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Abstract: In applications such as marine rescue, marine science, archaeology, and offshore industries, autonomous underwater
vehicles (AUVs) are frequently used for survey missions and monitoring tasks, with most operations being performed by
manned submersibles or remotely operated vehicles (ROVs) equipped with robotic arms, as they can be operated remotely for
days without problems. However, they require expensive marine vessels and specialist pilots to operate them. Scientists
exploring oceans are no longer satisfied with the use of manned submersibles and ROVs. There is a growing desire for seabed
exploration to be performed using smarter, more flexible, and automated equipment. By improving the field operation and
intervention capability of AUVs, large-scale and long-range seafloor exploration and sampling can be performed without the
support of a mother ship, making it a more effective, economical, convenient, and rapid means of seafloor exploration and
sampling operations, and playing a critical role in marine resource exploration. In this study, we explored the integration
technology of underwater electric robotic arms and AUVs and designed a new set of electric manipulators suitable for water
depths greater than 500 m. The reliability of the key components was analyzed by finite element analysis and, based on the
theory of robot kinematics and dynamics, simulations were performed to verify the reliability of the key components.
Experiments were conducted on land and underwater, trajectory tracking experiments were completed, and the experimental
data in air and water were compared and analyzed. Finally, the objectives for further research on the autonomous control of the
manipulator underwater were proposed.
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1 Introduction

In applications such as marine rescue, marine sci-
ence, archaeology, and the offshore industries, autono-
mous underwater vehicles (AUVs) are frequently used
for survey missions and monitoring tasks, with most
operations being performed by manned submersibles
or remotely operated vehicles (ROVs) equipped with
robotic arms (Paull et al., 2014). Although researchers
have recently opened the door to future interventional
AUVs, there is still a long way to go before autono-
mous underwater interventions are possible (Ridao
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et al., 2015). The field of underwater intervention can
be traced back as far as the 1990s when the UNION
project validated coordinated control and sensing strat-
egies to improve the autonomy of interventional ROVs
under simulated conditions (Rigaud et al., 1998). Dur-
ing the same period, the European AMADEUS project
conducted coordinated control experiments with two
7-degree-of-freedom (DOF) manipulators in a water
tank. The European SWIMMER project proposed a
hybrid system that worked by transferring AUVs to
the seafloor via ROVs (Evans et al., 2001). The British
ALIVE project investigated the autonomous docking
system (Evans et al., 2003), autonomous navigation, and
other functions of interventional AUVs, and conducted
simulation experiments (Han and Chung, 2008).

Most of the aforementioned studies conducted
simulated or actual experiments in a simplified envi-
ronment, with few reports of actual setups (Leonessa,
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2008). In recent years, AUVs with multi-DOF manipu-
lators have increasingly attracted attention. Some of
the relevant studies are worth mentioning, such as the
SAUVIM project of the University of Hawaii, USA,
which realized the experiments of a manipulator— AUV
system equipped with 7-DOF manipulators for auton-
omous recovery of submarine targets (Marani et al.,
2009), and the C-Manipulator project of Germany,
which proposed a vision-based underwater electric
manipulator design scheme and developed an experi-
mental platform to simulate unmanned underwater
vehicle operations (Spenneberg et al., 2007). In recent
years, Spain’s GIRONA 500 has experimented with
various manipulator models and achieved interesting
results (Fernandez et al., 2013).

This study presents a new type of underwater elec-
tric manipulator designed (although not limited) to be
integrated into a new AUYV, built under the auspices of
the Zhejiang Provincial Key R&D Project “Develop-
ment and Demonstration Application of a Cableless
Robot for Operational Subsea Pipeline Inspection”. The
objective is to build an underwater vehicle-manipulator
system (UVMS) with a dedicated underwater elec-
tric manipulator to perform tasks such as autonomous
inspection of, and autonomous intervention on, subsea
pipelines.

