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ABSTRACT: The wafer handling robot serves as the pivotal component of the wafer transfer system, wherein its operational speed
and motion precision exert a direct influence on both the yield and productivity of wafer processing. With the semiconductor
manufacturing process advancing towards nanoscale linewidths and heightened throughput, the time-varying stiffness
characteristics of the flexible joints in wafer handling robots, along with the resultant end vibration issues, have emerged as critical
challenges that constrain overall performance. A comprehensive understanding of the stiffness change mechanisms, coupled with
enhancements in control methodologies, plays an indispensable role in the effective vibration control of wafer handling robots. To
facilitate research in pertinent areas, this paper systematically reviews the cutting-edge methods for vibration suppression in variable
stiffness flexible joint wafer handling robots, concentrating on the following core aspects: The impacts of diverse dynamic stiffness
identification methodologies on the accuracy of stiffness identification are thoroughly examined; This paper also explores the
potential of collaborative optimization strategies involving trajectory planning, control methodologies, and lightweight intelligent
algorithms in enhancing real-time control. Furthermore, it evaluates the application scenarios and feasibility of passive vibration
absorbers and semi-active adjustable dampers within the context of broadband vibration suppression technologies. In conclusion,
this paper synthesizes and critically discusses the advantages and limitations inherent in various research findings, while also
constructing a “model-control-vibration suppression” closed-loop optimization system aimed at facilitating ultra-precision vibration
control of wafer handling robots under conditions of high dynamic operation. By elucidating the bottlenecks present in existing
technologies alongside the trajectory for future interdisciplinary integration, this work provides theoretical support for the intelligent
advancement of wafer handling robots and fosters the expedited and reliable development of wafer transfer systems.

Keywords: Wafer handling robot; Dynamic stiffness identification; Compliance control; Vibration suppression;
Semiconductor manufacturing
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1. Introduction

Vibration control technology constitutes a crucial engineering discipline that is extensively applied across various
sectors, including machinery, civil engineering, aerospace, automotive, electronics, and construction, as depicted in
Figure 1. The implementation of vibration control technology within diverse fields not only enhances the performance
of equipment and structures but also advances society’s pursuit of safety and comfort. It represents one of the
indispensable and pivotal technologies in contemporary engineering practices. In recent years, driven by the rapid
advancement of information technology and the emergence of artificial intelligence, intelligent semiconductor
equipment has emerged as a significant force propelling the progress of modern society. The swift evolution of
semiconductor manufacturing technology has also imposed unprecedented and stringent requirements regarding the
performance of wafer handling robots [1].

https://doi.org/10.70322/ism.2025.10007
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As the line width of integrated circuits moves towards nanoscale, wafer transfer systems need to achieve
millisecond-level high-speed motion and sub-micro-level positioning accuracy in ultra-clean or vacuum environments
to avoid wafer contamination or mechanical damage caused by vibration. As the core component of the wafer transfer
system, the performance of the wafer handling robot directly determines the yield and efficiency of chip production. In
ultra-clean environments (such as photolithography and cleaning links), the robot needs to complete the high-precision
positioning of the wafer through multi-axis collaboration while avoiding particle pollution caused by vibration, as
shown in Figure 2a; Under the vacuum environment (such as deposition and etching processes), the compact layout of
the cluster transmission system puts forward higher requirements for the efficient mass production of robots, as shown

in Figure 2b.
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However, the intrinsic characteristics of the steel belt drive system (the coupling effect of preload force and
dynamic load) cause the joint stiffness to exhibit complex nonlinear characteristics. For example, the dynamic stress
fluctuation of the steel belt will significantly change the equivalent stiffness of the joint during high-speed motion,
which will lead to the modal migration and terminal vibration amplification of the system. Its nonlinear dynamic
behavior and residual vibration seriously restrict the further improvement of the robot’s performance [2,3]. This
contradiction highlights the limitations of traditional rigid joint models and control strategies, and it is urgent to carry
out systematic research around four core directions: dynamic stiffness identification, trajectory planning optimization,
intelligent control coordination and broadband vibration suppression: (1) Dynamic stiffness identification and hybrid
modeling: Aiming at the time-varying effect of steel strip stiffness, although existing studies try to estimate the stiffness
online by optimizing the double-mass equivalent model [4] or residual observer [5], the modeling error of static
calibration and the adaptability of data-driven methods to transient load sudden changes still need to be optimized. (2)
Trajectory-control collaborative optimization: Although the traditional trajectory planning method can improve the
smoothness of motion, it does not fully couple the vibration characteristics of flexible joints, resulting in limited residual
vibration suppression effect [6]. It is necessary to combine dynamic zero vibration shaper [7] and singular perturbation
theory [8] to optimize motion efficiency and vibration suppression simultaneously. (3) Control algorithm optimization:
Some scholars have improved the traditional PID algorithm, such as decoupling servo control [9] and linear expanded
state observer [10], which simplify the control structure through inner loop decoupling and outer loop tracking error
compensation, but there are still steady-state errors in strongly nonlinear coupled systems; At present, many intelligent
algorithms [11] (such as neural network and fuzzy control, efc.) can deal with uncertainty, but their computational
complexity is high, which makes it difficult to meet the requirements of microsecond real-time control, and needs to be
optimized in the direction of lightweight; (4) Innovation of broadband vibration suppression: Traditional fixed stiffness
dampers are effective in narrow frequency band, but their performance drops sharply in the face of robot broadband
vibration. Variable stiffness vibration absorber [12] can effectively solve this problem and effectively broaden the
frequency band, but its driving mechanism is complex and its reliability needs to be verified.

