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Abstract: With the wide application of the gallium nitride (GaN) preparation method based
on Metal-Organic Chemical Vapor Deposition (MOCVD), the automation of MOCVD
equipment has become a research hotspot. This paper explores the automation scheme
of MOCVD reaction chamber cleaning to improve productivity and reduce labor costs.
Firstly, this paper establishes the kinematic solution model of a MOCVD cleaning robot
and designs the cleaning robot path planning control algorithm. Considering the error
between the initial position of the robot end-effector and the desired initial position in
practical applications, this paper further designs a fault-tolerant motion planning algorithm
for the initial position error. The simulation results show that the method can effectively
reduce the initial position error and make it converge exponentially to zero. Finally, this
paper builds the robot control system of the cleaning system and verifies the cleaning effect
through tests. The test results show that the system can meet the actual use requirements
and realize the reaction chamber cleaning automation goal.
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1. Introduction

GaN, a third-generation semiconductor material, is crucial for creating high-temperature,
high-power electronic devices and high-frequency microwave devices [1]. It also finds
significant use in digital storage, full-color displays, semiconductor lighting, and the mili-
tary [2]. H.M. Manasevit of Rockwell proposed Metal-Organic Chemical Vapor Deposition
(MOCVD) in 1968 [3], which was implemented in the early 1980s. With its simple method,
moderate growth rate, good process repeatability, and other attributes that make it suitable
for industrialized mass production, the technology has emerged as the primary means of
producing compound semiconductor optoelectronic and microelectronic materials [4,5].
Consequently, MOCVD equipment has also emerged as a critical piece of equipment for
the production of GaN.

Environmental influences significantly impact the surface/interface of semiconductor
nanofilm materials. The regularity of the source gas reaction is significantly affected by
the cleanliness of the reaction chamber, a crucial component of the MOCVD apparatus.
The quality of epitaxial wafer development can be impacted by sediment in the reaction
chamber and in the slits, which can cause an inconsistent source reaction gas response
during epitaxial growth. Particles that have been deposited on the printhead may also move
and drop off. The epitaxial yield will significantly decrease when these particles migrate
to the wafer surface [6], and the entire furnace wafer may even be scrapped. Figure 1
illustrates that sediment is deposited in the reaction chamber.
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Figure 1. Sediment on the reaction chamber.

Regular maintenance is necessary for MOCVD batch epitaxial manufacturing im-
pacted by sediment. Based on the various cleaning principles, cleaning techniques can be
categorized into two groups. Chemical cleaning involves injecting a particular cleaning gas
into the reaction chamber [7], such as hydrogen chloride, chlorine gas, hydrogen gas, etc. [8].
Cleaning is accomplished by the cleaning gas’s chemical reaction with the adherence inside
the reaction chamber, which creates compounds that are easily removed. Physical cleaning
is an additional kind of cleaning that removes surface contaminants using physical friction.
The reaction chamber sealing will be harmed by corrosion of the capillary brazing material,
since cleaning gas is typically corrosive. Consequently, the second cleaning technique
is chosen.

As far as the authors are aware, there are fewer studies on this issue. The CIOMP
team has developed an automated device designed to achieve efficient cleaning of the
reaction chamber [9]. However, the device does not take into account the actual cleaning
conditions, which may affect the effectiveness of the cleaning method. Additionally, the
equipment has little automation and needs to be handled by humans before being cleaned.
Therefore, the authors develop new automated equipment to realize cleaning tasks under
complex conditions.

The research on polishing robotic systems can be drawn upon, though the cleaning
and polishing processes are “similar.” Japan began experimenting with robot polishing
and investigating the automatic polishing process as early as the 1970s. The United States,
Spain, Germany, and other nations thereafter pursued analogous research.

