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ABSTRACT

Port container crane (shore bridge) is an important equipment for container loading and unloading
in the port, and its working mechanism includes four parts: lifting mechanism, operating
mechanism, operating system and equipment structure. In this paper, digital twin technology is
integrated to realize the digital mapping of quay bridge operation, which is the basis for realizing
predictive maintenance. As a link between the physical space and the digital space, the digital twin
is based on a new generation of information technology, which can complete the mapping of the
real space in the digital space, so as to reflect the whole life cycle process of the corresponding
physical equipment, and can derive related other functions on this basis. Firstly, the bridge was
constructed using 3D modeling software solid works, and the mapping and model format
conversion were carried out using 3ds Max. Finally, the 3D model was imported into Unity and the
port virtual environment was built. Combined with C#, the driving engine of the lifting mechanism
and operating mechanism of the quayside bridge is developed, and the virtual and real
synchronous operation of the quayside bridge is finally realized.
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1. INTRODUCTION

In the context of world peace, countries began to
pursue economic development and gradually
develop international trade, the port is an
important place for international exchanges, 90%
of the volume of international trade is completed
in the port by sea[l]. In recent years, in order to
meet the requirements of cargo loading and
unloading process and loading and unloading
speed, the level of mechanical automation in
ports has been greatly improved, and port cranes
have become more and more important as the
main equipment for loading and unloading
cargo[2]. In view of the complexity and
harshness of the port environment, the port
crane load, port cranes are often structural aging
fracture, failure, machine instability, wear and
other safety hazards[3]. In order to therefore
correctly predict the stress, deformation and
future failure of harbor cranes during operation, it
is of great significance for the safe operation and
health management of harbor cranes.[4,5]

As a link between physical space and digital
space, digital twin can be used to establish a real
mirror image of the whole life cycle of material
selection, structural design, processing and
manufacturing, and operation and maintenance
management of physical entities in digital
space[6,7]. Port crane digital twin as an effective
means of real interaction, health monitoring,
through the physical space to the virtual space of
the dynamic mapping, to achieve the real and
virtual closed-loop interaction in manufacturing
activities[8].

Digital twin concept prototype was created in
2003, by the University of Michigan Professor
Michael Grieves in the full life cycle management
(PLM) concept of idealization was put forward,
and then on the concept of digital twin
expression has evolved into a "mirror space
model", "information”, "mirror model"
concept[9,10]. Up to this point, the terminological
expression of digital twin technology has
undergone many shifts, but the core of the digital
twin remains unchanged, i.e., the technology is
defined by the physical space, the digital space,
and the data and information that can link the two
spaces together [11]. 2010, NASA proposed the
"Digital Twin" in its Integrated Technology
Roadmap[12]. 2011, NASA proposed the "Digital
Twin" in its Integrated Technology Roadmap. "In
2011, NASA applied digital twin technology to
space vehicles to realize the simulation and
analysis of space vehicles, monitor their flight
status and predict their future flight status, and

feedback the predicted status to operators on the
ground to help them make optimal
decisions[13,14]. So far, many famous foreign
research institutions and enterprises have
realized the value of digital twin technology and
started to actively explore digital twin
technology[15]. In China, domestic scholars also
began to explore digital twin technology in 2017.
The team led by Tao Fei, a scholar at Beijing
University of Aeronautics and Astronautics,
launched an in-depth study of digital twin
technology, proposed a five-dimensional model
of digital twins, and put forward the theory and
application of digital twin model construction[16].
Digital twin technology has been the focus of
more and more scholars at home and abroad,
the digital twin market is gradually expanding,
and at the same time, the development of digital
twins has risen to the level of national strategy
[17,18]. Countries have introduced relevant
policies as an important supporting condition for
the development of digital twin technology.
According to the report "China Digital Twin City
Market  Analysis, 2021" published by
International Data Corporation (IDC), the global
digital twin market size was at $7.47 billion in
2021 and is expected to reach $26.46 billion in
2025[19]. Driven by the national strategy and
market demand, China's digital twin technology
market size is also gradually climbing upward.
According to relevant departments, China's
digital twin technology market size was about 2.7
billion yuan in 2014, growing to about 13.7 billion
yuan in 2020, with a compound growth rate of
31.1% [20].

