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Abstract 
The primary stripper foil device is one of the most criti-

cal devices of The China Spallation Neutron Source Project 
Phase-II (CSNS-II), which requires regular foil replace-
ment maintenance to ensure its stable operation. To miti-
gate the potential hazards posed to workers by prolonged 
exposure to high levels of radiation, a maintenance robotic 
system has been developed to perform repetitive and pre-
cise foil changing task. The proposed framework encom-
passes various aspects of the robotic system, including 
hardware structure, target detection, manipulator kinemat-
ics design, and system construction. The correctness and 
efficiency of the system are demonstrated through simula-
tions carried out using ROS Moveit! and GAZEBO. 

INTRODUCTION 
Nowadays, the role of robotics in industrial and scien-

tific applications is growing exponentially, one of which is 
the usage of maintenance robotic systems in large experi-
mental facilities such as Synchrotron Radiation Equipment 
and Instrumentation [1].  

The China Spallation Neutron Source Project Phase-II 
(CSNS-II) poses ongoing challenges in terms of both its 
upgrade and remodelling. The primary stripper foil device 
is one of the most critical devices of CSNS-II, which un-
dergoes significant changes due to the increased beam in-
jection energy from 80 MeV to 300 MeV, as well as the 
radiation dose in the injection zone is expected to be further 
amplified (see Table 1). During the maintenance process, 
the foil components that are being exchanged need to be 
placed in radiation shielding containers until the radiation 
dose has decayed to a safe level before new foils can be 
installed. 

Table 1: Downtime Dose Statistics 
Shut-
down 
Time 

Proton-In-
duced Dose 

Rate 

Dose Rate 
in 1 W/m 

Mode 
Total Dose 

Rate 

0 s 0.5 mSv/h 2.2 mSv/h 2.7 mSv/h 
1 h 0.3 mSv/h 1.3 mSv/h 1.6 mSv/h 

1 day 0.23 mSv/h 1.0 mSv/h 1.23 mSv/h 
1 week 0.18 mSv/h 0.77 mSv/h 0.95 mSv/h 

1 month 0.13 mSv/h 0.55 mSv/h 0.68 mSv/h 

From the maintenance work described above, this paper 
presents a usability study that aims to evaluate a 

maintenance robotic system for large-scale experimental 
facilities. 

The findings of this study will contribute to the develop-
ment of robust and reliable robotic system, which would 
emerge as viable industrial solutions to replace humans in 
executing construction tasks that are safe, efficient, and 
precise. 

SYSTEM FRAMEWORK 
The overall framework of the robotic system is depicted 

in Fig. 1, which consists of a vision and image processing 
system, a ROS operating system, a hardware system, and a 
host computer system. 

Figure 1: Robotic system framework. 
Leveraging the Robot Operating System (ROS) plat-

form, the proposed robotic system exhibits the capability 
to successfully execute target recognition and motion plan-
ning tasks for a 6-degree-of-freedom tandem robotic arm, 
as well as the ability to transition to a solid robot configu-
ration. The system workflow diagram is illustrated in 
Fig. 2.  

Figure 2: System workflow diagram. 

Hardware Component Design 
The entire system is installed in the CSNS Experiment II 

Testbed (see Fig. 3). Considering the workspace and 
 ___________________________________________  
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payload requirements, the AUBO-i10 arm with a custom-
ized fingertip end effector DH-PGC-300-60 was selected. 
Furthermore, the robot base, which was designed accord-
ing to the beam height specifications, underwent static and 
modal analyses conducted using ANSYS Workbench to en-
sure stability and reliability. In the design of the robot 
grasping system, the depth camera is fixed in the world co-
ordinate system, thereby ensuring that image acquisition is 
independent of the motion of the robotic arm. 

Figure 3: Hardware components. 

SOFTWARE SYSTEM 
The main control tasks of the robotic system involve mo-

tion planning for grasping and placing the target objects. 
ROS Moveit! is an integrated development platform that 
includes various functionalities such as motion planning, 
kinematic solving, 3D perception, and perception configu-
ration. Consequently, both motion control and planning of 
the robotic system are carried out within the ROS frame-
work. 

Machine Visualization 
YOLOv5 is presently one of the most extensively em-

ployed algorithms for object detection, which primary ob-
jective is to accurately and efficiently detect objects in both 
images and videos [2]. 