This article describes a prototype underwater elec-
tric robotic arm and conducts simulation and experi-
mental work to verify its feasibility and identify the
strengths and weaknesses of its design and control sys-
tem for further improvement in subsequent research.
Section 2 of the article presents the architecture of the
underwater robotic arm, including the robotic arm, the
connection to the AUV, the vision subsystem, and the
newly designed gripper, with finite element stress anal-
ysis of the reliability of key components, culminating
in the presentation of the overall physical prototype of
the robotic arm and a schematic of its integration with
the AUV. Section 3 performs motion simulation based
on the kinematics and dynamics theory of the robotic
arm using the MATLAB toolbox. In Section 4, experi-
ments on trajectory tracking and motion control of the
robotic arm in air and water are conducted, and the
experimental data are compared and analyzed to pro-
vide the conditions for further research on the autono-
mous control of the robotic arm underwater. Finally,
Section 5 provides some conclusions, and presents
objectives for subsequent research.

J Zhejiang Univ-Sci A (Appl Phys & Eng) 2024 25(3):238-250 | 239

2 Architecture of the underwater manipulator

The object of this project is to design and build
an autonomous UVMS capable of autonomous under-
water suspension operations. As part of the project, a
robotic arm, which can be mounted on the AUV and
operate autonomously underwater, is the goal. The
design of the overall structure of the manipulator is
described in detail, including the design of the manip-
ulator configuration, the waterproof structure, and the
AUV connection mechanism.

2.1 Manipulator structure design

The electric manipulator designed and mounted
on the AUV has four DOFs, as shown in Fig. 1. Three
rotary joints are driven by three joint motors to con-
trol the (x, y, z) position of its end-effector, while a
fourth actuator controls its roll. Full attitude control of
the end-effectors can only be achieved through the
coordinated movement of the arm and AUV. The dif-
ferent functional end-effectors can be interchanged to
accommodate different interventions.

Joint 2
(upper arm joint)

Joint 1
(shoulder joint)

Joint 4

/{% (joint of wrist)

> Joint 5
(gripper)

Joint 3
(forearm joint)

Fig. 1 Underwater five-function electric manipulator

The robotic arm is designed with four DOFs for
three reasons:

1. The arm is mounted on the AUV and is pow-
ered entirely by the AUV’s battery. In order not to affect
the overall range of the AUV, light weight and low-
power consumption are basic requirements for the
design of the arm. The small DOF also means that the
number of joint motors is reduced, which helps reduce
power consumption.

2. With three DOFs, the manipulator can control
its end-effector to reach any point in its working space.
Compared with six DOFs, which enable the end-effector
to reach the target point in many attitudes, three DOFs
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are sufficient for the working conditions in the context
of UVMS applications.

3. Under ideal conditions, a robotic arm mounted
on an AUV can be equated to the base of the arm with
three DOFs in the x, y, and z planes. Increasing the
arm’s DOF is equivalent to increasing the overall com-
plexity of the UVMS system.

For the reliability of the overall structure underwa-
ter and to reduce weight, the arm is made of a corrosion-
resistant aluminum alloy (6061-T6), with surface anod-
ization to enhance its corrosion resistance in seawater.
The torque output parts are made of stainless steel (304),
which is more rigid and less susceptible to deformation,
to prevent them from failing under frequent alternat-
ing loads.

The joint drive motor is one of the key compo-
nents of the robot arm, and the output torque of the
motor determines the load capacity of the arm. To
reduce costs and to make the robot arm joints more
compact and have high motion accuracy, we ensure that
the motors used are integrated with harmonic reducers,
encoders, and brakes, and feature a large torque-to-size
ratio, strong cascade communication, and a high degree
of integration.

The selection of the motor model for the manipu-
lator joint needs to consider the torque requirements
at the joint. This study adopts a statics calculation to
analyze the maximum torque of each joint when the
joint is at the position of maximum driving force arm.
We then use it as the basic torque requirement for mak-
ing a preliminary estimation of the performance param-
eter requirements of the joint motor.