The Shorebridge digital twin system can realize
the mirroring of devices in the physical world in
the digital world, and the operational data of the
Shorebridge can drive the geometric model to
move along with it, so that the geometric model
can become a true twin model [21]. The twin
model in turn can discover the laws from its
repeated operation, predict various conditions of
the bridge and make feedback, so that
dangerous situations can be detected in advance
to ensure the safety of personnel and goods.
Digital twin technology has flourished in recent
years, with several successful applications in
smart factories and smart cities [22,23].
However, there is no successful application case
for product-level equipment, which still needs to
be explored in depth. Most scholars have
proposed a digital twin framework for equipment
operation, while others have not realized the
interoperability between the real and the virtual,
especially for the digital twin of major equipment,
and there is still much room for exploration[24].
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2. SHOREBRIDGE MODELING ROADMAP

In terms of the construction of digital twin model,
this project needs to build a complete three-
dimensional model during the operation of the
shore bridge, which not only includes the
operation equipment, but also restores the port
operating environment to the greatest extent [25].
It is not only necessary to ensure the consistency
of the digital space and the real scene, but also
to restore the reality of the physical scene to the
maximum extent, so that the visual sense of
reality. The 3D modeling technology roadmap is
shown in Fig. 1.

In order to make the visualization platform more
realistic, in addition to building the three-
dimensional model of the core equipment of the
shore bridge, the port environment should also

be restored to the maximum extent in the
visualization platform, so that the human-
computer interaction can bring immersive

feelings to the experience personnel. As the core
equipment, the quayside bridge has a large
structure, so it is necessary to divide the modules
to better build the model. According to the four
operating mechanisms of the quayside bridge,
the model is divided and constructed step by
step, and the specific relationship between the
models is determined, such as the constraint
relationship, the "father and son" relationship. In
addition, a modeling software that can meet the
requirements of 3D modeling is selected
according to the digital modeling requirements,
and the model is constructed according to the
modules divided by the shorebridge. After the
construction of the 3D model, a mapping
software is selected to add maps to the
shorebridge 3D model to make it more realistic in
appearance. Finally, the construction of the
three-dimensional model of the quayside bridge
is completed.

In addition to the
mechanical structure,

core equipment with
in order to make the

visualization window more realistic, it is
necessary to build the real environment of the
port, that is, the modeling of the environment
part, which generally includes the ground, the
sky box, and the lighting system, which are the
necessary environmental parts to provide the
sense of reality for the human perspective. In
addition, in terms of human-computer interaction,
in order to give users an immersive experience,
buttons such as the equipment information of the
bridge should be set. After the three parts are
modeled in the visualization platform, each
module can be integrated according to the nature
of the visualization platform.

3. META-ACTION THEORY ANALYSIS
DURING SHORE BRIDGE
OPERATIONS

For the different working requirements of the
quay bridge, through the operation of the
manipulator system of various manipulators and
related rods, will produce the corresponding

electrical signals, the electrical signals are
transmitted to the digital operation of the
operating electronic system, so that the

corresponding part of the program to start, and
ultimately produce the output signals, transmitted
to the motor, the motor is responsible for the
output of electrical energy, speed or torque, the
process of that is to achieve the output from the
manipulation of manipulators to the speed,
torque[26]. Then the movement and torque are
transferred  through  the coupling, and
then the power of the equipment is reduced
through the reduction gearbox to meet the speed
required for the operation of the equipment,
which drives the drum to realize the extension
and retraction of the steel wire rope, thus
realizing the behavior of the hoisting mechanism
and the operating mechanism to lift the
containers. The signal flow diagram from the
operating system to the shore bridge operation is
shown in Fig. 2
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Fig. 2. Flowchart of shore bridge signal transmission