Fusaomi Nagata created a three-axis polishing robot system based on hybrid posi-
tion/force control [10]. For accurate position/force hybrid control, the robot system has
both a position feedback loop and a force feedback loop. To satisfy the demands of polish-
ing free-form surfaces, polishing robots with greater degrees of freedom must be developed,
as the three-axis platform could not modify the final attitude to treat some complex surfaces.
The six-degree-of-freedom polishing robots created by Dai’s team at the University of Chi-
nese Academy of Sciences [11] and Zhang’s team at Sichuan University [12] are depicted
in Figure 2a,b, respectively. These polishing robots are made up of industrial robots and
independently designed end-effectors that are intended to give the polishing robots greater
flexibility and the ability to operate in a wider area.



Machines 2025, 13, 202 3 0of 20

KUKA
KR120

Macro Manipulator

| Servo Motor
| Ball Screw
Force Sensor

Nozzle

P ' ‘! Recycle device

‘Wheel
Magnetorheol-
ogical Fluid

(b)
Figure 2. (a) Polishing Robot in UCAS [11]; (b) Polishing Robot in SCU [12].

Depending on how they are driven, end-effectors can be classified as either pneumatic
or electric-driven. Zhang made a robot polishing system driven by a double-acting cylinder,
but the cylinder eccentricity and bad balance accuracy increased the wear of the cylinder
piston and greatly reduced the service life of the system [13]. An electric-driven end-
effector was created by the Fan team at Jilin University [14], shown in Figure 3a, and
by the Shenzhen Advanced Institute of Technology, Chinese Academy of Sciences [15],
shown in Figure 3b. This kind of electric-driven end-effector is a better option for industrial
settings that want high precision, high efficiency, and low operating costs because of its
straightforward design, strong stability, and ease of maintenance. To increase the system’s
accuracy and efficiency, Kedar Joshi established the connection between the robot Cartesian
stiffness and the grinding process parameters and cycle time in order [16]. Ge developed a
universal machining scheme by studying the deformation of the end-effector throughout
the machining process [17]. Abd El Khalick Mohammad created a new end-effector [18],
and the outcomes demonstrated how well the suggested gadget works to reduce vibration
and achieve notable force tracking.
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Figure 3. (a) Electric-driven end-effector in JLU [14]; (b) Electric-driven end-effector in SIAT [15].

Based on the above findings, to address the challenges faced by cleaning robots in
complex working environments, especially the issue of initial position deviation of the
end-effector due to dust, temperature fluctuations, and sensor errors during the cleaning
process, Li proposed using the vector method of modeling with the compensation points to
improve the end-effector [19]; however, this approach is limited to offline programming.
By building an industrial robot error measurement and online compensation closed-loop
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control system, SHI made it possible to compensate for industrial robot errors online [20].
However, this procedure must be compensated multiple times before the required accuracy
is obtained. Zhang suggested a technique that transforms the error of the end motion
trajectory in Descartes coordinates into joint angle adjustments using Jacobi matrices [21].
Although this approach is more effective, final precision is lost.

This paper proposes a set of MOCVD cleaning systems based on the BRTIRUS1510A
robot to address the issues of poor cleaning degree, inconsistent cleaning effect, and low
automation level of the current MOCVD reaction chamber. These systems include the
design of the electric-driven cleaning end-effector, the selection of the cleaning robot, and
the determination of the overall scheme. Additionally, the kinematic solution model of the
MOCVD cleaning robot is established, the motion planning algorithm of the cleaning robot
is designed, and experimental verification is conducted. Lastly, MATLAB 2020B simulation
was used to confirm the efficacy of the fault-tolerant motion planning algorithm that
was devised.

2. Overall Design
2.1. Selection of Cleaning Robot
The robot must fulfill the following parameters based on actual usage requirements:

1.  Degrees of Freedom: The end-effector must be able to travel in both vertical and
horizontal directions due to the numerous surfaces in the cleaning objects; therefore,
it should have a minimum of five degrees of freedom.

2. Working Range: It must traverse the end-effector’s range of motion while staying
clear of the MOCVD structure and the program-designated safety zones.

