamic dexterity is calculated from
Equation (19). The experimental value is tested and obtained according to the physical
definition of dynamic dexterity. In the figure, discrete points represent experimental data,
and continuous lines represent theoretical data.
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It can be seen from Figure 8 that the deviation between the experimental value and
the theoretical value is small. The root mean square error is 0.03 m, which indicates that
the dynamic dexterity evaluation method proposed in this paper is accurate enough. By
comparing the dexterity of different viscosity oils, it is shown that the oil viscosity has
obvious influence on the dynamic dexterity of the deep-sea manipulator, and the self-made
synthetic oil with lower viscosity has the least influence on the dexterity, which is the most
suitable for the use of compensation oils.

6. Conclusions and Discussion

A viscous resistance optimization method based on dynamic dexterity of a deep-sea
manipulator is proposed in this paper. The dynamic dexterity evaluation method considers
the special kinematic and dynamic characteristics of the deep-sea manipulator. A simulated
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deep-sea experiment shows that the proposed dynamic dexterity evaluation method is
accurate enough, and the viscosity resistance optimization method is effective. The method
presented in this paper is universal and can be used to evaluate and improve the dexterity
of other underwater manipulators.

More dexterous manipulators are urgently needed for complex deep-sea intervention
tasks. Based on the method proposed in this paper, the dexterity optimization can be further
applied to the mechanical design, control algorithm, and trajectory planning of deep-sea
manipulators, and the dexterity operation ability of the deep-sea manipulators will be
comprehensively improved. Furthermore, the proposed method can also be extended to
the dexterity evaluation of underwater vehicle manipulator systems.

Author Contributions: Funding acquisition, Q.Z.; methodology, Y.B.; project administration, Q.Z.;
supervision, A.Z.; writing—original draft, Y.B. All authors have read and agreed to the published
version of the manuscript.

Funding: This work is supported by the Strategic Priority Research Program of the Chinese Academy
of Sciences (Grant No. XDA22040102).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: The valuable comments from the anonymous reviewers are highly appreciated.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Stuart, H.; Wang, S.; Khatib, O.; Cutkosky, M.R. The Ocean One hands: An adaptive design for robust marine manipulation. Int. J.

Robot. Res. 2017, 36, 150–166. [CrossRef]
2. Ribas, D.; Ridao, P.; Turetta, A.; Melchiorri, C.; Palli, G.; Fernandez, J.J.; Sanz, P.J. I-AUV Mechatronics Integration for the

TRIDENT FP7 Project. IEEE/ASME Trans. Mechatron. 2015, 20, 2583–2592. [CrossRef]
3. Manley, J.E.; Halpin, S.; Radford, N.; Ondler, M. Aquanaut: A New Tool for Subsea Inspection and Intervention. In Proceedings

of the OCEANS 2018 MTS/IEEE Charleston, Charleston, SC, USA, 22–25 October 2018; pp. 1–4. [CrossRef]
4. Ding, N.; Tang, Y.; Jiang, Z.; Bai, Y.; Liang, S. Station-Keeping Control of Autonomous and Remotely-Operated Vehicles for Free

Floating Manipulation. J. Mar. Sci. Eng. 2021, 9, 1305. [CrossRef]
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