
Mechanics & Industry 25, 35 (2024)
© Y. Pan et al., Published by EDP Sciences 2024
https://doi.org/10.1051/meca/2024029

Mechanics
&Industry
Available online at:

www.mechanics-industry.org
REGULAR ARTICLE
Shipbuilding crane manipulator with closed-chain structure:
structural design and kinematic performance analysis
Yuchen Pan1,*, Minghang Yue1,3 , Zhining Deng 1,2 , Zhanbin Meng1, and Yufu Li1

1 College of Mechanical, Naval Architecture and Ocean Engineering, Beibu Gulf University, Qinzhou 535011, PR China
2 College of Mechanical & Electrical Engineering, Shaanxi University of Science and Technology, Xi’an, 710021, PR China
3 Jiangxi Institute of Mechanical Science, Nanchang 330095, PR China
* e-mail: p

This is anO
Received: 8 February 2023 / Accepted: 24 June 2024

Abstract.Traditional shipbuilding crane manipulator is widely used in the process of block lifting and erection
of ships, but there are generally problems, such as inflexible output trajectory, limited workspace and low
working efficiency. In order to solve above problems, a novel hybrid shipbuilding crane manipulator with closed-
chain structure and weakly-coupled characteristics based on multi-DOF (Degree-of-Freedom) mechanism is
proposed. Then, a systematically structural and kinematic modeling and analysis method is presented to
describe the coupling degree, singular configurations, workspace, motion trajectory, dexterity capacity and
static stiffness performances of this type of closed-chain structure mechanism. Results of the numerical examples
verify the correctness, accuracy and efficiency of the proposed method. Meanwhile, compared with the
traditional shipbuilding cranemanipulator, the proposed novel manipulator can finish lifting and transportation
operation more efficient, which can also be applied in fields such as: innovative design of oil and gas drilling
platforms, deck machinery, construction machinery and other engineering equipment.

Keywords: Shipbuilding crane manipulator / POC set / singularity / workspace / performance analysis /
motion trajectory
1 Introduction

Shipbuilding industry is a comprehensive industry that
provides strategic technical and equipment support for
maritime transportation, marine development, etc., and
plays an important role in the development of key
industries, such as equipment manufacturing and electron-
ic information. Shipbuilding cranes take an important links
in the ship repair and construction process, which accounts
for about 45% of the total ship construction workload [1].

Shipbuilding cranes can be divided into portal cranes
and gantry cranes. At present only single freedom cranes
are using in shipbuilding. Those traditional cranes as
shown in Figure 1 [2] (schematic diagram as shown in
Fig. 3a) are difficult to output flexible working trajectory
because these single DOF could only output fixed
trajectory, and also exist high production cost, high
assembly process requirements, difficult maintenance, etc.

At present, the research on shipbuilding and port
cranes mainly focuses on power systems, evaluation
methods, structural optimization, reliability, etc. For
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example, Hakan et al. [3] studied an intelligent tandem
hybrid control method for gantry cranes. Zhao et al. [4]
introduced the energy storage system of a port crane hybrid
power system. Yong et al. [5] analyzed the non-circulation
reversible speed regulation system of port crane. Qian et al.
[6] proposed a port crane fault diagnosis method based on
genetic algorithm to optimize BP (Back Propagation)
neural network. Andrej et al. [7] presents a method for
determination of dynamic reaction forces in knuckle boom
cranes. Lee et al. [8] studied the control of a gantry and a
floating crane was performed for the block erection
operation, which proved that reliable control was achieved
under various environmental conditions. Wang [9] provid-
ed a function-oriented quality control method for ship-
building. As we can see that the design of new mechanism
of shipbuilding crane is very rare.