3. Load Capacity: The robot’s load capacity should be more than 7 kg in order to
guarantee sufficient contact pressure between the cleaning instruments and surfaces.

Based on these actual usage requirements, the BRTIRUS1510A robot is chosen in
this paper. With a load capacity of up to 10 kg and six degrees of freedom, this robot is
incredibly flexible and able to adjust to various challenging surfaces. Figure 4 shows the
robot’s structural model.

Figure 4. Robot’s structural model.

The control system of the cleaning robot is redesigned, and the hardware is selected,
which is introduced in detail in Section 5.

2.2. Design of the End-Effector

After selecting the robot, the design of the end-effector is carried out. Pneumatic
end-effectors have some obvious disadvantages, such as hysteresis, high noise levels, high
energy consumption, and relatively complex maintenance. In addition, pneumatic devices
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require a stable and suitable air supply [22]. In contrast, electric polishing equipment
performs better in terms of rotational speed stability and is more suitable for handling
harder metal materials, such as stainless steel materials, used for manufacturing MOCVD
nozzles. Based on the above considerations, it was decided to use electric drive as the
end-effector of choice in this study. The following issues need to be considered during
the design:

1.  The size of the end-effector;

2. The contact pressure between the tool and the surface to be cleaned during the
cleaning task;

3. The handling of splattered particles generated during the cleaning process.

As shown in Figure 5, a specific end-effector is developed to overcome these problems.
The vacuuming and cleaning mechanisms make up the majority of this end-effector. A
threaded connection is used to join vacuuming mechanism 1 to the vacuum cleaner pipeline.
Actuator motor 2, support transmission mechanism 3, and steel brush 4 make up the
cleaning mechanism. In addition to transmitting actuator motor 2’s velocity, support
transmission mechanism 3 uses spring force to supply the contact pressure required for
the cleaning work. Furthermore, support transmission mechanism 3 can guarantee good
surface contact between steel brush 4 and the reaction chamber within a specific range
because it is not a rigid connection, which increases the cleaning efficiency.

Figure 5. End-effector structure. 1—Vacuuming mechanism, 2—Actuator motor, 3—Support trans-
mission mechanism, 4—Steel brush.

2.3. System Overall Design

A six-degree-of-freedom robot and an end-effector comprise most of the cleaning robot.
The robot is positioned at a specific location on the MOCVD platform, and the end-effector
is attached to the robot. The end-effector is motor-driven. Both hardware and software
components are part of the complete system development process.

The software development cycle for motion control is shortened by using open-
source techniques and the Robot Operating System (ROS) robot control system. The
version of ROS used is ROS 1 Melodic Morenia. The programs are written in C/C++.
An STM32F103 microcontroller is configured as a data relay to facilitate communication
with other devices because the Raspberry Pi 4B, the hardware’s control core, lacks CAN
communication capabilities.

3. Modeling and Kinematic Analysis

In 1955, Denavit and Hartenberg proposed a universal method for representing robot
motion known as the D-H parameter method. The spatial interactions between neighboring
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links are represented by a 4 x 4 homogeneous transformation matrix [23], and each link is
given a matching coordinate system that matches the number of links in the robot. It works
with many robot configurations and is unaffected by the intricate construction of the robot.

The position of the next adjacent joint coordinate system is described in terms of the
current joint’s coordinate system, and the parameters that define this position are called
link parameters. As shown in Figure 6, there are four link parameters, as follows: the joint
angle 6§, the link offset d, the link twist angle «, and the link length a. The joint variable is
6, since the cleaning robot only has revolving joints, while the other three parameters are
fixed. A dimension diagram of the cleaning robot and the D-H parameters are shown in
Figure 7 and Table 1, respectivley.
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Figure 7. Robot dimension diagram.

Table 1. D-H parameter table for the cleaning robot.