As shown in Figs. 2 and 3, the maximum static
torque exerted on the limit position of the manipulator

280.0 mm

<&

101.2 mm

4.508 kg 5.000 kg
Fig. 2 Force analysis diagram of forearm joint

694.0 mm

342.0 mm

9.302 kg v 5.000 kg

Fig. 3 Force analysis diagram of upper arm joint

in different postures when the distal end of the forearm
and the forearm as a whole are subjected to a negative
load is calculated by the formula 7=MxL, where M is
the mass and L is the length of the lever arm. The
analysis results are shown in Table 1.

According to the above requirements, motors with
different performances have been selected for each
joint. The parameters of each joint are shown in Table 2.

Unlike most hydraulic manipulators used under-
water, the motor, a key component inside the manipu-
lator, tends to fail when exposed to water, so electric
manipulators have higher requirements for waterproof-
ing and pressure resistance (Barbieri et al., 2018). Its
complex shape makes a watertight design particularly
important for the underwater manipulator. As depicted

Table 1 Manipulator joint motor parameters required

Joint Torque in demand Maximum length of force arm (m) Maximum driving torque (N-m)
Shoulder joint Swing damping 0.1195 64.6
Upper arm joint Rotary drive 0.6670 64.6
Forearm joint Rotary drive 0.2530 19.6
Joint of wrist Eccentric moment 0 19.6

Table 2 Joint motor parameters

Joint Rated torque (N-m) Peak torque (N-m) Motor power (W) Peak speed (r/min)
Shoulder joint 52 107 400 30
Upper arm joint 52 107 400 30
Forearm joint 31 70 200 30
Joint of wrist 31 70 200 30
Gripper 7 23 100 60




in Fig. 4, this study uses nitrile rubber type O-rings to
seal the joint motor of the manipulator, where the two
inner seals are used as a waterproof seal between the
housing and the torque output block to play a static
sealing role; the torque output block is used to con-
nect the two joints and enable the motor to drive the
joints to rotate; the outer seal is used to seal between
the two adjacent joints, which can play a dynamic seal-
ing role in this low-speed situation.

‘ Shell ‘ ‘Staticseal‘

Electric slip
ring ‘Harmonic reducer‘ ‘Dynamic seal‘

Fig. 4 Waterproof design of manipulator joints

To verify the sealing performance of the joint shell
under high pressure, static finite element analysis of
the manipulator shell was performed by simulating the
external pressure environment at 100 and 700 m water
depths, separately. As depicted in Figs. 5a and 5b, the
displacement cloud diagram of the deformation of the
outer surface of the simulated manipulator joint shell
under pressures of 1 and 7 MPa is shown. From the
analysis of the data in the figure, the maximum defor-
mation of the shell is 0.069 and 0.486 mm under uni-
form pressures of 1 and 7 MPa, respectively. In a case,
where the water depth does not exceed 100 m (1 MPa),
it can meet the waterproof requirement. At a higher
water depth, it is necessary to use the principle of pres-
sure compensation to reduce the mechanical arm shell
pressure resistance requirements. Therefore, the oil-
filled cavity can be filled with oil compensation and
equipped with a compensator to balance the internal
and external liquid pressures.

2.2 Pressure-balancing device

According to the manipulator model, the internal
oil-filling capacity of the manipulator is estimated to be
3 L. The volume change of the pure working fluid with
a pressure change can be obtained from the liquid vol-
ume compression formula as:

VP,

AVY(Y): T? (1)
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where 1/E denotes the relative volume compression
coefficient, " denotes the volume of the liquid system,
and P, denotes the pressure change value. From the
above formula, 1/E=7x10" MPa™', }'=0.003 m’, and P =
10 MPa can be obtained with the pressure change of
the pure working liquid volume change:

AV =2.1x10° m’. )