In the 1990s, Jones first proposed the concept of hybrid
manipulator with multi-DOF [10]. After decades of
development, most of the current hybrid manipulators’
main bodies aremainly parallel mechanisms, supplemented
by end-series manipulators. Hybrid manipulator combines
the advantages of series and parallel mechanisms [11], has
the advantages of large workspace, strong stiffness, high
load-capacity, high precision, etc., which attracting
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Fig. 1. Currently used crane manipulator.
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extensive attention and research from many scholars and
experts. Such as: Dong et al. [12] introduced a dynamic
modeling and design method of a novel type of 5-DOF
hybrid robot for machining that considers the three
performance indicators of workspace/machine volume
ratio, lateral stiffness, and low-order mode. Saminathan
et al. [13] designed a new module with 2-DOF by
connecting two and three modules in series, a hybrid
manipulator with 4 and 6-DOF can be formed respectively.
Arora et al. [14] proposed a three-dimensional hybrid
manipulator, which connected two parallel manipulators in
series. Hu et al. [15] used Grassmann-Cayley algebra to
propose a method for deriving terminal constraints of 5-
DOF hybrid manipulator, and solved terminal-DOF
characteristics. Sun et al. [16] presented a hybrid
human-like manipulator with 8-DOF, and gave a general
method to solve the inverse displacement problem of the
hybrid mechanism. These may provide good references for
the innovative design of novel shipbuilding crane manip-
ulators.

However, the problems of traditional shipbuilding
cranes have not been solved, which is one of the important
reasons restricting the development of shipbuilding crane.
In order to improve the trajectory of traditional single-
DOF crane, the rest of the paper is organized as follows.
Firstly, a hybrid shipbuilding crane manipulator is
proposed. Then, the structure is described and analyzed
as well as its coupling degree, position, singularities,
workspace and motion trajectory. Next, the dexterity
capacity and static stiffness performances are investigated.
Finally, the lifting simulation are investigated to confirm
the feasibility of the design.

2 Configuration

This work introduces a novel category of shipbuilding crane
manipulators with multi-DOF, weakly-coupled character-
istics, hybrid structures, as shown in Figure 2 [17].
According to the process requirements of shipbuilding, a
9-bar and 11-pair planar 2-DOF mechanism is obtained
through configuration evolution, and taken as an example
for analysis and research, as depicted in Figure 1b, and the
configuration can be described as: (1) Main body:
composed of two planar four-bar branch chains with a
two-link sub-chain. With the joint movements of the two
chains, the main body can achieve 2T output trajectories in
the plane. (2) Wire rope retractable part: realize the
retractable action of the wire rope. (3) Base rotation
section: the waist rotation of shipbuilding crane manipula-
tor can be achieved.

With the cooperation of the main body, wire rope
retractable and base rotation parts, the proposed ship-
building crane manipulator can accomplish given spatial
4-DOF lifting tasks. By comparing Figure 2c and 2d, we
can obtain the differences between the two mechanisms, as
depicted in Table 1.

2.1 DOF analysis

Introduce the position and orientation characteristics
(POC) set theory [18], and analyze the DOF of the
shipbuilding crane structure, as shown in Figure 3.

According to Yang [19], a formula for calculating DOF
without loss of generality is proposed as:

F ¼
Xm
i¼1

fi �
Xy
j¼1

jLj

jLj
¼ dim:{ð⋂

j

i¼1

MbiÞ∪Mbðjþ1Þ}

8>>><
>>>:

9>>>=
>>>;

ð1Þ

where,F- DOF ofmechanism; fi- DOF of the ith joints;m�
the number of joints; y- independent loop (y=m� n+1,
n- the number of link); jLj

- the number of independent loop
equations; dim. {} is the dimension of the POC set;Mbi-the
POC sets of the ith branch;Mb(j+1)� the POC sets of the (j
+1)th branch’s end component.

Combined with equation (1), the DOF is analyzed as
follows:
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Fig. 2. Shipbuilding crane manipulator. (a) Single-DOF shipbuilding crane manipulator; (b) Hybrid shipbuilding crane manipulator;
(c) Trajectory of single-DOF shipbuilding crane manipulator; (d) One Trajectory of Hybrid shipbuilding crane manipulator.

Table 1. Comparison of shipbuilding crane manipulators.

Category Planar DOF Main body Workspace Output
trajectory
length

End-effector height
change difference

Traditional shipbuilding
crane manipulator

1 A four-bar branch chain Single
trajectory

23.1 m 0.63 m

Hybrid shipbuilding
crane manipulator

2 Two planar four-bar
branch chains
with a two-link
sub-chain

Theoretically
an infinite
number of
trajectories

41.2 m 26.7 m
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The 1st independent loop can be written as:

jL1
¼ dim:{Mb1∪Mb2}

¼ dim:
t2ð⊥R3Þ
r1ðkR3Þ

� �
∪ t1ð⊥R4Þ

r1ðkR8Þ
� �� �

¼ 3
ð2Þ
Mpað1�2Þ ¼ Mb1 ∩Mb2 ¼ t1ðkP∗
i Þ

r1ðkR3Þ
� �

ð3Þ

where, t2(⊥R3)indicates there is two translation along a
direction, which is perpendicular to the R3 pair axis,
r1(||R3) indicates there is one rotation parallel to the R3



Fig. 3. Schematic diagram (a) tradition shipbuilding crane manipulator (b) Hybrid shipbuilding crane manipulator.

