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This paper introduces two 4-DOF underwater manipulators mounted on autonomous underwater vehicle (AUV) with 

grasping claws, such that the AUV can accomplish the underwater task by using dual manipulators. Mechanical design of 

the manipulator is briefly presented and the feature of the simple structure of dual manipulators is simulated by using Solid 

Works. In addition, the hydrodynamics of the manipulator is analyzed, considering drag force, added mass and buoyancy. 

Then, hydrodynamic simulations of the manipulator are conducted by using 3-D model with Adams software, from which 

the torque of each joint is calculated. This paper presents an integrated result of computed torques by combining the 

theoretical calculation and simulation results, which is instrumental in determining the driving torque of the manipulators. 
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Introduction 

With the development of marine technology and 

ocean exploration, underwater robotic vehicles and 

underwater manipulators play an important role in 

underwater operational tasks where human access is 

difficult
1,2,3,4,5

. Research work on modeling, control 

and simulations of intelligent control systems, 

including advanced ship
6
, manipulator

7
, aerial robot

8,9
 

and marine robot
10,11,12,13,14

, attracts a lot of interest in 

robotic community. However, different from the 

manipulator on the ground, underwater manipulator 

suffers from the hydrodynamic effects in the water. 

Therefore, the dynamic model, especially 

hydrodynamics, is necessary to be analyzed. 

In recent years, considerable research work on the 

underwater manipulator has been done. A 3-DOF 

underwater manipulator is introduced in Yu et al.
15

. 

Zhang et al.
16

 introduced a hydrodynamic model to 

analyze the underwater manipulator, but the 

simulation doesn’t cover the torque. Chang et al.
17

 

used Lie group to build a dynamic model of 

underwater vehicle-manipulator system (UVMS). 

Yuh et al.
18

 identified four hydrodynamic forces 

which should be taken into consideration: Added 

mass, fluid acceleration, drag force, and buoyancy. 

Levesque et al.
19

 calculated the drag forces and 

torques. Fossen et al.
20

 introduced a simplified 

hydrodynamic model of underwater manipulator. 

Asghar et al.
21

 analyzed the kinematic model of 

underwater manipulator. Gao et al.
22

 illustrated the 

different influence of different hydrodynamic force 

and torque. Lin et al.
23

 and Zou et al.
24

 used Adams to 

simulate the kinematics model of two type of 

manipulator. However, due to the work limitations 

and purpose, these research works didn’t utilize the 

hydrodynamic analysis to calculate the maximum 

torque of the joints. 

In this paper, a 4-DOF underwater manipulator is 

introduced, including the overall structure. Then, on 

the assumption that manipulator velocity is slow and 

water is still, four hydrodynamic forces and torques 

are discussed. Simulations are performed to gain the 

torque curve and then the two results are combined to 

calculate the maximum driving torque. 
 

Materials and Methods 
 

UVMS design 

In this paper, the UVMS consists of AUV and two 

underwater manipulators
25,26

, which can grab or 

embrace the task target better than that using one. To 

reduce the flow resistance of the AUV, the two 

manipulators are mounted on both sides of the AUV, 

which are concave. In this way, the AUV also protects 

the two manipulators when they are not working. The 

two fixed points of the manipulators are interlaced, 

located at the front of the AUV, for the purpose that 
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the two manipulators can grasp the target more firmly. 

When seizing the target, the UVMS is able to carry it 

and move together.  
 

Manipulator design 

To balance the mass and structure, the 3-D model 

of the 4-DOF underwater manipulator is shown in 

Figure 2, consisting of shoulder, upper arm, lower 

arm, wrist and a claw as the end-effector. Considering 

the influence of water, the overall shape of the 

manipulator is designed as a cylinder and the material 

used is aluminum alloy. 

The shoulder joint is perpendicular to the other 

joint, which is connected to the pedestal and used to 

make the manipulator out of the AUV. The other 

three joints are designed to ensure that the end-

effector can reach different position in 3-D space. In 

addition, the motor in the wrist makes the claw open 

and close through the linkage mechanism. 

Depending on the size of AUV and the function of 

the underwater manipulator, the length and rotating 

degree of joints are different. The length of the 

manipulator is 1.28 m and the mass is 12.5 kg. The 

main parameters of the parts are shown in Table 1. 
 

Hydrodynamics analysis 

The hydrodynamic analysis is based on several 

assumptions: The velocity of manipulator is slow; the 

water is still; and the manipulator is regarded as 

cylinder. Therefore, four torques should be taken into 

consideration, including drag torque, added-mass 

torque, gravity and buoyancy torque, and inertia 

torque
27

. 