Crane operation is controlled by the flow of
information flow of energy flow, from the console
issued by the PLC control of a variety of
electrical signals transmitted to control the motor
to send out power, the intermediate through the
reduction gearbox, coupling torque transfer, and
ultimately control the lifting mechanism and
trolley running mechanism both combined with
the handling of the container action. Therefore,
the drive transmission system is the core part of
the crane, the premise of its digital twin is the
structure of the crane drive transmission system
and its performance for the correct and detailed
decomposition. According to the operating
conditions of the crane, it has two operating
conditions of mobile crane equipment, handling
containers, in which the handling of containers
includes three stages of lifting, panning and
placing containers, and ultimately determines
that the crane has two sub-functions of moving
the crane and loading and unloading containers.
These two sub-functions are completed by the
large vehicle operating mechanism, lifting
mechanism and small vehicle operating
mechanism. Therefore, according to the function-
motion-action (FMA) dynamic decomposition, the
crane drive transmission system has only two
independent meta-action chains[27,28]. The
trolley operation mechanism ensures the sub-
function of moving the crane, which is mainly
composed of motor rotation meta-action unit and
gear rotation meta-action unit to complete the
adjustment of the crane operating position[29].
The trolley running mechanism and hoisting
mechanism work together to complete the
loading and unloading of containers sub-function,
which is mainly composed of motor rotation
meta-action unit, gear rotation meta-action unit to
realize the crane loading and unloading of goods
sub-function.

Meta-action is the most basic form of motion to
transfer momentum and movement when
mechanical equipment is started [30,31]. The

basic unit of meta-motion is called meta-motion
unit[32]. Meta-action is a process quantity,
according to the sequence of connection, can
realize the power and motion transfer of the
meta-action constitutes the meta-action chain,
meta-action chain is the most basic form of
functional movement[33]. Meta-motion theory
analysis method is to analyze the complete
motion form of mechanical equipment from the
start-up phase, intermediate motion phase to the
braking phase during the start-up operation, and
it is a kind of dynamic analysis method, which
has a unique advantage in solving the problems
of the motion of mechanical products[34,35]. By
analyzing the whole motion chain of the
equipment movement can make the movement
process of the equipment clear, and can be used
as a basis to study the movement process of the
digital twin model of the equipment, laying a solid
foundation for the dynamic interaction of the
digital twin.

The meta-motion chain during the operation of
the shore bridge focuses on analyzing the whole
process of the operation of the shore bridge
based on each meta-motion, which consists of
three parts: the starting input motion, the motion
transfer link and the target output motion. When
the coast bridge makes a single container
handling movement from the sea side to the road
side, the trolley mechanism is located on the
front girder, and the running trajectory of the
handling container is along the rail groove of the
front girder. In order to reduce the impact of the
trolley's operation, there is an automatic
deceleration switch. The whole process of the
container from the ship to the roadside truck can
be divided into three stages of movement: the
rising stage, the horizontal movement stage, the
descending stage. These three stages of motion
are acceleration stage, uniform speed stage and
deceleration stage. Each stage has the same
motion principle and motion state, and therefore
has the same meta-action chain. The meta-
action chain model is shown in Fig. 3.
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Fig. 3. Meta-action chain model

4. OVERALL SYSTEM ARCHITECTURE

The digital twin system architecture of harbor
crane is shown in Fig. 4., which consists of
equipment layer, data layer, software layer and
display layer [36].

The equipment layer is mainly composed of the
trolley traveling mechanism, the trolley traveling
mechanism and the hoisting mechanism, and it is
used to obtain data information such as the
running speed of the trolley and the position of
the trolley by simulating the real crane operation
in the simulation software.

By simulating the real crane operation in the
simulation software, to obtain the running speed
of the trolley, the position of the trolley and other

The data layer mainly acquires and stores the
key data information of the crane, which can be
intercommunicated with the three-dimensional
interface of unity, realizing the twin model and
the simulation model are related to each other
and interconnected.