This paper presents a systematic review of the advancements achieved in the aforementioned control domains
pertaining to wafer handling robots. The primary structure of this review is illustrated in Figure 3: Section 2 analyzes
the dynamic identification method of joint stiffness, and compares the advantages and disadvantages of equivalent
modeling and observer method; Section 3 discusses the collaborative design of trajectory planning and control strategy,
and analyzes the industrial feasibility of intelligent algorithms. Section 4 reviews the technological innovation of
vibration suppression, focusing on the engineering challenges of semi-active vibration suppression; Section 5 extends
to emerging technologies such as predictive maintenance and cluster control; Finally, it summarizes and looks forward
to future research directions, emphasizing the integration potential of digital twins and edge computing. By integrating
the stiffness identification method of the physical model and data assimilation, the composite control strategy of
trajectory planning and model prediction, and the broadband vibration absorption technology, it aims to break through
the performance bottleneck under high dynamic load and provide theoretical and practical reference for future research
and engineering applications.
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Figure 3. Review main framework.

2. Identification of Joint Stiffness of Wafer Handling Robot

Variable stiffness flexible joint refers to installing variable stiffness flexible elements between the rigid driving
part and the output part of the joint to make the joint have compliant characteristics [13]. Because the wafer handling
robot is driven by steel belt, and the steel belt is a flexible element, it should be pre-tightened in advance, and the stress
and strain caused by the force on the steel belt changes during the movement [14], so the joints of the wafer handling
robot are flexible joints with variable stiffness.

In view of the above analysis, the steel belt can be equivalent to flexible transmission, and the motor-steel belt-
load can be equivalent to a two-mass system. On the basis of the two-mass system, the stress-strain of a single steel
strip changes in real time due to the influence of robot dynamics and steel strip pre-tightening force. At the same time,
the robot kinematics always affects the equivalent load of the driving joint, resulting in time-varying and instantaneous
joint stiffness and mode. The equivalent results are shown in Figure 4. The stiffness identification function of variable
stiffness flexible joints is fundamental to ensuring the motion performance of the system, significantly mitigating the
impact of stiffness variations on system vibrations [15]. Concurrently, stiffness identification serves as a prerequisite
for controlling joint dynamic stiffness and motion compliance, necessitating real-time precision and accuracy, and
represents a critical technology in the research of variable stiffness joints.

The stiffness identification process for flexible joints with variable stiffness involves identifying, estimating, and
optimizing the system’s physical parameters, subsequently determining joint stiffness through an identification
algorithm. This process primarily encompasses static and dynamic stiffness identification. The static stiffness
identification method can accurately obtain joint related parameter information by applying sensors, so as to realize joint
stiffness identification under specific conditions. However, this identification method cannot interact with unknown
environment, and cannot identify real-time dynamics online, which makes it difficult to meet the needs of human-computer
interaction. Consequently, contemporary researchers primarily focus on dynamic stiffness identification.
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Scholars at home and abroad usually adopt two methods to identify the dynamic stiffness of industrial robots. One
is to model the joints as flexible joints. The stiffness value of each component of the robot is calculated by an empirical
formula, and then the stiffness value is converted to each joint of the robot to get the stiffness value of the joint. The
other is to use the dynamic observer method to carry out identification experiments. The following will study and
analyze it from two aspects.

| Robot Kinematics

Steel Belt - 777\1‘ ,,,,,,,, l
~ | Joint Stiffness
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Figure 4. Force relationship (a) and equivalent dynamic model (b) of steel belt transmission mechanism.

2.1. Equivalent Flexible Joint Modeling

The stiffness identification of variable stiffness joints is carried out by using the empirical modeling method, which
mainly considers the nonlinear flexible dynamic stiffness of variable stiffness joints due to adjustable stiffness, that is,
based on the dynamic model, the time-varying nonlinear stiffness of flexible joints is estimated. However, modeling
methods often have various errors with reality, so scholars need to improve methods or accurate models to reduce
possible errors and improve the accuracy of modeling.

Many researchers have done a lot of research in modeling. In order to improve the identification accuracy, it is
necessary to eliminate the influence caused by external factors as much as possible. For example, Cong et al. [16] This
paper presents a magnetic fluid seal device for robots, which is equipped with coaxial biaxial magnetic fluid rotary seal
and bellows seal wafer processing robot, and constructs an optimized biaxial magnetic fluid seal experimental platform,
which reduces the influence caused by other environmental factors and improves the modeling accuracy. It is very
helpful for the subsequent stiffness identification research.

Some researchers choose to estimate and compensate for the deviation. For example, Chen [17] estimated the
eccentricity of the wafer and modeled the error of wafer handling robot. By dynamically estimating the eccentricity of
the wafer, the error in the wafer handling robot model was analyzed to improve the accuracy of the model. The
developed method has great reference for the wafer robot modeling.

Servo error pre-compensation is usually used to improve the accuracy of the feed drive. Existing servo error pre-
compensation methods usually involve using physics-based linear models to predict servo errors, but they are inaccurate
due to the unmodeled nonlinear dynamics in the feed drive. Cheng et al. [18] proposed a linear hybrid model for servo
error pre-compensation, which combines physical-based and data-driven linear models. It is proved that the proposed
model can approximate the unmodeled nonlinearity in the physics-based linear model. Compared with the physics-
based model, the proposed hybrid model improves the accuracy of servo error prediction greatly in the experiment of
precision feed drive. Two people through two different error estimation methods to achieve the flexible joint modeling,
from different aspects of the effectiveness of the error estimation method, wafer handling robot flexible joint modeling
has great reference significance. The models are shown in Figure 5.
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Figure 5. (A): Simplified mathematical model (a) and error estimation model diagram (b) of wafer handling robot [17]; (B): Error
compensation hybrid model (a) model framework (b) [18].