4 Y. Pan et al.: Mechanics & Industry 25, 35 (2024)
axis; t1(⊥R4)indicates there is one translation perpendicu-
lar to the R4 pair axis ; r1(||R8) indicates there is one
rotation parallel to the R8 axis;t1ðkP∗

i Þindicates that there
is one translation the associated translation of the Ri pair;
r1(||R3) indicates there is one rotation parallel to the R3
axis.

The 2nd independent loop can be expressed as:

jL2
¼ dim:{Mpað1�2Þ∪Mb3}

¼ dim:
t1ðkP∗

i Þ
r1ðkR3Þ

� �
∪ t2ð⊥R8Þ

r1ðkR8Þ
� �� �

¼ 3
ð4Þ

Mpað2�3Þ ¼ Mpað1�2Þ ∩Mb3 ¼ t1ðkP∗
i Þ

r1ðkR3Þ
� �

ð5Þ

where, t2(⊥R8)indicates there is two translation perpen-
dicular to the R3 pair axis.

The 3rd independent loop can be described as:

jL3
¼ dim:{Mpað2�3Þ∪Mb4}

¼ dim:
t1ðkP∗

i Þ
r1ðkR3Þ

� �
∪ t2ð⊥R10Þ

r1ðkR10Þ
� �� �

¼ 3
ð6Þ

Where, t2(⊥R10)indicates there is two translation
perpendicular to the R10 pair axis; r1(||R10) indicates
there is one rotation parallel to the R10 axis.

Substitute the above equations into equation (1),
yields:

F ¼
Xm
i¼1

fi �
Xy
j¼1

jLj
¼ 2 ð7Þ

It can be calculated from the above formulas that
shipbuilding crane structure has two-DOF and two-
dimensional motion on the plane. Results show that novel
shipbuilding crane manipulator can meet the requirements
of various lifting conditions in ship construction and has
more flexible trajectory output [20].
2.2 Analysis of coupling degree

In the hybrid shipbuilding crane structure, the coupling
degree of the mechanism reflects the geometric character-
istics, topological structure and the difficulty of solving
kinematics and dynamics of the end-effector like the
elephant trunk girder. On the basis of the POC set theory
[21], then we have:

Dj ¼
Xm
i¼1

fi � Ij � jLj
¼

D�
j ¼ �5;�4;�3;�2;�1

D0
j ¼ 0

Dþ
j ¼ þ1;þ2;þ3⋯

8><
>: ð8Þ

where, Dj is the constraint degree of the jth single opened
chains SOC; m is the number of joints contained in the
SOC; Ij is the number of actuated joints in the jth SOC;
fi,jLj

is the same definition as in equation. (1).
From the definition of coupling degree, we can get,

yields:

k ¼ 1

2
min

Xn
j¼1

Dj

( )
: ð9Þ

Then we have:

SOC1ðD1 ¼ 0Þ;SOC2ðD2 ¼ 0Þ;SOC3ðD3 ¼ 0Þ ð10Þ
Substituting equation (10) into (9), yields:

k ¼ 1

2
min

Xn
j¼1

Dj

( )
¼ 1

2
ðj0j þ j0j þ j0jÞ ¼ 0 ð11Þ

In summary, the coupling degree k is 0. Therefore, the
liftingmanipulator is weakly-coupledmechanism. Compared
with the high coupling mechanism, when solving the
kinematics and dynamics, there is no need to solve multiple
loop-equations simultaneously, and only need to be solved
separately. In the following researches, such as workspace,



Fig. 4. Schematic diagram of hybrid shipbuilding crane.