Joint; a; (mm) «; (°) d; (mm)
1 170 90 488
2 650 0 0
3 162 —-90 0
4 0 90 634.4
5 0 -90 0
6 0 0 117

Based on the previously mentioned modeling process of the cleaning system robot,
a kinematic calculation model for the robot was established using MATLAB 2020B and
Robotics Toolbox 9.10. Kinematic calculations were performed for the sampled points in
the robot’s workspace, and the results were compared to the data in RokaeStudio 9.1.0.6281,
a commercial offline programming software. For forward kinematics, the error is displayed
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in Cartesian space in Figure 8, and, for inverse kinematics, the error is displayed in joint
space in Figure 9.
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Figure 8. Forward kinematics error bar chart.
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Figure 9. Inverse kinematics error bar chart.

In Cartesian space, the mean values of the robot’s errors in the X, Y, and Z directions
are —0.0143, —0.0135, and 0.2457, respectively, and the mean values of the errors in the
rotation angles around the X, Y, and Z axes are 0.0000, 0.0006, and 0.0008, respectively. Their
standard deviations are 0.0630, 0.0302, 0.0138, 0.0011 0.0009, and 0.0012. In joint space, the
mean values of the errors of the rotation angles of each joint were 0.1457, 0.241, —0.3436,
0.0116, 0.1614, and —0.0508, and their standard deviations were 0.26373, 0.1850, 0.2068,
0.0273, 0.2302 and 0.0900, respectively. From the error mean value, kinematic accuracy
meets the use requirements of the cleaning robot, the standard deviation is small, and
the error does not have large volatility, so it can be proven that the constructed kinematic
calculation model of the cleaning system robot is accurate, and it can be used as the
theoretical basis for further algorithmic research.

4. Research on Path Planning and Trajectory Tracking Algorithms

The three main parts of the cleaning robot’s path planning and trajectory tracking
algorithm—the path planner, the trajectory planner, and the fault-tolerant controller—are
depicted in Figure 10. The path planner’s primary function is to allow the robot to travel
along the best possible route during cleaning tasks, avoiding obstructions and adhering
to the hardware joint’s limitations. The trajectory planner’s primary function is to confine
the robot’s joint movement in terms of position, acceleration, and velocity. It does this
by planning a time-optimal curve that maximizes the robot’s operational efficiency. The
fault-tolerant controller’s primary function is to reduce the effect of initial position mistakes
on the trajectory tracking task’s execution accuracy.
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Figure 10. Overall architecture diagram of the algorithm.

4.1. Robot RRT Path Planning

The robot must arrange its motion path to avoid obstacles while performing a cleaning
duty. The most common sampling-based planning algorithm at present is the fast expansion
random tree (RRT) [24]. Its basic premise is to use the current starting point as the root
node and then use random sampling in the workspace to create child nodes that will grow
outward until the target point is reached, creating a random expansion tree. Figure 11
illustrates this process. There might eventually be several viable options, and the evaluation
function will be used to identify the best one. The robot does not run over its hardware
joint limit or collide with obstructions in the workplace.

Figure 11. RRT algorithm diagram.

The RRT path planning algorithm flowchart for the cleaning robot can be created using
the previously mentioned methods, as shown in Figure 12.

Based on the RRT algorithm mentioned above, the obstacle avoidance path planning
code for the cleaning robot was designed and simulated using MATLAB. The starting point
coordinates are [1000, —1000, 200] mm, the endpoint coordinates are [—-1000, 700, 1500] mm,
and the environment size is set to 2200 x 2200 x 2200 mm. The maximum number of
iterations is 5000, and the step size tis set at 10. The locations for the four groups of obstacles
are [—100, 450, 200], [100, —400, 650], [500, —450, 900], and [100, 450, 900] mm, and the
dimensions of the obstacles are 800 x 200 x 200 mm. The RRT algorithm is executed, and
the outcomes are displayed in Figure 13.
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Figure 13. Results of RRT.
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In the same simulation environment, the RRT algorithm was subjected to 50 path

planning experiments. The average path length, computation time, and number of sampling

points were calculated, and the results are shown in Table 2.
The effectiveness of the algorithm for obstacle avoidance trajectory planning in a multi-
obstacle environment is confirmed by the numerous experiments, which demonstrate that
the algorithm can successfully find a path from the start point to the goal point without
colliding in a complex environment and that the computation time is acceptable.
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Table 2. Path planning experiment results.
Average Path Average Calculation Average Sampling
Length/mm Duration/s Number of Points