The joint model of the wafer handling robot is always nonlinear, with multi-input and multi-output, and its
parameters are coupled. Therefore, many scholars solve the problem by establishing new models and decoupling them
in different ways. For example, Yue et al. [19] proposed a Cartesian stiffness model of hybrid robots, which is used to
identify the stiffness of robots, and integrated the elasticity of links and joints in parallel mechanisms into the flexibility
(inverse ratio of stiffness) parameters at limb level. By identifying compliance parameters at the limb level rather than
at the joint/link level the number of parameters to be identified can be significantly reduced and the complexity of the
identification problem can be reduced. The results show that the prediction deviation of end-effector deflection
identified by estimation is less than that estimated by the linear least square method, which proves its stronger robustness.
Wu et al. [20] proposed a decoupling control method of stiffness and position of variable stiffness joint for the first time,
aiming at the joint flexibility and wear state in the driving process of mechanical parts, which realized the unity of joint
position control and joint flexibility. The joint stiffness model is obtained by using the static relationship between the
Jacobian matrix and the model, and the nonlinear equation composed of the mechanical model and the stiffness model
of the variable stiffness device is solved by the optimization method to realize the nonlinear decoupling of the stiffness
and position of the variable stiffness joint. The feasibility and effectiveness of the proposed compliance control scheme
are analyzed and verified by simulation experiments. Menard et al. [21] studied the problem of real-time estimation of
time-varying stiffness of actuators with different variable stiffness in agonist-antagonist structure and analyzed the
stiffness by two-step modeling. First, computational calculus is used, which provides the relationship between the
position/speed of the motor and the connecting rod, the torque and stiffness of the motor. Secondly, the dynamic
stiffness is obtained by combining the obtained relationship with polynomial approximation of stiffness and recursive
least squares algorithm, and the accuracy of the method is verified by simulation and experiment. The different types
of variable stiffness actuators are shown in Figure 6. Meng et al. [22] established an effective online stiffness control
method, introduced extended Kalman filter to absorb two parts of information from the online identification method
and system mathematical model, and assimilated the two pieces of information obtained by making full use of these two
methods. The estimation accuracy of initial stiffness identification is improved, and the method is robust to system conditions.
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Figure 6. Different types of Variable Stiffness Actuator: (a) Agonist—antagonistic VSA; (b) Explicit stiffness variator; [21].

The dynamics of the wafer handling robots mainly describe the relationship between joint output torque and robot
motion. In the transmission process, the forces borne by the steel strip include the pre-tightening force of the steel strip
and the pulling force produced by robot motion. The pre-tightening force is fixed. Because the mode of the joint is
related to the load and stiffness, the dynamics dynamically changes the equivalent stiffness of joint, while the kinematics
of the robot leads to the real-time change of the equivalent load of the robot joint, which also affects the mode of robot
joint [23]. Therefore, through precise modeling based on the principle, the mechanism of the joint stiffness change in
the working process of the robot can be revealed, which can lay a solid foundation for the subsequent development of
variable stiffness controller.

2.2. Observer Stiffness Identification

Stiffness identification is considered from the point of view of pattern recognition by using dynamic observer, and
then the modeling of nonlinear system can be avoided by using artificial intelligence algorithm, and the identification
can be completed well, but there are some problems such as a large amount of calculation, slow convergence speed and
a large amount of data needed.

Many scholars have designed stiffness estimators based on different observers and estimators for flexible robot
joints, which are used to estimate the nonlinear time-varying dynamic stiffness of variable stiffness joints. All of them
have obvious advantages in stiffness identification from different angles. For example, based on impedance observer,
Serio et al. [24] designed a dynamic observer, which was improved by combining extended Kalman filter for offline
calibration and then decoupling for torque and position measurement. The identification of stiffness and inertia
parameters of joints is realized, but the feedback position still needs to be differentiated, and the noise sensitivity is
high, as shown in Figure 7A; Based on the residual estimator, Flacco et al. [25,26] used the residual method to calculate
the joint force and realize the joint stiffness estimation. Then, in order to solve the problem of convergence and noise
under weak excitation, the stiffness estimation method is divided into two steps. First, the residual method is used to
estimate the external moment, and then the online stiffness identification is realized by combining the improved discrete
Kalman filter method and the least square method with forgetting factor, as shown in Figure 7B. Lin et al. [27] proposed
a dynamic stiffness estimator composed of a residual-based estimator and a parametric stiffness observer. Firstly, the
static stiffness is given by theoretical analysis, and then the dynamic stiffness identification is divided into a flexible
torque estimator based on second-order residual and a weighted modified parametric stiffness observer based on
dynamic stiffness. Simulation proves high accuracy and robustness. In order to overcome this problem caused by
inaccurate transmission torque information, Jinoh et al. [28] analyzed the limitations of traditional methods in the
frequency domain and proposed enhanced residuals that can be used in a wide range of stiffness. Expands the
availability of residual-based techniques.

Based on the disturbance observer, Sheng et al. [29] designed the control system with two disturbance observers
and, used the dynamic equations to deduce the relationship from the motor to the coupling mechanism, and the modeling
results are used to identify the algorithm of model parameters. Damping, stiffness and other parameters of gantry system
driven by ball screw are identified. The proposed method is easy to implement in position control loop and speed control
loop, as shown in Figure 7C. Based on the input observer, Adriano et al. [30] put forward a stiffness identification
method of a flexible joint based on the joint and motor position without torque and speed sensors, which has strong
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linearity advantage by treating the flexible torque acting on each motor as an unknown signal and based on the theory
of unknown input observer, as shown in Figure 7D.
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Figure 7. Various typical observer and estimator systemstructural sketch and identification results: (A): Impedance Observer [24];
(B): Resiual Estimator [26]; (C): Disturbance Observer [29]; (D): Input Observer [30].

2.3. Discussion

Joint stiffness identification is the core foundation of vibration control of the wafer transfer robot. Existing research
mainly focuses on equivalent flexible joint modeling and dynamic observer method. Although researchers have further
studied dynamic stiffness identification methods, various methods still have different degrees of optimization space.