For general oil, the volume expansion tempera-
ture coefficient is in the range of 5.8x107*-9.5x107%
here, we use the middle value, i.e., 7.70x10™, to leave
a certain margin, and let the change in temperature At
be 50 °C. V,,,, is the volume of liquid that varies with

Y (W)
temperature:

AV, =1.155x 107 m’. 3)

The volume of compensation required for the sys-
tem to work (V) is zero. The final expression for the

working volume of the compensator is:

Vo= AV, + AV + AV, = 1.365x 107 m’. (4)

Total deformation
(mm)

5.0000x10""
H 4.8618x10"" (max)
4.4187x10°1
‘ 4.2107x10°1
3.7753x10°"
3.3399x10°"
2.9045%101
1.9364x10""
9.6818x10°2
0.0000 (min)

Total deformation
(mm)
5.0000x10°"
4.8521x10"
4.4187x10"
4.2107x10"
3.7753x10"
3.3399x10"
2.9045%x10"
1.9364x10"

6.9455x10 2 (max)
0.0000 (min)

(b)

Fig. 5 Simulation of pressure resistance of joint housing
of manipulator
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The maximum volume of compensation oil re-
quired due to pressure and temperature changes is
136.5 mL, and the working volume of the selected
compensator needs to be greater than 136.5 mL. The
volume of the compensator selected for the subject is
370 mL, as depicted in Fig. 6.

Oil inlet valve ‘ "
Oil inlet Oil outlet
Oil storage
chamber
Piston
Spring

Fig. 6 Liquid pressure compensator

2.3 Docking method and mechanism design with
AUV

To accommodate all the subsystems required to
meet the project requirements, the AUV has been
adapted to mount the robotic arm and gripper system at
the bottom middle of the AUV, which meets the require-
ments of AUV suspension operations and minimizes
the impact on the overall center of gravity of the
UVMS system when the robotic arm is in motion. In
previous UVMS-related studies, most of the robotic
arms were mounted on the exterior of the vehicle (both
bottom and front), which resulted in two consequences.

1. The complex configuration of the robotic arm
led to high water resistance to the vehicle as a whole,
making it very difficult for the vehicle to navigate at
higher sailing speeds.

s

2. The water resistance brought by the mechanical
arm affected the overall balance of the vehicle, forcing it
to spend more energy on maintaining the overall bal-
ance of the thrusters, with impact on the system range.

In this study, when designing the connection mech-
anism, there should be a storage compartment for the
manipulator inside the AUV, with a lifting mechanism
to realize switching between the range and operation
modes of the UVMS system. When the system is in
operation mode, the lift mechanism pushes the manipu-
lator out of the cabin to expand the operating range of
the manipulator; when the system is in range mode,
the manipulator is retracted into the storage cabin, and
power is cut off to reduce the water resistance and the
amount of power consumed by the robot arm, thus
making the entire UVMS streamlined and improving
its range. The vehicle with the manipulator integrated
is depicted in Fig. 7.

Fig. 8 shows the manipulator lifting mechanism,
consisting of an underwater electric push cylinder, a
sliding rod, a connecting base plate, etc. The electric
cylinder pushes the manipulator to move up or down.
There are eight sliding rods to support the sliding and
guiding roles of the manipulator. Each sliding rod is
made of titanium alloy (TC4) to ensure that it can sup-
port the sliding and guiding of the manipulator.

The weight of the manipulator in air is 15.870 kg,
and the center of mass and other geometric parameters
of the manipulator are obtained by modeling software.
In order to ensure that the analysis results can adapt to
the force state of the manipulator in various states, it is
assumed in the calculation that the end of the manipu-
lator is holding an object weighing 5.000 kg. Under
these conditions, an analysis of the force situation in
the sliding rod section has been carried out, as shown
in Fig. 9.