The software layer is the platform for
visualization of the twin model, which mainly
contains the crane model, the simulation of the
natural environment of the port of the sky, the
ground module, etc., as well as each runnable
model is mounted on the C# script program that
can realize the corresponding functions.

The display layer is the graphical user interface,
which can display the data describing the specific
operating status of the crane to the interface,

data information. thus realizing human-computer interaction.
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Fig. 4. Port crane digital twin system architecture
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4.1 Equipment Layer

The basic composition of the shore bridge
includes:

(1) Driving device: the lifting mechanism, trolley
running mechanism and large trolley running
mechanism of the shore bridge have their own
driving motors. The trolley running mechanism
generally adopts AC frequency conversion speed
control system, and the object of this study has
four motors to drive the trolley running. The large
vehicle running mechanism is driven by one or
more sets of driving devices.

(2) Working mechanism:(a) Lifting mechanism:
the most basic mechanism that can control the
lifting and lowering of items, consisting of motor,
wire rope winding system and fetching device.

(b) running mechanism: there are two kinds of
trolley running mechanism and trolley running
mechanism. Trolley running mechanism to
realize the horizontal movement of the container.
The large vehicle running mechanism makes the
whole shore bridge move along the track.

(3) manipulation system: including a variety of
manipulators, monitors and related components
and lines, according to the operational needs of
the corresponding operating signals.

(4) equipment structure: equipment structure
including beam system, gantry system, tie rod
system. The three systems together support the
load generated during the operation of the
equipment as well as the self-weight, providing
sufficient operating space and a stable operating
foundation for the operation of the shore bridge.
The metal structure of the bridge is shown in Fig.
5.

1-Front large tie rod; 2-Front center tie rod; 3-
Sea survey trapezoidal frame; 4-Rear gusset; 5-

Tail tie rod; 6-Rear girder; 7-Landside riser; 8-
Portal frame contact beam; 9-Portal frame gusset
set; 10-Sea-side riser; 11-Front girder

4.2 Data Layer

In the data layer, this paper first uses the
simulation software Adams to simulate the
loading and unloading operation state of the
shore container crane, so as to obtain the real-
time position and operation speed of the large
truck operating mechanism, small truck operating
mechanism, hoisting mechanism, etc. of the
shore container crane, the spreader expansion
and contraction dimensions and load, the quality
of the containers under the spreader, and the
equipment failure information and other data.

This design uses SQL Server2022 database
software to store and manage the key operating
data of the large vehicle operating mechanism,
the small vehicle operating mechanism and the
lifting mechanism. SQL is a widely used
relational database with the advantages of
lightweight, high-speed, stable and cross-
platform, and the open-source database source
code ensures the security of the data from the
software level and realizes the digital twin system
to the database for data usage extraction. In the
database, according to the functional
requirements of the container terminal digital twin
system, a good database structure is designed,
and the data are categorized and managed
according to the data source, data use, data type
and so on.

The realization of the data-driven model depends
on the collectability and callability of data. The
overall architecture of the real-time data-driven
model can be described in three layers:
presentation layer, logic layer and data layer[37].
This is shown in Fig. 6:

Fig. 5. Metal structure of the shore bridge
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4.3 Software Layer

The virtual scene of the software layer mainly
contains the shore container crane model, static
models such as container, ground, lighting
system, sky box, etc., as well as the graphical
user interface. The crane model is constructed
using a geometric model with a 1:1 ratio to the
real crane. Among them, the metal structure of
the shore bridge is shown below for a better
understanding of the shore bridge.

The model has the same operating mechanism
as the real equipment such as the big car, small
car, pitching mechanism, hoisting mechanism,
spreader and so on. Driven by the scripts and
data loaded on the three major motion structures,
each mechanism can move individually, which
can imitate the real scene of crane loading and
unloading goods.