Table 2. The input parameters of the two active arms of shipbuilding crane and the output parameters at the end point
of the elephant nose beam.

b1(°) b4(°) xI(mm) yI (mm) b10(°)

Input 1 80 115 Output 1 5985.2 5437.8 –55.3
Input 2 90 125 Output 2 8371.8 8740.6 –29.9
Input 3 100 135 Output 3 9594.7 13152.2 –2.1
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singularity, carrying capacity and stiffness performance, the
mathematical analytical expression of the relationship
between output parameters and input parameters can be
obtained for the weakly-coupled manipulator, which is
conducive to the subsequent scale optimization, error analysis
and dynamic analysis. At the same time, the weakly-coupled
manipulator is beneficial to improve the kinematic, static
stiffness, dynamic performance and real-time control of the
mechanism, which has a good application prospect.

3 Kinematics analysis

On the basis of the coordinate system and the vector
relationship as depicted in Figure 4, the kinematic analysis
of the mechanism can be carried out as follows:

3.1 The four-bar (Loop T1) mechanism

The vector relation of the four-bar mechanism is written as:

l1 þ l2 þ l7 ¼ l31: ð12Þ
Then we can get:

l1cosb1 þ l2cosb2 þ l7 ¼ l31cosb3

l1sinb1 þ l2sinb2 ¼ l31sinb3 :

�
ð13Þ
The position of point G can be obtained as:

xG ¼ ðl31 þ l32Þcosb3

yG ¼ ðl31 þ l32Þsinb3
:

�
ð14Þ

3.2 The four-bar (Loop T2) mechanism

Similarly, the position of point H is calculated by:

xH ¼ xG þ l82cosb8 ¼ ðl31 þ l32Þcosb3 þ l82cosb8

yH ¼ yG þ l82sinb8 ¼ ðl31 þ l32Þsinb3 þ l82sinb8
:

�
ð15Þ

3.3 The six-bar (Loop T3) mechanism

In the same way, the position of point I can be computed as:

xI ¼ xH þ l11cosb10 ¼ ðl31þ l32Þcosb3þ l82cosb8þ l11cosb10

yI ¼ yH þ l11sinb10 ¼ ðl31þ l32Þsinb3þ l82sinb8þ l11sinb10:

�
ð16Þ

The position relationship between the two active arms
of the shipbuilding crane and the end point of the elephant
nose beam I is shown in Table 2.



Table 3. The input parameters at the end point of the nose beam of the shipbuilding crane and the output parameters of
the two driving arms.

xI(mm) yI (mm) b10(°) b1(°) b4(°)

Input 1 5985.2 5437.8 –55.3 Output 1 79.9 115.0
Input 2 8371.8 8740.6 –29.9 Output 2 90.0 125.1
Input 3 9594.7 13152.2 –2.1 Output 3 99.9 135.0
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3.4 Inverse position

According to the reverse of the forward solution of the
position, reverse the posture of Loop T1, Loop T2 and the
trunk of the elephant, yields:

b4 ¼ 2arctanðx1Þ ð17Þ

b3 ¼ 2arctanðx2Þ ð18Þ

b1 ¼ 2arctanðx3Þ: ð19Þ
The position relationship between the nose beam end

point I and the two active arms of the shipbuilding crane is
shown in Table 3.

By comparing Tables 2 and 3, we can see that the
forward and inverse solution values of shipbuilding lifting
mechanism are basically equal, indicating that the
mathematical model of the forward and inverse solution
of shipbuilding lifting mechanism is correct.

3.5 Velocity Jacobian matrix

The constraint equations of mechanism can be written as:

xJ ¼ðl31þ l32Þcosb3þ l82cosb8� l10cosb10

yJ ¼ðl31þ l32Þsinb3þ l82sinb8� l10sinb10

�
ð20Þ

xC ¼ xI � l11cosb10 � l82cosb8 � l32cosb3

yC ¼ yI � l11sinb10 � l82sinb8 � l32sinb3

�
ð21Þ

ðxJ � l4cosb4Þ2 þ ðyJ � l4sinb4Þ2 ¼ l29
ðxC � l1cosb1Þ2 þ ðyC � l1sinb1Þ2 ¼ l22

:

�
ð22Þ

Then the forward and inverse velocity Jacobian can be
obtained:

J1 ¼ AB
CD

� �
J2 ¼ EF

GH

� �
ð23Þ

where:

A ¼
a3
d1
� a4

d2

� �
c1
d1
� c2

d2

� � ;B ¼
b3
d1
� b4

d2

� �
c1
d1
� c2

d2

� � ;