2586.25 0.746 878.5

Paths generated by RRT path planning usually contain a large number of redundant
points and inflection points, resulting in insufficiently smooth paths. This can cause the
robot to vibrate unnecessarily during operation. In order to solve these problems, this paper
performs post-processing operations on the robot’s path. Firstly, the redundant points are
removed by pruning optimization, which is based on the principle of transforming the path
into straight line segments while ensuring no collision, and the optimization principle is
shown in Figure 14.

i OBétaéle :

— original path
--- Collision path

Figure 14. Pruning optimization principle diagram.

After completing pruning optimization, the path of the robot still consists of a number
of line segments that are connected. In order to avoid oscillation of the robot at the con-
nection points, this paper chooses the cubic B-spline curve to smooth the path. Compared
with other curve-fitting methods, cubic B-spline curves have properties such as a convex
hull and local support, which avoid overfitting phenomena and are widely used in robot
path processing.

The path of the robot post-processing is shown in Figure 15. The path is smooth and
satisfies the kinematics of the robot. To satisfy the need for stability and effectiveness
during the real cleaning procedure, we will next adjust the robot’s speed and acceleration
at each joint.

2000

£ 1000
£
N
0
1000
1000
0 0

Figure 15. Results of post-processing.
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4.2. Robot Velocity Planning

In robot control, constraints on the motion states of the joints are required to ensure a
smooth and efficient motion process. A common approach for optimizing the robot motion
trajectory is T-velocity profile planning, which sets the maximum acceleration (a,,,x) and
maximum velocity (vn). Three stages are typically included in this kind of velocity planning,
as follows: uniform acceleration, uniform velocity, and uniform deceleration; however,
whether or not the maximum velocity can be reached will determine the circumstances.

When the robot velocity can reach v, we let the end moment of uniform accelera-
tion be 1, the end moment of uniform velocity be t;, and the end moment of uniform
deceleration be f3. In this instance, the output position can be stated as follows:

1
Eamaxtz to<t<t
1
Py = Eamaxt% T+ ou(t—1) b <t<ty, 1)
1 1
§amaxt% +om(t—t) — EamaX(t - t2)2 ta<t<t3

The T-velocity profile planning degrades to triangular-velocity profile planning with
just two phases of uniform acceleration and uniform deceleration when the robot speed is
unable to reach vy, and the maximum speed is v. t; and ¢, are the terminal moments of
uniform acceleration and deceleration, respectively. In this instance, the output position
expression can be written as follows:

1
B~ to<t<t
Py=91 2 1 ) : (2)
~0maxt] + Z)(t — i’1) - iamax(t — tl) th<t<t

2

The test route is displayed in Figure 16, which includes three sections of straight-line

paths, L1, L3, and L4, with lengths of 400, 400, and 300, respectively; one section of a short

straight-line path L2 with a length of 100; and two sections of 90° circular curves S1 and S2.

MATLAB is used to simulate the T-velocity planning method. The results of the simulation

and experiment for the robot displacement are displayed in Figure 17, while the results of
the simulation and experiment for the robot’s velocity are displayed in Figure 18.