Equivalent modeling methods (such as two-mass systems) simplify the dynamic characteristics of stiffness through
physical models, which have the advantages of transparent theory and strong interpretability of parameters, and are
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especially suitable for static or quasi-static working conditions. However, the time-varying load and nonlinear stress-
strain relationship driven by the steel belt lead to significant model errors, which depend on high-precision sensors and
complex calibration processes, and it is difficult to meet the real-time requirements in practical applications.

Dynamic observer methods (such as residual error method and Kalman filter) realize real-time stiffness estimation
through data-driven method, avoiding complex modeling process. The residual-based method performs well under weak
excitation, but is sensitive to noise and computationally intensive, making it difficult to apply stably in high-frequency
motion scenarios. In contrast, the hybrid method combined with parameter observer strikes a balance between robustness
and accuracy, but it relies on offline calibration data, which limits the adaptability when dynamic loads change suddenly.

In terms of industrial feasibility, equivalent modeling is more suitable for laboratory environments or offline
parameter calibration, while dynamic observers have more potential in online control, but the algorithm’s efficiency
needs to be optimized to adapt to embedded systems. Future research needs to explore physics-data hybrid models to
mechanistically reduce the impact of stiffness changes on the system, and combine real-time sensor feedback and
lightweight Al algorithms to deal with transient load problems.

3. Control Strategy of Wafer Handling Robot

Wafer handling robots have been widely used to process silicon wafers in semiconductor manufacturing machines.
However, their accuracy, speed and versatility are limited by vibration, which varies with their position in the workspace.
One of the main challenges of controlling wafer processing robots is to avoid vibration as much as possible during high-
speed motion, which is the main cause of wafer sliding and particle pollution.

In order to improve stiffness and reduce vibration, the robot adopts parallel structure, but it cannot meet the
requirements of high-precision control. The control of the whole system is affected by many factors, among which the
control algorithm, assembly accuracy and machining accuracy of each component are the main influencing factors. Moreover,
the vibration caused by structural factors is difficult to detect by the motor encoder and control by the motor. According to
the current processing technology, the precision of components is already very high, and it needs to pay a lot of economic
costs to further improve the precision of components. It is not appropriate to comprehensively consider the perspective of
improving the precision of components, but optimizing trajectory planning and optimizing control algorithms is a better idea.

3.1. Trajectory Planning Research

Robot trajectory planning is very important for robot motion control system, which directly affects the performance
of robot, which is reflected in many aspects such as operation efficiency, motion stability, energy consumption, etc. For
specific robot trajectory planning problems, it is necessary to comprehensively consider the actual needs. Robot cluster
tools used in semiconductor manufacturing have strict time constraints, and robot motion should not only consider
efficiency, but also run smoothly, which requires smooth trajectories without sudden changes in acceleration [31,32], as
shown in Figure 8A. Robot motion planning is also one of the most important problems in robot control. If time optimality
and stationarity are considered synthetically, trajectory planning is a smooth time optimal trajectory planning problem.

Most existing online trajectory generators aim to achieve good tracking performance by limiting the bandwidth of
the reference input. This strategy is unacceptable when applied to wafer handling robots pursuing high speed. Many
scholars have studied this problem, such as Kim et al. [33] modeling the discrete event behavior of tools through timing
event diagrams. A feedback controller has been developed for single-arm and dual-arm cluster tools, which can meet
the time limit by adjusting wafer delay. So that it does not exceed the prescribed limits. There are also studies on the
acceleration of handling robots, such as Wang et al. [34], in order to solve the problems of large distance, high speed
and high precision trajectory tracking. In order to ensure the stability of wafer transport robot, combined with the new
section search method, a fifth-order polynomial interpolation method is proposed to plan the motion process of wafer
transport robot and realize the optimal planning curve. And its effectiveness is proved, as shown in Figure 8B.

Some scholars have studied the trajectory planning of flexible joint vibration suppression, which is also of great
reference significance to the trajectory planning of wafer handling robots. For example, Kim et al. [35] proposed several
new methods of robot vibration suppression input shaping technology. That is, the optimal S-curve trajectory, fixed
zero-vibration shaper and dynamic zero-vibration shaper. These methods can suppress various vibration modes of flexible
joint robot under computational torque control based on rigid model. Each planning method has its own characteristics and
is suitable for different motion modes, as shown in Figure 8C. The following year, Kim et al. [36] proposed a new trajectory
planning method for online optimal trajectory planning of flexible joints, which is optimal in dynamic approach time and
maintains the integrity of path tracking in high frequency planning and control cycles. This method is based on the well-
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known path constrained time optimal motion. We show that this trajectory can be approximated quickly by trapezoidal
velocity curve, so as to produce a trajectory close to the time optimization, and only four times of robot dynamics
calculation are needed for each path segment. Finally, it is successfully applied to the elastic model.
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Figure 8. Research renderings of different trajectory planning, (A): Angle and stiffness tracking comparison results [31];
(B): Acceleration comparison results [34]; (C): Effect comparison of different planning methods: (a) Controlled paths (b)
Tracking errors on the line side (¢) Residual vibratiosns in Z-direction [35].

To sum up, trajectory planning of robot is essentially a constrained optimization problem, and there will be different
research fields of trajectory planning for different constraints and optimization objectives. In the application of wafer
handling robot, it is necessary to ensure efficiency and run smoothly, and it is also necessary to consider the problem
of flexible joints. Many scholars have done research independently from the above perspective, but few studies have
integrated the above research into wafer handling robot.

3.2. Compliance Control Techniques

Through reading a large amount of data at home and abroad, we can see that many researchers start with control
algorithms to improve the control accuracy of the system, and then reduce vibration and improve the running speed. At
present, the main methods used are improving the traditional PID control algorithm and merging with other algorithms
and various modern optimal control algorithms, such as neural network control, synovial control, fuzzy logic control,
adaptive control, and so on.