Manipulator out of the cabin |

\ Manipulator enters the working state|

Fig. 7 Schematic of AUV-manipulator system



Support plate

Fig. 8 Schematic of manipulator lifting mechanism. / is the
sliding distance of the manipulator

R 649.0 mm

160.0 mm S E omm

15.870 kg 5.000 kg

Maximum
support point

Fig. 9 Schematic of force analysis

According to the principle of leverage, it can be
determined that the maximum bending moment occurs
when the manipulator is fully expanded and the base
slides to the maximum stroke. The maximum bending
moment (7) at the maximum sliding pivot point of the
manipulator at rest can be calculated using the mass
dimension parameters of the manipulator as:

T=126 N-m. 5)
In the ideal equivalent state, the bending moment

is evenly distributed to the eight sliding rods of 12 mm
diameter, the bending moment to each rod is 15.75 N-m,

Connecting
base plate

Underwater electric
push cylinder

Sliding rod

Manipulator
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and if the total force is evenly distributed to each slid-
ing rod, then the force to each rod is 25.586 N.

Based on the above force analysis, the finite ele-
ment simulation of the sliding rod is performed by tak-
ing Young’s modulus £=96 GPa, Poisson’s ratio v=0.3,
yield strength 6,=800 MPa, and density p=4600 kg/m’,
combined with the mechanical property index of the
TC4 material. Fig. 10 shows the simulation results.

Equivalent stress
(MPa)

. 2.616x10" (max)

2.326x10'

1 2 0aex 107
-~ 1.746x10
1.456x10"
1.166x10"
8.762
' 5.863
2.964
6.470%10°2 (min)

Total deformation
(mm)

3.911x10 " (max)
H3.476X10‘
3.042x10°"
- 2.607x10"
2.173x10°"
rreo: I
1.304x10°"
8.690x102

4.345%x102
0.0000 (min)

Fig. 10 Static finite element analysis of sliding rod

The maximum stress site appears at the sliding
support point, 26.16 MPa < 800 MPa (yield strength),
and the maximum displacement is 0.3911 mm, mean-
ing that the sliding rod can support the sliding and
guiding of the manipulator. Fig. 11 shows the working
process of the lifting mechanism in reality, driving the
manipulator to ascend.

Fig. 11 Display of the working process of the lifting mechanism
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3 Kinematic analysis

At least three parts of the system’s kinematics
have to be solved: a mathematical description of
the kinematic chain, an algorithm for direct kinematics,
and an algorithm for inverse kinematics.

The kinematic model of the underwater 5-function
manipulator was determined using the Denavit-
Hartenberg (DH) method. In particular, the 5-function
manipulator configuration (Fig. 12) consists of a base,
an end-effector, and five joints. The first three joints
drive the rotation of the shoulder and elbow and the
raising of the arm, respectively, whereas the last two
joints are used to rotate the wrist for rotation and to
open/close the fingers. The DH parameters are shown
in Table 3, where 6 is the joint angle, d is the linkage
offset, a is the length of linkage, and « is the linkage
angle.

Fig. 12 4-DOF configuration and DH convention

Table 3 DH parameters

Joint 0 (rad) d (m) a (m) o (rad)
1 0 0 0 /2
2 0 -0.1195 0 0
3 0 0 0.414 0
4 0 0.1195 0 /2
5 0 0.253 0 -1/2

The telescopic mechanism of this manipulator is
independent of the DOF, and the manipulator has
only four DOFs. Generally, a 3-DOF manipulator can

satisfy the requirement that the end-effector reaches
an arbitrary position in the workspace without regard
to attitude.

Considering the limitation of the DOF of the
manipulator, if the inverse kinematics of the manipu-
lator is solved for any position and attitude, there is a
high probability of no solution. The table of the manipu-
lator control model is simplified by considering only
the end positions of the first three joints controlling the
manipulator, and the positive and negative kinematics
are solved on the basis of the simplified DH table. The
simplified DH parameters are shown in Table 4.