Drag torque: According to fluid mechanics, when 

the object moves in the viscous liquid, the relative 

motion between them will cause liquid resistance. In 

this paper, the manipulator is regarded as cylinder, so 

the tangential drag force is small and negligible and 

only normal drag force is considered.  

The coordinate system is shown in Figure 3, where 

l is the length and D is the diameter of the model. 

The drag force and torque are calculated via the 

formula 
 

𝑑𝑓𝐷 =
1

2
𝜌𝐶𝐷𝑣

𝑛 𝑥  𝑣𝑛 𝑥  𝐷 𝑑𝑥          (1) 
 

𝜏𝐷 =
1

2
𝜌𝐶𝐷  ( 𝑥 0 0 𝑇 × 𝑣𝑛 𝑥 ) 𝑣𝑛(𝑥) 𝐷 𝑑𝑥

𝑙

0
      (2) 

 

where 𝐶𝐷 is the drag coefficient; 𝑣𝑛(𝑥) is the 

normal velocity vector of the cylindrical surface, 

which is the mapping of 𝑣(𝑥) on the yoz plane; D is 

the diameter of the thin rod; and dx is the thickness of 

the unit. 

Added-mass Torque: When an object moves with 

acceleration in the water, the water will also be 

accelerated with the object. Therefore, the added-

mass force is the reaction force of the object. The 

force and torque of added-mass are given as 
 

𝑑𝑓𝐴 =
𝜋

4
𝜌𝐶𝑚

𝑑𝑣𝑛 (𝑥)

𝑑𝑡
𝐷2 𝑑𝑥           (3) 

 

 
 

Fig. 1 — 3-D model of the UVMS 
 

 
 

Fig. 2 — 3-D model of the underwater manipulator 

 

 

Table 1 — Parameters of the manipulator 

Part Length 

(m) 

Diameter 

(m) 

Thickness 

(m) 

Rotation 

range(o) 

Shoulder joint 0.08 0.12 / 0-90 

Upper arm joint 0.37 0.11 0.01 0-90 

Lower arm joint 0.22 0.10 0.01 0-40 

Wrist joint 0.21 0.09 0.01 0-30 
 

 
 

Fig. 3 — Model coordinate system 
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𝜏𝐴 =
𝜋

4
𝜌𝐶𝑚  ( 𝑥 0 0 𝑇 ×

𝑑𝑣𝑛  𝑥 

𝑑𝑡
)𝐷2𝑙

0
𝑑𝑥 (4) 

 

where 𝐶𝑚  is added-mass coefficient. 

Inertia Torque: When the object is accelerated, 

there is inertia force at the mass center. As the 

manipulator is regarded as cylinder and the rotating 

axis is at the end of it, the moment of inertia is 
 

𝐼 =  𝑟2 𝑑𝑚 =  𝜆𝑥2 𝑑𝑥
𝑥2

𝑥1
 (5) 

 

where 𝜆 =
𝑚

𝑙
 is the mass line density. 

Considering the cylinder is hollow, the mass of the 

model is 
 

𝑀 = 𝜌′𝜋( 
𝐷

2
 

2
−  

𝐷

2
− 𝑡 

2
)𝑙 (6) 

 

where 𝑡 and 𝜌′  represent the thickness and density 

of the hollow cylinder. 

Therefore, the inertia torque can be given as 
 

𝑇𝐼 = 𝐼𝛼 (7) 
 

where 𝛼 is the angular acceleration. 

Gravity and buoyancy torque: To simplify the 

calculation, buoyancy center coincides with the mass 

center. The gravity and buoyancy torque have the 

following form as 
 

𝑇𝐺 =  𝑀𝑖𝑔𝑑𝑖 +  𝑚𝑖𝑔𝑙𝑖  (8) 
 

𝑇𝐵 =  𝜌𝑉𝑖𝑔𝑑𝑖 +  𝜌𝑣𝑖𝑔𝑙𝑖  (9) 
 

where 𝑀𝑖  and 𝑉𝑖  represent the mass and volume of 

the manipulator parts; 𝑚𝑖  and 𝑣𝑖  represent the mass 

and volume of the motor, and 𝑑𝑖  and 𝑙𝑖  represent the 

distance from mass center of manipulator parts and 

motor to the rotating axis. 

Calculation result: Based on the parameter of the 

manipulator, the torque of all joints can be calculated. 