However, for wafer handling robot, the joints have highly nonlinear dynamics and strong connection, so it is difficult to
achieve good dynamic and stable performance by traditional methods, so it is necessary to comprehensively consider the
application of control algorithms to robots. This review introduces several typical control methods in wafer handling robots.

3.2.1. Improved PID Control Technology

In practical application, traditional PID control is still the mainstream control. However, for flexible variable
stiffness joint, it is nonlinear in normal working state, so the control effect realized by traditional PID control method
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is not ideal. It is necessary to add other control algorithms on the basis of traditional control, and then take the integrated
algorithm as the algorithm of the whole system controller.

Many scholars have done a lot of innovative research on the basis of classical PID control theory. In recent years,
with the development of nonlinear control, decoupling servo control has attracted much attention. Many scholars have
also applied it to wafer handling robots, which can obtain decoupling relationship through internal feedback loop and
maintain system stability through external tracking error loop. Decoupling control is a very good choice for complex
systems with various uncertainties and high frequency resonance, such as wafer handling robots. Han et al. [37]
combined with the mechanical and software architecture of wafer handling robot, analyzed the robot kinematics by
geometric method, decoupled the motion control from polar coordinates and joint space, and calibrated it by generalized
least square inverse method. The center algorithm for motion control and wafer calibration of wafer handling robot in
semiconductor manufacturing was studied, and the correctness, feasibility and effectiveness of the motion control and
center correction algorithm of semiconductor robot were verified by experiments, which met the requirements of robot
wafer transfer, as shown in Figure 9a,b. In addition, on the basis of PD control, He et al. [38] proposed a new coordinated
control method based on decoupling servo control to design for wafer handling robot. As the basis of decoupling servo
control, the dynamic model of wafer handling robot is obtained by Newton-Euler equation and Lagrange equation.
These two methods confirm the validity of the kinetic equation. The inverse dynamics of the robot is analyzed by
feedback linearization, and the experimental results show that the control method can effectively reduce the position
tracking error. The performance meets the requirements of high speed and high precision in wafer processing, as shown
in Figure 9¢. Other researchers combine visual systems and adopt servo control strategies. Such as Xiao et al. [39] and
designed a control system. The system takes PLC as the control core, is responsible for the communication between PC
and robot, and executes logic control instructions. He et al. [40] can realize precise positioning and control decoupling
of wafers through visual alignment. The reliability of visual servo control strategy is verified by simulation and physical
prototype of wafer handling robot. The performance meets the requirements of wafer processing process.

In addition to decoupling servo control, singular perturbation theory is also very effective in controlling flexible
joints. When the stiffness of flexible joints with variable stiffness is large enough, the model of flexible joints with
variable stiffness can be regarded as a system with fast and slow time domains. Singular perturbation control methods
are generally divided into two kinds. One method is to select the motor tracking error as the fast variable, and the
corresponding one is to select the connecting rod variable as the slow variable. Another method is to choose the joint
elastic force as the fast variable, and at the same time, the connecting rod variable is selected as the slow variable;
Singular perturbation method has the advantage of order reduction, and its algorithm is simple and clear, which can
greatly reduce the calculation workload when considering elastic structures and obtain better control effect. The
trajectory tracking problem of variable stiffness joints has been studied by many scholars based on singular perturbation
theory. In the control system design, the motor tracking error is selected as the fast variable, and Javadi [41] and others
model the motor dynamics as the time delay input of the antagonistic variable stiffness actuator. In addition, the
nonlinear transformation of the antagonistic variable stiffness actuator is introduced, and then the super-twist sliding
mode control is used to achieve position and stiffness tracking at the same time. Combining nonlinear transformation
with super-twisting sliding mode control, the dynamic tracking of joint position and stiffness is realized at the same
time. Prediction-based feedback, together with some disturbance observers, involves estimating external disturbance to
compensate for input time delay, which improves the robustness of the system and achieves success in weakening the
effect of external disturbance. The schematic diagram is shown in Figure 10. Another research on selecting joints as
fast variables, such as Roozing et al. [42], designed the distribution mode of driving force for simulating variable
stiffness joints driven by antagonistic tendons, which improved the energy efficiency. A new asymmetric antagonistic
driving scheme is developed and controlled, which is characterized by large energy storage capacity and effective
motion execution. Asymmetric design consists of two driving branches, and its power is transmitted to a single joint
through two flexible elements with different stiffness and storage capacity characteristics. Given design parameters and
control requirements, the selection criteria of stiffness of the two components are expounded, and the principle is shown
in Figure 11.
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In view of the above research, the differential equation can be dynamically decomposed into quasi-steady system and
boundary layer system by taking instantaneous joint stiffness as the system time scale and combining singular perturbation
theory; For the boundary layer system, the active damping coefficient is set, and the velocity error between the load end and
the input end is fed back to the system input to reduce the influence of vibration on the system. However, the application of
singular perturbation control method also has some limitations. When the stiffness of joints is large enough or the model of
flexible joints is reduced, the effect is better, and there is still room for change in the application of wafer handling robot.