C ¼
a3
c1
� a4

c2

� �
d1
c1
� d2

c2

� � ;D ¼
b3
c1
� b4

c2

� �
d1
c1
� d2

c2

� �
a3 ¼ �ðl3cosb3 þ l82cosb8 � l10cosb10 � l4cosb4Þ;
a4 ¼ �ðl3cosb3 � l32cosb3 � l1cosb1Þ;
b3 ¼ �ðl3sinb3 þ l82sinb8 � l10sinb10 � l4sinb4Þ;
b4 ¼ �ðl3sinb3 � l32sinb3 � l1sinb1Þ;
c1 ¼ ðl3cosb3 þ l82cosb8 � l10cosb10 � l4cosb4Þ
•ðl11sinb10•f4 þ l10sinb10•f4Þ � ðl3sinb3 þ l82sinb8

� l10sinb10 � l4sinb4Þ•ðl11cosb10•f4
þ l10cosb10•f4Þ; d1
¼ ðl3cosb3 þ l82cosb8 � l10cosb10

� l4cosb4Þ•ðl11sinb10•f3 þ l10sinb10•f3Þ
� ðl3sinb3 þ l82sinb8 � l10sinb10

� l4sinb4Þ•ðl11cosb10•f3 þ l10cosb10•f3Þ þ {ðxJ

� l4cosb4Þl4sinb4 � ðyJ � l4sinb4Þl4cosb4}; c2
¼ ðl3cosb3 � l32cosb3 � l1cosb1Þ•ðl11sinb10•f4
þ l32sinb3•f1 þ l82sinb8•f2Þ � ðl3sinb3 � l32sinb3

� l1sinb1Þ•ðl11cosb10•f4 þ l32cosb3•f1
þ l82cosb8•f2Þ þ {ðxC � l1cosb1Þl1sinb1 � ðyC
� l1sinb1Þl1cosb1}d2
¼ ðl3cosb3 � l32cosb3 � l1cosb1Þ•ðl11sinb10•f3Þ
� ðl3sinb3 � l32sinb3 � l1sinb1Þ•ðl11cosb10•f3Þ:

E ¼
c3
b1
� c4

b2

� �
a1
b1
� a2

b2

� � ;F ¼
d3
b1
� d4

b2

� �
a1
b1
� a2

b2

� � ;G¼
c3
a1
� c4

a2

� �
b1
a1
� b2

a2

� � ;H ¼
d3
a1
� d4

a2

� �
b1
a1
� b2

a2

� �

a1 ¼ l3cosb3 þ l82cosb8 � l10cosb10 � l4cosb4;
b1 ¼ l3sinb3 þ l82sinb8 � l10sinb10 � l4sinb4;
a2 ¼ l3cosb3 � l32cosb3 � l1cosb1;
b2 ¼ l3sinb3 � l32sinb3 � l1sinb1;
c3 ¼ �ðl3cosb3 þ l82cosb8 � l10cosb10 � l4cosb4Þ
•ðl11sinb10•f4 þ l10sinb10•f4Þ þ ðl3sinb3 þ l82sinb8

� l10sinb10 � l4sinb4Þ•ðl11cosb10•f4
þ l10cosb10•f4Þ; d3
¼ �ðl3cosb3 þ l82cosb8 � l10cosb10

� l4cosb4Þ•ðl11sinb10•f3 þ l10sinb10•f3Þ
þ ðl3sinb3 þ l82sinb8 � l10sinb10

� l4sinb4Þ•ðl11cosb10•f3 þ l10cosb10•f3Þ � {ðxJ

� l4cosb4Þl4sinb4 � ðyJ � l4sinb4Þl4cosb4}; c4
¼ �ðl3cosb3 � l32cosb3 � l1cosb1Þ•ðl11sinb10•f4
þ l32sinb3•f1 þ l82sinb8•f2Þ þ ðl3sinb3 � l32sinb3

� l1sinb1Þ•ðl11cosb10•f4 þ l32cosb3•f1
þ l82cosb8•f2Þ � {ðxC � l1cosb1Þl1sinb1 � ðyC
� l1sinb1Þl1cosb1}d4
¼ �ðl3cosb3 � l32cosb3 � l1cosb1Þ•ðl11sinb10•f3Þ
þ ðl3sinb3 � l32sinb3 � l1sinb1Þ•ðl11cosb10•f3Þ:



Fig. 5. Partial singular configurations.
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3.6 Singularity and workspace analysis and simulation

The position of point C can be computed as:

xC ¼ l7 þ l2cosb2 þ l1cosb1

yC ¼ l1sinb1 þ l2sinb2
:

�
ð24Þ

Then

dxC

dyC

� �
¼ J3

db1

db2

� �
ð25Þ

when det(J3)= 0, the mechanism has singular configu-
rations, where b2=b1 or b2=b1+p.

similarly, we can get, yields:

dxC

dyC

� �
¼ J4

db5

db8

� �
ð26Þ

when det(J4)= 0, the mechanism has singular configu-
rations, where b8=b5 or b8=b5+p.

In the same way, we have:

dxJ

dyJ

� �
¼ J5

db4

db10

� �
ð27Þ

when det(J5)= 0, the mechanism has singular configu-
rations, where b4=b9, b4=b9+p or b10=b8, b10=b8+p

Meanwhile, if the rod DKJI is regarded as a single-open
chain mechanism, the singular configurations exist, where
b10=b9 or b10=b9+p. Some singular configurations are
depicted in Figure 5.
In accordance with the relationship between the lengths
of the four-bar mechanism and five-bar mechanism in
Grashof criterion [22,23], a set of mechanism dimension
parameters as shown in Table 4 are given in combination
with the transmission angle and pressure angle of the
mechanism when typical shipbuilding crane lifting oper-
ations are required.

Combined with the forward mathematical model and
considering the singularities, the mathematical model and
constraints were imported into the software, and the cloud
images of the mechanism in the theoretical three-
dimensional workspace and plane workspace were
obtained, as depicted in Figure 6.

Figures 6a and 6b are the theoretical three-dimension-
al and plane workspace diagrams respectively. From
Figure 6b, it can be seen that the lifting mechanism has
a larger workspace, and its transverse theoretical working
range is 2.0m ∼12.1m and vertical theoretical working
range is 0.48m ∼21.8m. Figures 6c and 6d are the actual
three-dimensional and plane workspace diagrams in
combination with actual lifting conditions respectively.
It can be seen from Figures 6c and 6d that the actual
reachable space range is relatively wide. Its horizontal
theoretical working range is 8.3m ∼9.9m and vertical
theoretical working range is 0.87m ∼13.7m.

Through the simulation analysis of the shipbuilding
crane manipulator, a variety of lifting working trajectories
that meet the actual lifting operating conditions can be
obtained, as depicted in Figure 7. Figure 7a is the
simulation trajectory of the traditional single-DOF crane
manipulator, and Figure 7b is the trajectory diagram of
novel hybrid shipbuilding crane manipulator completing a



Table 4. Dimensional parameters.

Parameters Values (mm) Parameters Values (mm) Parameters Values (mm)

l1 3000 l5 6375 l9 7500
l2 2250 l6 4800 l10 3675
l31 4350 l7 2400 l11 9300
l32 3900 l81 3750
l4 10125 l82 5250

Fig. 6. Workspace. (a) Theoretical three-dimensional workspace, (b) Theoretical plane workspace, (c) Actual three-dimensional
workspace, (d) Actual plane workspace.
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lifting task in a single-plane. The rest of the trajectory
simulation diagram is a hybrid shipbuilding crane
manipulator, which is a simulation trajectory obtained
by combining the rotating platform and changing the input
parameter values of the two active rods for different
hoisting and lifting operating conditions.

It can be seen that compared with the traditional single-
DOF crane manipulator as show in Figure 7a, the hybrid
shipbuilding crane structure can not only complete a
single-action, but also realize flexible output trajectories as
show in Figure 7b, the end-effector can reach the nearest
point and the far point when hybrid shipbuilding crane in
the different posture as show in Figures 7c and 7d, which
can adapt to the requirements of lifting and unloading
operations under a variety of different working conditions,
and meets the task requirements of the existing shipbuild-
ing cranes.
4 Performance analysis

4.1 Dexterity analysis

It is necessary to consider the operation requirements
under various conditions, which requires the structure to
respond quickly. In general, the dexterity index is used to
reflect the movement performance of the crane structure,
which indicates the ability to obtain the target and the
flexibility of each bar of the manipulator.