By analyzing the shore bridge model,
comprehensive consideration of the shore bridge
operating scenarios, it is determined that the
virtual model established in the digital space
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includes three major parts: static model, dynamic
model, graphical user interface. The structure of
the digital space model is shown in Fig. 7.

Shore container cranes, equipment size is huge,
lifting containers need to maintain a very small
error in order to achieve accurate lifting
containers, so the construction of high-fidelity,
accurate model is directly related to the accuracy
of the twin system. Constructing the virtual model
This topic uses a total of three software,
respectively SolidWorks, 3ds MAX and Unity 3D.

In SolidWorks, the three-dimensional model of
the shore container crane is constructed
according to its actual size. Considering the huge
size of the equipment, some parts of the
equipment for the operation of the experiment
has a minimal impact on its fine modeling will
increase the burden of computer operations, so
the construction of the geometric model will not
affect the experimental results of the parts to do
a simplified [38]. After the geometric model was
constructed, a simpler rendering was performed
in SolidWorks. The geometric model was
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imported from SolidWorks into 3ds MAX in
.STEP format. due to the differences between
software versions, SolidWorks2021 and 3ds
MAX2022 were used in this project. then the 3D
model of the crane was imported into Unity
software.

The 3D model of the shore container crane is
shown in Fig. 8.

After the crane 3D model is constructed, it is then
imported into the Unity software. In the scene,
mapping and material rendering are performed
on the models of equipment, buildings, etc., so
that they have a real appearance and texture
effect. In addition, the sky box and water effects
are used in the scene to simulate the sky and the
sea, so that the virtual 3D scene of the
terminal has a similar visual effect with the real
terminal.

—™ =tatic model
Digital
Zpace L dvmami e
model

™ contalner

— ground levrel

— skvhox

— lighting swstem
Trolley mechani=m

Mechani=m of the cart
™ =tatus message
— Control element

Fig. 7. Structure of the digital space model

Fig. 8. Geometric model of container crane on shore
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Fig. 9. Virtual 3D scene of the shore bridge

4.4 Display Layer

When the virtual three-dimensional scene of the
container terminal is built, the system will
generate images to the display layer of the
monitor, the staff can visualize the crane's
operating status. The display layer is
accompanied by a human-computer interface,
the user can click on the virtual scene of the
running equipment or display interface buttons,
query the basic parameters of the equipment, the
current state, the current operating tasks,
operation and maintenance status and other
relevant information[39]. When the equipment
works abnormally, the system will collect the fault
information and transfer it to the virtual scene,
and the corresponding equipment model in the
scene will display text and flash alarm, so that
the equipment maintenance personnel can
quickly locate the faults according to the fault
prompts.

In addition, the display layer also has an
interactive roaming function. Users can use the
mouse, keyboard, etc. in the virtual scene
according to the needs of independent
zoom, move, rotate and other operations,
to observe more crane detail information
[40]. At the same time, users can also switch to
different viewpoints through the button to
monitor and observe the crane[41]. The crane
scene in the digital twin platform is shown in
Fig. 9.

4. CONCLUSION

Theory of text selects the shore container crane
as the research object, in order to realize the
guayside container crane digital twin system as
the ultimate goal. The digital twin system
architecture of quayside container crane is

16

proposed, and the quayside bridge digital twin
system is designed in this framework. Firstly, the
three-dimensional model of quaybridge is
constructed. Before that, the structure of
quaybridge is analyzed on the basis of FMA
element action theory, and the model is
constructed with three-dimensional modeling
software. On the Unity 3D visualization
development platform, the visual interface design
is carried out with the twin model of the shore
bridge as the core. Through this platform,
managers can easily and quickly understand the
overall operation of the terminal, timely discover
and solve the problems generated during the
container loading and unloading process, and
provide a strong guarantee for the efficient and
reliable operation of the container terminal. At the
same time, it also lays the foundation for the
derivative of the corresponding digital twin
technology.
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