As shown in Fig. 4, the structure of the YOLOv5 model 
consists of four main parts. During training, the algorithm 
divides the input image into N×N grids and predicts the 
bounding boxes and classes of objects in each grid, while 
optimizing network parameters to improve detection accu-
racy and speed. 

Figure 4: YOLOv5 network. 

Coordinate Conversion 
When predicting the grasp parameters of the target in the 

image, it is also necessary to perform coordinate transfor-
mations. Assuming the camera focal length is f, the image 
coordinate position is P(x ,y), and the camera position co-
ordinate is Lc(xc ,yc ,zc). According to the camera imaging 
principle, Eq. (1) converts a two-dimensional pixel into a 
point in camera coordinate system. 

቎𝑥௖𝑦௖𝑧௖1 ቏ = ⎣⎢⎢
⎢⎢⎡
𝑍௖𝑓 0 00 𝑍௖𝑓 00 0 𝑍௖0 0 1 ⎦⎥⎥

⎥⎥⎤ ቈ𝑥𝑦1቉ . ሺ1ሻ 
By further applying the pose transformation relationship 

between the camera coordinate system and the robot base 
coordinate system, based on Eq. (2), we can determine the 
optimal grasping point in the robot coordinate space  
Lr(xr ,yr ,zr). ቈ𝑢𝑣1቉ = 𝑘 ቂ𝑅 𝑇0 1ቃ ൥𝑥௥𝑦௥𝑧௥൩ . ሺ2ሻ 
Campaign Planning 

The campaign planning mainly involves solving inverse 
kinematics and trajectory planning, as shown the workflow 
depicted in Fig. 5. 
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Figure 5: Trajectory planning. 
The Bi-RRT* combines the benefits of RRT* in terms of 

finding optimal paths with the inherent efficiency and sim-
plicity of RRT-Connect [3]. It is particularly useful in sce-
narios where an optimal and feasible path is desired in 
complex environments. The algorithm explores the config-
uration space from both the start and goal nodes simultane-
ously, aiming to find a feasible path connecting them.  

Random 3D Scene Construction with Path Search Re-
sults, as shown in Fig. 6, the improved algorithm reduces 
search time and explored states (see Table 2). 

Figure 6: RRT* search result (right) and Bi-RRT* search 
result (left). 

Table 2: Algorithm Comparison 

Algorithm 
Average 
Running 

Time 

Average  
Explored 

States  

Average 
State in 

Path 
Bi-RRT* 1.91 s 4000 12.5 
RRT* 0.12 s 159.5 10.5

EXPERIMENTS 
Machine Visualization 

The original dataset was created by capturing RGB im-
ages at different tilt angles and heights. To improve the 
generalization capability, the dataset of 300 samples 
was randomly divided into a training set (80 %) and a 
test set (20 %), using data augmentation techniques such 
as random rotation and brightness adjustment. In 
addition, the LabelImg annotation tool has been 
applied to annotate the outer bounding rectangle and 
assign class labels. 

The training and testing of the model were conducted on 
a system with Windows 11 operating system, utilizing the 
PyTorch 2.0.1 deep learning framework, implemented in 
Python 3.9.  

During the model training process, a batch size of 4 sam-
ples was used, with an initial learning rate of 0.01. After 
100 iterations, The training and testing sample results are 
shown in Fig. 7, demonstrating successful target localiza-
tion and recognition of the foil components.  

Figure 7: Testing set detection results. 

Gazebo 
Finally, the MoveIt! module is used to import the robot 

system and configure the grasp environment. The 
Move_group core node is then employed to establish com-
munication between various software modules, enabling 
the simulation of arm grasping in the Gazebo environment 
(see Fig. 8). 

Figure 8: Simulation grasping results. 

CONCLUSION 
In conclusion, we have developed a grasping robotic sys-

tem based on YOLOv5, which experiments in the simu-
lated environment have demonstrated the effectiveness and 
feasibility of the system. This system holds great potential 
for a wide range of applications, as well as performs vari-
ous maintenance tasks by equipping different end effectors. 

Further improvements can be made to enhance the sys-
tem's performance and adaptability, such as integrating 
more advanced object detection algorithms and optimizing 
the grasping mechanism. The next step will involve con-
ducting real-world experiments based on the results ob-
tained from object detection. 

Overall, our work presents a new solution for the routine 
maintenance of gas pedal installations. 
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