There are also many researches on control based on posture kinematics model and dynamics model. A promising
vibration compensation method is to use feedforward control, which is realized by modifying the trajectory sent to the
vibration machine. For example, Chou et al. [43] proposed a method to model the posture-dependent vibration of wafer
handling robot as a function of its changing inertia and its experimentally determined joint stiffness and damping. The
proposed modeling method first calculates the pose-dependent equivalent inertia of the system, then carries out some
system identification experiments to determine the constant stiffness and damping coefficient, and then combines them
to predict the dynamics under any pose. The attitude dynamics model of the wafer handling robot is used to design a
feedforward tracking controller to compensate the attitude-dependent vibration of the robot. In order to enhance the
tracking performance of the robot, it has a good effect, as shown in Figure 12A. For example, Yu et al. [44] proposed
two control methods to improve the performance of wafer handling robot. Firstly, besides the basic three-loop PID
feedback controller, torque offset is injected into the input of the robot, and feedforward is used to compensate the nonlinear
dynamics of the robot. Secondly, a test-based optimization method is developed to adjust the gain of the feedback controller.
The wafer vibration is measured and analyzed to score the system performance against the derived model. The related control
effect is shown in Figure 12B. The comparison results indicate that position feedforward significantly enhances the robot’s
tracking performance, while torque feedforward improves its anti-interference capabilities, leading to superior dynamic
effects. The two proposed control schemes markedly enhance performance across various dimensions.
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To solve the problems of parameter uncertainty, unknown bounded friction torque, unknown bounded external
disturbance and residual vibration, the ADRC method is firstly proposed by optimizing the classical feedback
linearization control method. The core of this method is the extended state observer. The proposed technique does not
need an accurate mathematical description of the system, because it is based on the on-line estimation and feedback of
unmodeled dynamic elements and has good robustness [45]. For example, Guo et al. [46] combines linear extended
state observer to control the position and stiffness of variable stiffness joints. A new conceptual model of antagonistic
variable stiffness brake based on equivalent nonlinear torsion spring and friction damper is presented. A combination
of linear extended state observer, sliding mode control and adaptive input saturation compensation law is used to design
a robust tracking controller, and the position and stiffness of the torsion spring-based variable stiffness actuator against
equivalent nonlinear are adjusted simultaneously. Under the proposed controller, the semi-globally uniform ultimate
bounded stability of the closed-loop system is proved by Lyapunov stability analysis. Lukic et al. [47] proposed a
cascade control structure for simulating the simultaneous control of position and stiffness of variable stiffness actuators
driven by antagonistic tendons. The outer loop is composed of position and stiffness closed loops, and the inner loop is
constructed by dominant dynamics, which can reduce system oscillation. Wisnu et al. [48] aims at the residual vibration
caused by the high-speed operation of the transmission manipulator. They propose an integrated tool for parameter
identification and vibration control of higher mode vibration systems. Using input shaping method to reduce residual
vibration can help industrial personnel analyze and solve vibration problems. Experimental results show that the
stability time and total motion time of the robot arm are significantly reduced. Kim et al. [49] analyzed from the wafer
point of view and proposed an improved wafer alignment algorithm, which can obtain the relative distance between the
wafer center and the robot hand, as shown in Figure 13. Some advantages of the proposed alignment algorithm include
that it can be designed with low cost and less computational power. The proposed alignment algorithm is applied to the
transfer robot of semiconductor processing, and the performance of the method is verified.

The above research provides a basis for the application of semiconductor wafer handling robot, and provides a
reference for more accurate control of wafer handling process. Many control methods are perfect enough, but due to the
dynamics and nonlinearity of modeling, there are inevitably some inaccuracies in the model. After that, the research
can continue to improve the model accuracy and nonlinear model parameter identification modeling direction. On the
basis of accurate modeling, the application of the above control method will get twice the result with half the effort.
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3.2.2. Intelligent Algorithm Control

Because the wafer handling robot is composed of several joints coupled together, it is difficult to achieve good
dynamic and stable performance by traditional methods. With the research of neural network, fuzzy control and artificial
intelligence in the scientific community, new ideas are provided to solve many problems in flexible robot control.
Intelligent control is mainly applied to relatively complex systems such as parameter uncertainty and structural
uncertainty, as well as linear systems and deterministic systems with large time constants and large pure time delay.
This is in line with the application of wafer handling robot, although these control methods are very complex, but there
are still many scholars have done related research.

By adjusting fuzzy parameters, the control based on fuzzy theory has the self-learning ability to discard the
nonlinearity and uncertainty of the system, and can estimate the feedback linearized control. Hybrid fuzzy logic
controller mainly depends on its control fuzzy rules and fuzzy membership function. Pizarro [50] proposed a strategy
of fine-tuning membership function using genetic algorithm to control the tracking position of robot with two joints.
The effectiveness of the control strategy is proved by comparing the simulated unoptimized controller with the
optimized controller using genetic algorithm, as shown in Figure 14A. Fateh et al. [51] proposed a fine-tuning fuzzy
control for robots. With the help of this controller, the trajectory tracking control simulation and experiment are carried
out by using the articulated electric robot manipulator. Convergence analysis can track the target path effectively and
robustly. Although this method is simple in calculation, its stability is guaranteed. The simulation results show that the
fine-tuning fuzzy control is superior to the PD fuzzy control in the set-point and tracking control. However, unlike
adaptive fuzzy control which adapts to all rules, fine-tuning fuzzy control adapts to only one fuzzy rule.

Other adaptive control technologies can also control flexible joints, such as Trumic et al. [52]. For the problem of
joint stiffness and position synchronization control based on variable stiffness joints, based on the existing adaptive
control theory, an innovative control method composed of adaptive compensator and dynamic decoupler is introduced
to develop a closed-loop control technology of joint stiffness. This method does not require higher position derivatives
or any stiffness derivatives. The solution has been validated in multiple use cases, and comparisons reveal more
powerful position and stiffness tracking skills. Adaptive control can also carry out joint control. For example, Liu et al.
[53], This paper discusses a nonlinear direct joint control scheme, which is used to manipulate flexible payloads through
single-arm systems with disturbances, parameter uncertainties and output constraints, and can avoid system overflow
instability. Therefore, a new control method based on nonlinear disturbance observer is proposed to enhance its
disturbance attenuation ability. In order to deal with the system parameter uncertainty, adaptive direct joint control is
applied to approximate the unknown parameters, which does not need endpoint boundary control. Then, barrier
Lyapunov function is used to eliminate the influence of yield restriction. Semigroup theory and invariance principle
extended to infinite dimensional systems strictly prove the asymptotic stability of closed-loop systems and have good
performance, as shown in Figure 14B.