800
L2
£ 600 S1
N L2
L1
400 The beginning
200
1000
0 800
600
Y/mm —200 400 X/mm

Figure 16. Test route.
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Figure 17. (a) Displacement simulation results; (b) Displacement experiment results.
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Figure 18. (a) Velocity simulation results; (b) Velocity experiment results.
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4.3. Robot Fault Tolerance Control

Since the sliding mode control method can make the system enter a sliding mode
state, thus realizing model tracking control, the method is widely used in the control of
nonlinear complex systems such as robots and motors [25]. In addition, the sliding mode
control method has the advantages of eliminating the internal coupling of the system and
realizing decoupling, and it is insensitive to the system parameter changes and disturbances
without the need for accurate mathematical models [26,27]. To address the challenges faced
by cleaning robots in complex working environments, especially the problem of initial
position deviation of the end-effector due to dust, temperature fluctuations, and sensor
errors during the cleaning process [28-30], where the errors will gradually increase with the
working time [31,32], which further affects the robot’s actuation accuracy and the cleaning
effect, a solution based on a fault-tolerant control algorithm is proposed in this study.

To handle failures, this part uses a fault tolerance control method. Equation (3) first
defines the real-time error between the cleaning robot’s end-effector’s actual position and
the desired position.

e(t) = ra(t) —r(t), ®)

where r;4(t) € R" represents the desired trajectory of the robot’s end-effector, and r(t) € R"
represents the actual trajectory of the robot’s end-effector. Its derivative is as follows:

e(t) = ra(t) —r(t), 4)

where r;(f) € R" represents the desired velocity of the robot’s end-effector, and r(f) € R"
represents the actual velocity of the robot’s end-effector. Through robot kinematics, a
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nonlinear mapping relationship can be established between the joint velocities of the robot
and the Cartesian velocities of the end-effector, as shown in Equation (5).

r(t) = J(9)q, ©)

where J(q) € R™*" is the Jacobian matrix corresponding to the joint vector 4 € R", and
g € R" is the joint velocity vector of the robot.
The sliding mode function is designed as shown in Equation (6), as follows:

s(t) = ce(t), ©6)

where c is a constant and ¢ > 0.
We define the Lyapunov function as shown in Equation (7), as follows:

V= %52, (7)

then
s(t) = ce = c(ra(t) —r(t)) = c(ra(t) — Jq), ®)

and
ss = cs(rq(t) — Jq), ©)

To ensure that ss < 0, the sliding mode control rate is designed as follows:

u(t) =4 = I (alt) + Lpsgn(s) +Ks), (10)

where # and k are positive parameters that together determine the velocity and stability of
the system state toward the sliding mode plane, ]~ is the Jacobi inverse matrix, and sgn(-)
is the sign function.

V =s5= s(—%ﬂsgn(s) —ks) = —ks* — %17|s| < —ks?, (11)

Thatis, V < —2kV.
Using Lemma 1 to solve V < —2 kV and comparing it with V < —AV + f, we set
A = =2k, f = 0. This leads to the following convergence result:

V(t) <= e Z(t-t)y (1), (12)

V(t) exhibits exponential convergence, implying that it converges exponentially, and,
therefore, e(t) and e(t) also converge exponentially. The rate of convergence depends on
the value of k in the control law.

Lemma 1. For V : [0, oo)€ R, the solution to the inequality V < —AV + f,¥Nt> tg>0is
given by

t
V() < e M0V (1) + / e M=) £ (1)dr, (13)
to

where A is an arbitrary constant.

To validate the effectiveness of the above method, a section of the robot trajec-
tory was selected for the simulation test. The simulation test trajectory is shown in
Figure 17. The actual position vector in this section is [906.875, 0.379, 1410.303, 0, 0, 0] mm,
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in which the robot angle is [0.5, 9, —9, 0, —90, 0]° and the initial position error is
[11.117, —8.672, —1.877,0,0,0] mm. The desired initial position vector in this section
is [918.052, —8.293, 1408.426, 0, 0, 0] mm, and the corresponding robot joint angle is
[0,10, —10, 0,0, =90, 0]°. The sliding mode controller’s design parameters are c = 5,
1 =0.0001, and k = 3.