Table 4 Simplified DH parameters

Joint 0 (rad) d (m) a (m) o (rad)
1 0 0 0 /2
2 0 0 0.414 0
3 0 0 0.253 /2

From the theory of rotation matrices and homoge-
neous transformation matrices, the homogeneous trans-
formation matrices between the front and rear linkages
of the manipulator ‘"' 4, can be derived as follows:

c;, —Ca;s; Sa.;S; ac;

i S; CO,;C; —Sa;Cc; a;s; .

L]Ai: i i~ ivi ll’ 12172’3, (6)
0 sa co, d,
0 0 0 1

where co, denotes cosa,, so, denotes sina,, and s, and c,
denote sin#, and cosé, respectively.

Eq. (6) can be substituted for the parameters in the
DH table to calculate the homogeneous transforma-
tion matrix between the front and rear linkages of the
actual manipulator.

c, 0 s O
0 —, O
oA:51 1 . 7
o1 0 0 @
0 0 0 1
c, =s, 0 a,c,
0 a,s
1A:~92 (&) 22’ 8
1o 0 1 0 ®)
0O 0 O 1
c; 0 s, O
0 —, O
2A:S3 3 i 9
101 0 0 ©)
0 0 0 1



where °A,, 'A4,, and *A, denote the homogeneous
transformation matrices between the base and the shoul-
der joint, the shoulder joint and the large arm joint, and
the large arm joint and the forearm joint, respectively.

When the joint angles 0,, 8,, and 6, are known for
each joint, "'A4,(60,) (i=1, 2, 3) can be determined,
and the solution of the positive kinematics can be found
from the theory of continuous relative motion homo-
geneous transformation matrix as

0A3: OAl(el) lAz(ez) 2A3(03) =
C,CC3—C 18,85 8§, € Cy83+C 8,C,

—C,  $,C,85+5,5,¢5  S,¢a, | (10)

C G4,
§1C2C3=8,5,5;
8,C3+ C, 8, 0 8,85—C,Cs a,s,

0 0 0 1

By substituting the joint variables into the posi-
tive kinematic equation of the manipulator, we can find
the position of the end of the manipulator. We can also

-0.5 0.0 0.5
Y (m)
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obtain all positions that can be reached by the end of
the manipulator. We call this set of possible positions
the reachable workspace, which is also an important
parameter indicator for the manipulator. To ensure that
the manipulator does not collide with the AUV during
movement, we set the limit ranges of the joint angles
as shown in Table 5. Using the Monte Carlo random
number method, the resulting point cloud of the manipu-
lator workspace is illustrated in Fig. 13.

Table 5 Angle range of each joint of the manipulator

Range 0, (rad) 0, (rad) 0, (rad)
Max T 0 /3
Min - —-1/2 -1/3

From Fig. 14, we can intuitively understand the
working space of the manipulator in the UVMS system,
and through aggregate calculations, we can ensure that
the illumination range of the light source covers the
working space of the manipulator.

0.8/
I
06]

0.8

0.6

0.4

0.2

= 0.0

-§.2 -

-0.4

-0.6

-0.8 H

-05 0.0 0.5
X (m)

Fig. 13 Working volume of the robotic arm’s configuration for prototyping and testing
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1 1
9 07 -05 -03 -0.1
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Fig. 14 Schematic of UVMS system workspace

In the design of automatic control algorithms for
manipulators (intelligent path-planning algorithms), we
frequently need to invert the angle of each joint of the
manipulator based on the end position pose we desire
(Sekkat et al., 2021). There are various methods for
solving the inverse kinematics of a manipulator, such
as geometric and analytical methods. In this study, the
analytical method is used to solve the inverse kine-
matic equations of the manipulator (Youakim et al.,
2020).

According to the kinematic equations of the manip-
ulator, matrix °A4, represents the position and orienta-
tion of the end effector of the manipulator as:

X 0 24 op

0A3é X, V. % ops é|:x y z
X5 Vs Zy ps 0
0 0 0 1

where x, y, and z describe the spatial orientation of the
end effector, while p represents the position coordinates
of the gripper. By solving the simultaneous Egs. (10)
and (11), we can obtain the following formula:

c(a,c,+asey) =p,,

s\(a,c,+ascy) =p,,

a,8,+a38,3=Ps,

(12)

where c,, indicates cos(6,+6,), and s,, indicates sin(6,+6,).