Through the analysis of the model, the driving torque 

of the joints is given as 
 

𝑇 = 𝜏𝐷 + 𝜏𝐴 + 𝑇𝐼 + 𝑇𝐺 − 𝑇𝐵 (10) 
 

In this paper, the rotating axis of shoulder joint is 

parallel to the gravity, so the driving torque doesn’t 

include gravity and buoyancy torque. As for  

the other joints, the results are calculated using  

the formula. 

The results are shown in Table 2. 
 

Results and Discussion 
 

Results 

In this paper, the 3-D model is imported to the 

simulation software, which can compute the torque by 

simulating the motion. However, the 3-D modeling 

function of the simulation software is not strong as the 

modeling software, so the original assembly relationship 

of the models cannot be retained in the simulation 

software
28

. Therefore, the complicated structure of the 

claw has to be simplified, as shown in Figure 4. 

In the simulation environment, the gravity and 

buoyancy exist and the added-mass force and drag 

force are placed on the point of them. Then, as the 

velocity of the claw is constant, the rotation processes 

of different joints are different. But all the joints 

rotate with the acceleration – uniform-deceleration 

process. The parameters of the simulation are shown 

in Table 3. 

From the simulation process, as shown in Figure 5, 

we can know the position of manipulator when the 

torque is maximum. 

 

Table 2—Calculated driving torque of joints 

Shoulder joint 1.4075 N·m 

Upper arm joint 51.6178 N·m 

Lower arm joint 22.1166 N·m 
Wrist joint 10.3730 N·m 

 

Table 3—Parameters of simulation 

Part Angular  
velocity 

Time Acceleration 
/deceleration time 

Shoulder joint 0.0977 rad/s 16 s 0.5 s 

Upper arm joint 0.1042 rad/s 14 s 0.5 s 

Lower arm joint 0.1506 rad/s 5.5 s 0.5 s 

Wrist joint 0.2049 rad/s 1.5 s 0.5 s 
 

 

 
 

Fig. 4 — Model in simulation software 

 

 
 

Fig. 5 — Simulation process 
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The simulation results are shown in Figure 6, 

which are the torque curves of different joints.  

From the shape of the curves above, it is obvious 

that the gravity and buoyancy torques are much 

greater than other torques (except the shoulder joint). 

To figure out the influence of the other torques, the 

simulation need to be continued, not including gravity 

and buoyancy. The simulation results are shown  

in Figure 7 
 

Discussion 

Due to the direction of the simulation process, the 

torque curves are similar to sine curve. But from 

Figure 6, we can know that the sudden change is the 

inertia torque, and the deviation to 0 is the sum of 

added-mass and drag torque. 

Comparing the calculation results and simulation 

results, as shown in Table 4, we can analyze the 

difference between them and find some reasons: 

 

 

(a) Shoulder joint 

 

(b) Upper arm joint 

 

(c) Lower arm joint 

 

(d) Wrist joint 

Fig.6 — Torque of different joints 

 

 

(a) Upper arm joint 

 

(b) Lower arm joint 

 

(c) Wrist joint 

Fig.7 — Torque without gravity and buoyancy 
 

Table 4 — Two results of driving torque 

Part Simulated result Calculated result 

Shoulder joint 3.4167 N·m 1.4075 N·m 

Upper arm joint 41.7241 N·m 51.6178 N·m 

Lower arm joint 16.3333 N·m 22.1166 N·m 
Wrist joint 6.0021 N·m 10.3730 N·m 
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(1) In the simulation software, the mass of the 

model is calculate by the software, while in the 

theoretical calculation, the cylinder is not as accurate 

as the real manipulator. 

(2) In the simulation software, the accelerating 

process is smoother. But when calculating the inertia 

torque, the acceleration is a constant. 

(3) Limited by the function of the software, the 

added-mass force and drag force are placed on the 

model in an approximate way. 

As mentioned in the preceding section, the two 

types of results both have deviation in some aspect. 

Therefore, we can select the accurate torque from the 

two results and calculate the driving torque more 

accurately. From the reasons (1) and (2), the gravity, 

buoyancy and inertia torques simulated by the 

software are more precise. While in the theoretical 

calculation, the added-mass and drag torques are 

better. By integrating the results, the relative accurate 

torques are shown in Table 5.  
 

Conclusion 

This paper presents a 4-DOF underwater 

manipulator, including structure and motion. 

Considering the influence of water, the hydrodynamic 

analysis is developed and the simulations of the 

manipulator are performed. The integral analysis 

provides a new way of calculating the driving torque of 

joints, which lays a foundation to the choice of motor. 
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