By using spectral norm to calculate the condition
number of Jacobian matrix,

LðkÞ ¼ kJ2k•kJ�1
2 k: ð28Þ

The spectral normmethod of matrix is used to solve the
above norm.



Fig. 7. Variety of actual lifting operation trajectories.
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Then:

kJk ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
lmaxðJTJÞ

q
¼ smax ð29Þ

where, lmax is the Maximum eigenvalue ; smax is the
Maximum singular value.

From the definition in equation (29), equation (28) can
be rewritten as follows.

LðkÞ ¼ smax

smin
: ð30Þ

Then we can find that 1� L(k) �+∞,which is not
intuitive to reveal the dexterity. To further describe the
dexterity of shipbuilding cranes manipulator:

LðciÞ ¼ smin

smax
: ð31Þ

By given the 80 � b1 � 100, 120 � b4 � 130 the
dexterity changes with variations of beta1, beta4 and x,y:

Figures 8a and 8b shows that the dexterity of the
shipbuilding cranes is low at the beginning of operation. As
the input angle of the two active arms gradually increases,
the dexterity index is mostly concentrated between 0.05
and 0.25, and themaximum value can reach 0.3. During the
operation of the lifting mechanism, its overall dexterity
index is far from 0 (far from singular position), which meets
the operation requirements of low-speed heavy-load
shipbuilding cranes.
4.2 Static stiffness analysis

The trunk of the elephant begins to lift the components, the
reaction force exerted by the components does virtual
work, which is equal to the deformation energy generated
by each rod, and the relationship is [24]:

FTDX ¼ cTDg ð32Þ
where, F represents the force on the bridge of the elephant
trunk girder; DX represents the slight displacement of the
bridge of the elephant trunk girder; c represents the
generalized external force received by the end of each rod;
Dg represents the generalized displacement caused by the
generalized force acting on the end of each rod.

Then, the stiffness matrix of the shipbuilding crane
structure can be written as:

Kn ¼ JT
2 kJ2 ð33Þ

where, k= diag[k11,…, knn] is the joint stiffness matrix of the
shipbuilding crane.

Generally, the rigid component is taken as knn= 1. Then
the stiffness cloud diagram of the hybrid crane structure is
as shown in Figure 9.

It can be seen from Figure 9 that the overall rigidity of
the shipbuilding crane structure is still relatively in line
with the requirements of lifting operations. When the
initial parameters of the two active booms are input, the
rigidity value of the crane structure can reach 1017. When



Fig. 8. The dexterity changes with variations of beta1, beta4 and x,y.

Fig. 9. Cloud diagram of posture and position stiffness performance.
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the angle of the active boom 1 is at 80° ∼90°, its stiffness
value shows a slow upward trend. At 90° ∼100°, the
stiffness value rises proportion significantly. At this time,
the crane structure is in the lifting state, and the stiffness of
the rods is required to be at the best status, as can be seen
from the cloud diagram, the design of the crane basically
meets the operational requirements of shipbuilding cranes.

5 Conclusion

In order to solve the problems of traditional single-DOF
crane with fixed and poor trajectory, limited working space
and low working efficiency, this paper designs a new type of
two-DOF hybrid drive weak coupling mechanism based on
closed-loop mechanism. By Using POC set theory, the
DOF of the manipulator was analyzed, and coupling degree
was calculated. Then, the closed-loop vector method and
constraint equations were used to develop a mathematical
analytical model of mechanism kinematics, and the
kinematics characteristics of position and velocity when
completing a given lifting task were carried out. Based on
velocity Jacobian matrix, the singular configurations were
solved, the dexterity capacity and static stiffness perfor-
mances were analyzed. Combined with singular config-
urations, theoretical workspace range and actual
workspace combined with actual lifting conditions were
obtained. Through trajectory comparison, it could be seen
that hybrid crane manipulator combined with rotating
platform could output trajectory that met different
operation requirements, and the trajectory was flexibility.
Results show that the hybrid crane manipulator with
closed-chain structure and weakly-coupled characteristics
compared with the traditional crane can achieve faster
response speed, larger working space, more flexible
trajectory, can be used in the lifting operation of ship
construction, which provides a novel configuration for the
field of shipbuilding lifting machinery andmay also provide
reference for the innovative design and application of other
construction machinery.
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