This study uses the property of the double-
argument arctangent function, atan2(x/y), to solve the
solution of a trigonometric equation:

k,sin@+k,cos0=k;,, (13)

where k,, k,, and k, are the coefficients. When k; <k} +
k3 #0, the solution of Eq. (13) is

Vi +k—k3
0=atan2(l]?) +atan2 % (14)
2 3

The sum of the squares of both sides of the three
equations in the equation system shown in Eq. (12) is
found as:

(15)
(16)

p? +p§ +p§ =a;+a;+2a,a,c;,

2,2, 2 2 2
Com pitprtps—as—a;
} 2a,a,

Due to the properties of trigonometric functions,
—l1<c<1, and the inequality can be equivalently ex-
pressed as

la,—a; |<pi+pi+pi<a,+a,. (17)
If the coordinates of the target point exceed this

range, it will exceed the reachable workspace of the
manipulator. Therefore,



sy=t/1-c2. (18)
It follows from Eq. (14) that
0,=atan2(s;, ¢;) =
atan2| + JT—c1, PIFPAP—@a ) )

2a,a,

The two solutions of 8, can be obtained from
Eq. (19) as:

'0,e[ —m, n], (20)
’0,=-"6,. 21
It follows from Eq. (12) that
2

Pfﬂpg: (a,c,+asey) s (22)
A6+ a;C =1y pf+p§ . (23)

Since 6, has been found, it can be solved:
= t/pi+pi(a,+asc;) +psass; (24)

? a’+a+2a,a,c, ’
g = pila,+ascs) $a3S3vpf+p§ (25)

: ai+ai+2a,a,c, ’

The same reasoning as in Eq. (19) yields:

6,=atan2(s,, c,). (26)

According to the sign of s, in Eq. (18), the four
solutions of #, can be solved as follows.

When si=+/1-c3,

'0,= atanZ(p3(a2+a3c3) —a;85y/ P? +p§ ,

Vpit+pi(a,+ascy) +p3a3s§), 27)
292=atan2(p3(a2+a3c3) +a,s5\/pPitps,
-/ pi+pi(a,+a,c,) +p3a3s§). (28)
When s;=— \/1—7c§,
392=atan2(p3(a2+a3c3) —a,s5\/pitps,
Vpit+ps(a,+asc;) +p3a3s§), (29)
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492=atan2(p3(a2+a3c3) +a,s5\/pi+ps,
Y, p?‘*'p% (a,+asc;) +p3a355)-

(30)

Rewriting the first two equations in Eq. (12) yields:

pi=%c, V P?JFP%» (31)
=18\ pi+p;. (32)

The two solutions of 6, are solved as follows:

', =atan2( p,, p,), (33)
’0,=atan2( —p,, —p,). (34)

Simplification gives:
g atan2( p,, p,) —m, p,=0, (35)

b atan2( p,, p,) +m, p,<0.

From the above solutions of 8,, 8,, and 8., the fol-
lowing four sets of solutions exist after permutation
and combination, which correspond to the four poses
of the manipulator reaching the same target position.

[18]7 182’ 193]’ [1917 3927 293]7
[2017 2027 193]7 [26]7 4627 2(93]'

It should be noted that the inverse kinematics
has a solution only in the case where p, and p, are not
equal to zero, and an infinite number of solutions can
be obtained in the case where p,=p,=0. In the case
of multiple solutions, additional constraints need to be
added to obtain a unique solution according to the
positional requirements of actual manipulator.