Figure 19 shows the variation of the end-effector when performing the trajectory
tracking task. The figure illustrates how the work starts with an initial position error,
which is followed by a steady decline in position error and, eventually, convergence to
zero. In addition, the position error change curve in Figure 20 further illustrates that the
robot’s end-effector was able to approach the target trajectory position faster throughout
the trajectory tracking process. By the end of the task, the position error was completely
eliminated. It is worth noting that, although the error briefly rises during convergence
due to velocity planning, the system is able to quickly make adjustments to bring the error
down quickly. Overall, the proposed fault-tolerant strategy is not only able to change
direction quickly when an initial position error occurs, but also is also able to adjust the
state in time when the error occurs.

—— Actual Position
- - - Desired Position
» Actual Initial Position
* Desired Initial Position

1520
1500
1480

1460

Z/mm

1440

1420

1400
100
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Figure 19. Simulation test trajectory.

15

——position error

e/mm

time/s

Figure 20. Robot end error curve.
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5. Control System

According to the requirements of the control system, this section completes the selec-
tion of key hardware components for the cleaning robot. The control system, execution
system, sensor system, and peripheral power supply system are the four core parts of the
robot system. The master computer and the slave computer are the two tiers into which
the control system is further separated. The STM32 microcontroller is used as the slave
computer, while the Raspberry Pi 4B running the ROS operating system is chosen as the
primary control unit for the master computer. The Raspberry Pi 4B is equipped with four
ARM Cortex-A72 cores, each clocked at a default frequency of 1.5 GHz, a high-performance
configuration that allows the Raspberry Pi 4B to excel in complex computational tasks and
to meet the functionality required for robot control easily. In addition, to drive the joint
motors and ensure their precise control, EBD15520H2xx series servo drivers are selected as
the lower controller. The robot’s body and end-effector are covered by the actuation system.
The motor encoders that are utilized to detect and provide real-time data regarding the con-
dition of the robot joints” operation are referred to as the sensing system. Figure 21 displays
the hardware design block diagram for the robot control system. Through electrical relays,
the master computer can control the start and stop of the end-effector motor. This solution
not only meets the current project requirements, but also reserves space for possible future
function expansion.

Serial communication
Start-stop =
signal

Joint angle

. Slave Processor
Master Processor STM32F103

Raspberry Pi 4 Model B

EMDAxxxH1JDx series
servo motor

Voltages

EBD15S20H2xx Series
Servo Driver

effector

Figure 21. Robot control system hardware.

The ROS runtime “graph” is a peer-to-peer process network based on the ROS com-
munication infrastructure [33], which provides three methods, as follows: topics, servers,
and action. Topics is a broadcast-based communication mechanism for communication
between PC and HMI nodes. In this paper, data transmission between ROS and STM32
is accomplished through the usage of services, a synchronous communication method
between nodes. To enable the decoding of ROS messages and the feedback of sensor data
to ROS, the STM32 side must generate the necessary code. Actions are primarily utilized
in this paper to transmit robot status and trajectory information. Figure 22 displays the
communication framework diagram.
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ROS Control System

— 12

Control command Robot status

Hardware Abstraction Layer ‘

Action message Sensor information
A

Joint angle

Robot hardware system

Servo | Sensor CAN Communication
information

Figure 22. Communication framework.

6. Results

Validation experiments are carried out in this section to verify the performance and
practical effectiveness of the cleaning robot. Figure 23a depicts the reaction chamber that
needs to be cleaned, and Figure 23b shows the state of the robot during the task. The
complete trajectory of the cleaning task is shown in Figure 24, which is separated into
three parts, as follows: the transition curve, the side surface cleaning path, and the top
surface cleaning path. It is evident from analyzing the data in Figure 25a,b that the robot’s
displacement and velocity follow our plan throughout the task. Ultimately, by comparing
the before and after cleaning photos in Figure 26, it can be seen that the cleaning robot
effectively removes most of the sediment. After wiping with a white dust-free cloth, there
were no obvious traces of contamination on the cloth, which achieved the desired cleaning
effect and proved the effectiveness of the design scheme.