Neural network can solve the problem of unknown nonlinear function well. For the control problems caused by
inaccurate modeling, external disturbance, joint flexibility and other uncertainties, You et al. [54] proposed a neural
network control method based on H co. According to the singular perturbation theory, a robust controller based on neural
network is used to decouple the dynamic model of rigid body. A feedback controller based on velocity difference is
designed to compensate the angle error caused by joint flexibility. Experimental simulation results verify the
effectiveness of the proposed control method, which has good engineering application value, as shown in Figure 14C.
Rossomando Soria [55] proposed a neural sliding mode dynamic control in discrete time domain. The weight of radial
basis function can be adjusted by online adaptation law. Sliding surface can limit the adaptive law and compensate by
sliding surface to eliminate the approximate error introduced by neuron controller. There is similar adaptive neural
backstepping integral sliding mode control based on disturbance observer, such as Phan et al. [56] integrating adjustable
stiffness rotary actuator. The system is affected by unknown system dynamics, external disturbance and variable
stiffness, so a disturbance observer is introduced to compensate for the influence of approximation errors caused by
variable stiffness, disturbance and neural network. The effectiveness and feasibility of the proposed controller are
proved by simulation and experiment. However, the neural sliding mode dynamic control theory has not been integrated,
the parameter setting is difficult, and the application field is limited.
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Figure 14. Comparison of different control methods: (A): Fuzzy control [50]; (B): Adptation control [53]; (C): Neural network
control [54].

Some scholars have integrated neural network, fuzzy control, adaptive control and PID control into one method.
For example, Son et al. [57] proposed a new control system combining adaptive feedforward neural controller and PID
controller, which uses actuators to control the joint angle position of robot. The inverse neural model is used to
dynamically identify all the nonlinear features of the robot and the improved differential evolution algorithm is used to
optimize it. Secondly, combined with an inverse neural model, the model provides applications from the desired joint
position and conventional PID controllers to improve accuracy and reject steady-state errors in joint position control.
Finally, a new adaptive back propagation algorithm for fuzzy systems is proposed to update the weights of the inverse
neural model online, so as to better adapt to the interference and dynamic changes in its operation. Compared with the
traditional control methods, the experimental results show that the proposed control scheme has better performance and
advantages, but the control algorithm is very complex and there is room for simplified application.

3.3. Discission

High safety, high stability and high reliability are three important factors for the development of high-performance
robots in the future [58]. Under the background of high requirements of human-computer interaction, designing a better
control method with variable stiffness and flexibility of robots can achieve the balance between speed, accuracy and
vibration suppression during the movement of wafer transfer robots. The existing methods have their own advantages
and disadvantages:

Trajectory planning optimization: Considering the flexible transmission mode of wafer handling robot, it is
necessary to combine the flexible dynamic model for trajectory planning. Fifth-order polynomial interpolation and S-
curve programming significantly improve the smoothness of motion, but the residual vibration of flexible joints still
needs to rely on feedback control compensation. The dynamic zero vibration shaper has remarkable effect at fixed
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frequency, but its adaptability to time-varying stiffness is insufficient, so it needs to be combined with on-line
adjustment mechanism in practical application.

Control algorithm: The existing flexible joints with variable stiffness of robots still have some problems in joint
structure, variable stiffness range, dynamic stiffness identification and control methods. Decoupling servo control
simplifies the control structure through inner loop decoupling, and has verified high tracking accuracy in robots, but there
are still steady-state errors in systems with strong nonlinear coupling and sensitive time-varying parameters. Intelligent
algorithms (such as neural network and fuzzy control) are outstanding in dealing with nonlinearity and uncertainty, but
their computational complexity is high, which makes it difficult to meet the requirements of microsecond real-time control.
For example, although the adaptive fuzzy-PID hybrid controller has improved robustness, the industrial deployment cost
has increased sharply. Feedforward compensation and ADRC pre-compensate the vibration through the dynamic model,
which significantly reduces the tracking error, but requires extremely high model accuracy and requires frequent
calibration in practical applications.

Industrial application feasibility: Existing intelligent algorithms mostly stay in the simulation stage, and industrial
scenarios prefer feedforward-feedback composite control based on physical models. In the future, it is necessary to
develop lightweight Al controllers supported by edge computing, and combine digital twins to realize online model
updates to take into account accuracy and real-time performance, which is difficult to apply in practice.

4. Vibration Suppression Technology of Wafer Handling Robot

In order to meet the new standards of wafer production and processing, besides vibration suppression by modeling
and control, the research on vibration suppression of wafer handling robot must also open up a new world. Usually, the
vibration suppression of flexible joint robot mainly includes structural optimization design and vibration absorber. In
order to suppress vibration, we can construct the dynamic model of wafer processing robot, and then analyze the
dynamic characteristics of the robot to find out the main parameters that affect the natural frequency. Considering the
workspace and structure of the robot, the constraint function is obtained. The wafer handling robot can be optimized,
which provides a reference for the vibration suppression technology of wafer handling robot.

4.1. Optimize the Structure to Suppress Vibration

In the aspect of structural optimization, Wu et al. [59] proposed a structural optimization design method of silicon wafer
transmission robot arm, which takes static offset as constraint, natural frequency of system as optimization objective and wall
thickness of each arm as optimization parameter. The results show that this method can greatly reduce the mass of the arm
and increase the first and second natural frequencies of the wafer transfer robot arm, greatly reduce the static offset and
internal stress at the end, and greatly increase the vibration frequency of the system, as shown in Figure 15.
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Figure 15. Typical Structure Diagram (a) and Simplified Mathematical Model (b) of Wafer Handling Robot [59].