4 Experiment

The main part of the experiment was conducted
on the actual manipulator. The main control system of
the manipulator was the robot operating system using
a Nvidia Jetson Xavier NX processor, and the node
communication mode of topic communication was
used to realize the design of the proportion integration
differentiation (PID) control program of the manipula-
tor (Simetti et al., 2014). The proportion, integration,
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and differentiation parameters are tuned individually
to optimize the kinematic solution of the manipulator
(Fernando and Perera, 2022). To observe the response
speed and dynamic tracking error of the manipulator
more intuitively, the point-to-point (PTP) joint angle
trajectory is set here, and the manipulator is operated
in air and water PTP cyclic trajectory tracking experi-
ments separately. The contents of the two experiments
are described, and the experimental data are analyzed.
As shown in Fig. 15, the same rotation angle tra-
jectory curve is set for each joint, and the trajectory
curve is quadratically interpolated at each cusp on the
basis of trapezoidal waves, making the trajectory curve
quadratically derivable; the angular acceleration at the

Desired
angle (rad)
o o -
o o o

Joint 1 angle
tracking error (rad)
o
o
=}

Joint 2 angle
tracking error (rad)
o
o
s

o §

Time (s)

0.00 WW

-0.02
0

5 10 15
Time (s)

(a)

Joint 3 angle
tracking error (rad)

position, where the angular velocity is changed, is uni-
form acceleration or deceleration. In such a cyclic test
trajectory, we can observe at one time the performance
of the manipulator in various states such as accelera-
tion, deceleration, constant speed, and standstill. The
initial position of the manipulator is set to the horizon-
tally extended state, as depicted in Fig. 16a.

The experimental data of the above-water and
underwater experiments are compared. Fig. 15 shows
the dynamic joint angle tracking error graphs of each
joint of the above-water or underwater manipulator. By
comparison, it can be concluded that the manipulator
joints operate more stably in the uniform acceleration/
deceleration process, with a trace overshoot at the
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Fig. 15 Angle tracking error of each joint in air (a) and water (b)

(@)

Fig. 16 Underwater experiment of manipulator: the initial (a), middle (b), and end (c) poses of the trajectory running

for one cycle



transition from uniform deceleration to a stop. In the
uniform speed process, the joint angle tracking is unsta-
ble, and the error range is approximately 0.01 rad, as
shown by the fluctuation amplitude. Fig. 17 further
analyzes the motion trajectory error of the manipula-
tor actuator. By comparison, it can be concluded that
the average peak of the absolute tracking error of the
manipulator in air is approximately 18 mm, whereas
that underwater is approximately 14 mm. The end
motion accuracy of the manipulator in water is higher
than that in air, and the amplitude of the vibration gen-
erated during the uniform speed is also smaller than
that during air operation.
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Fig. 17 Space motion trajectory error of the end-effector
of a manipulator in air (a) and water (b)

5 Conclusions

This study presents a new set of solutions for the
field of underwater manipulation. A lightweight under-
water electric manipulator that can be mounted on an
AUV is designed and fabricated. The switch of the
manipulator’s working mode on the UVMS platform
is achieved by designing a lifting structure assembly.
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The underwater manipulator is equipped with a sepa-
rate end-effector, aiming to maximize the universality
of the actuator and to make it easier to design new
actuators for different usage scenarios. In addition, the
kinematic analysis and workspace calculation of the
manipulator system were performed, and PTP trajec-
tory tracking experiments were conducted in air and
water, which obtained significant amounts of experi-
mental data.

However, this solution imposes many limitations
on the performance of the overall system and requires a
specific software solution. The fact that the proposed
innovative solution requires a first feasibility study
aimed at identifying the strengths and weaknesses of its
design and control system, followed by further improve-
ments, justifies this design approach. The analysis
shows that to improve the performance of the robotic
arm system, a more accurate control system needs to be
designed, along with hydrodynamic analysis (Simetti
and Casalino, 2016), and an AUV with a vision system
is required to conduct further autonomous operation
experiments (Simetti et al., 2018) in the underwater
environment as well as in the actual marine environ-
ment (Tarn et al., 1996).
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