Figure 23. (a) MOCVD reaction chamber to be cleaned; (b) MOCVD reaction chamber being cleaned.



Machines 2025, 13, 202 17 of 20

- - - - transition stage
cleaning stagel
—cleaning stage2

1600

1400

1200

Z/mm

1000 ‘

800 \

600 [N
200 “

 The beginning and 1000

+and the end

600

X/mm

Figure 24. Trajectory of the cleaning task.
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Figure 25. (a) Robot displacement in the cleaning phase; (b) Robot velocity in the cleaning phase.
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Figure 26. (a) Pre-cleaning; (b) Post-cleaning.

7. Conclusions

This study explores a robotic system specifically designed for MOCVD reaction cham-
ber cleaning. Based on the BRTIRUS1510A robot, a hardware platform for the cleaning
robot’s control system was developed. The kinematics model of the cleaning robot was
established, and a fault-tolerant motion planning algorithm was designed to address initial
position deviation. The proposed automated cleaning solution was validated using the
developed hardware platform. The main conclusions are as follows:
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1.  The kinematic model of the cleaning robot was established based on the standard
D-H parameters, and the forward and inverse kinematics equations were solved. A
comparative analysis with the commercial software RokaeStudio 9.1.0.6281 revealed
that the maximum positional error of the robot’s kinematic equations was 0.265 mm,
and the maximum angular error was 0.550°, both within the allowable error range for
the robot’s forward and inverse kinematic solutions.

2. This study addresses the issue of end-effector initial position deviations in cleaning
robots caused by prolonged work in complex environments. A fault-tolerant motion
planning algorithm was designed based on sliding mode control theory, using the
robot’s end-effector position as the control variable. The algorithm was modeled
and validated through simulations in MATLAB. The results demonstrated that, with
an initial position deviation of 14.270 mm, the controller reduced the deviation to
0.192 mm within 1.6 s. Furthermore, after correcting the initial positioning error, the
maximum trajectory tracking error during subsequent operations was only 1.349 mm.

3. Based on Raspberry Pi 4B and STM32F103, a hardware platform for the clean-
ing robot was developed to validate the RRT path planning algorithm, path post-
processing operations, and the robot velocity planning algorithm. The experimental
results showed that the RRT algorithm generated paths with an average length of
2586.250 mm and an average computation time of 0.746 s. After path post-processing,
the average path length was reduced to 2306.690 mm, representing a reduction of
10.81%, with significantly improved path smoothness. Furthermore, the results of the
Robot velocity planning algorithm demonstrated its capability to meet the practical
application requirements.

4. Inpractical cleaning experiments, a comparative analysis of before- and after-cleaning
effects confirmed that the cleaning robot achieved results meeting the standards
required for subsequent epitaxial growth processes.

Building upon the current work in this study, future research will focus on two key
directions. On the one hand, heuristic optimization algorithms such as genetic algorithms
and particle swarm optimization will be employed to optimize the parameters of the
fault-tolerant controller, ensuring global optimality during the control process. On the
other hand, a comprehensive detection process for reaction chamber attachments and
corresponding quantitative evaluation metrics will be developed. Coupled with machine
vision technology, a detection method capable of identifying sediments and cleaning
effectiveness within the reaction chamber will be created, further advancing the goal of
achieving an intelligent automated cleaning system.
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UCAS University of Chinese Academy of Sciences
SCU Sichuan University
JLU Jilin University
SIAT Shenzhen Advanced Institute of Technology, Chinese Academy of Sciences
CAN Controller Area Network
D-H parameters Denavit-Hartenberg parameters
ROS Robot Operating System
RRT Rapidly exploring Random Trees
HMI Human-Machine Interface
PC Personal Computer
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