From the aspect of external structure, Matteo et al. [60] put forward a dynamic vibration absorber design method
combining numerical calculation and analytical analysis and optimizing the parameters of base-isolated structures, as
shown in Figure 16A. The inertia of tuned mass damper is used to control the response of isolated structures, and the
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steady-state base excitation of white noise and color noise is considered at the same time, which effectively reduces the
response of base-isolated structures. The reliability and efficiency of the proposed method are proved.

4.2. Vibration Absorber Suppresses Vibration

Dynamic vibration absorber is composed of damper, spring and mass, which is one of the common vibration
suppression methods and has been widely used in the field of vibration suppression. Because the traditional dynamic
vibration absorber system mostly faces the fixed frequency vibration suppression situation, the vibration reduction
frequency range is relatively narrow. Therefore, the urgent problem to be solved for dynamic vibration absorber is to
broaden the frequency range on the basis of ensuring vibration suppression performance; Because the classical dynamic
vibration absorber system has a relatively narrow range of vibration reduction and needs a larger mass to provide better
performance, it is sometimes difficult to achieve in practice, so the traditional method has reached the limit.

4.2.1. Fixed Stiffness Dynamic Vibration Absorber

Based on the above vibration absorber model, scholars have done a lot of research. Ikago et al. [61] proposed and
optimized a new inertia-based vibration control configuration, called tunable viscous mass damper, and showed that it
can control the vibration response of building vibration system with a small mass, as shown in Figure 16B Using the
apparent mass amplifier of ball screw mechanism, the closed-form solution of the optimal seismic control design of single-
degree-of-freedom structure excited by harmonics is also derived. The performance of the new equipment is compared with
that of the traditional viscous damper and viscous mass damper system, and the effectiveness is verified. Zeng et al. [62]
combines the advantages of quasi-zero stiffness isolator, nonlinear energy absorber and inertia device, and proposes a new
vibration control scheme for suspension system. It can achieve low transmissibility, low amplitude and low additional weight,
and improve the comfort and handling stability of the system. This paper provides a theoretical basis for integrating quasi-
zero stiffness vibration isolator and internal inertia nonlinear energy absorber to improve comfort and handling stability.

High-damped rotor (m,,J,)

,ﬁzw

T

Figure 16. Schematic Diagram of Various Basic Vibration Absorbers. (A): Simplified models (a) A SDOF base-isolated TMDI-
controlled shear-type frame; (b) Base isolated rigid structure equipped with TMDI [60]; (B) Analysis models. (a) Viscous damper
(b) Viscous mass damper (¢) Tuned viscous mass damperTVMD [61]; (C) Modelling for a high-damped rotor attached dynamic
vibration absorber [62].

Torsional vibration of the damping rotor usually occurs in the wafer handling system, which leads to the imbalance
of the wafer handling system. Recent research shows that traditional methods are suitable for reducing torsional
vibration of weakly damped rotors. However, traditional methods will cause great errors to high damping rotors.
Therefore, Phuc et al. [63] proposed a new method for suppressing torsional vibration of highly damped rotor by
dynamic shock absorber based on weighted dual estimation of equivalent linearization technique, as shown in Figure
16C. The highly damped rotor is approximately replaced by the equivalent undamped rotor based on the weighted dual
estimation of the equivalent linearization technique. In order to suppress the torsional vibration of the rotor with high
damping, two closed-form expressions of the appropriate spring and viscous damper system for the optimal vibration
absorber are determined. The numerical results show that the torsional vibration of the rotor with high damping is
obviously reduced in the resonant frequency region.
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4.2.2. Dynamic Power Vibration Absorber

The above dynamic vibration absorbers are all based on the vibration suppression scenario facing fixed stiffness.
When the deviation between the excitation frequency and the natural frequency of the vibration absorber is large, the
vibration absorption effect will decrease rapidly. Therefore, the dynamic power vibration absorber with variable
stiffness has gradually become a research hotspot, and the variable stiffness also belongs to the motion characteristics
of wafer handling robot. The nonlinear variation of the vibration at the end can have room for application.

A major limitation of the passive dynamic absorber is its inherent design limitation, since it is tuned to a specific
resonant frequency [64], which makes it less effective in mitigating vibration in the variable frequency range. Many
scholars have done a lot of research on this problem. For example, Wang et al. [65] proposed a new dynamic shock
absorber based on inertia and negative stiffness based on the relationship between inertia dynamic shock absorber and
negative stiffness dynamic shock absorber in structural vibration reduction, and proved that the effective frequency bandwidth
is wider than the existing dynamic shock absorber, and it performs best under harmonic and random excitation. Xiao et al.
[66] presents several novel inert dynamic vibration absorbers by matching inert bodies with dynamic vibration absorbers at
different positions, and proposes a new type of inertial dynamic vibration absorber to improve the performance of passive
dynamic vibration absorbers. The optimization results show that this method can provide better system performance.

In addition to passive dynamic vibration absorbers, there are also studies on adaptive active vibration absorbers.
For example, Silva et al. [67] found that the hysteresis dissipation characteristics and temperature dependence
characteristics of shape memory alloy bearings can be applied to rotor systems to realize adaptive active vibration
control, and proved that it can effectively avoid vibration in dynamic response due to nonlinear effects. In order to
ensure that the dynamic vibration absorber keeps its vibration reduction ability under time-varying frequency load, Li
et al. [68] changes the stiffness of the dynamic vibration absorber through semi-active or active control to achieve the
best vibration reduction performance. In nonlinear control, different from passive dynamic vibration absorber, nonlinear
can further reduce elastic vibration in a specific speed range. Nonlinear frequency control can provide reference for
structural vibration control under time-varying frequency load.

Because the previous research on dynamic power vibration absorber has achieved good results, and it can meet the
vibration absorption requirements of wafer handling robots, some scholars have applied it to wafer handling robots, such
as Wang et al. [69] and others have proposed a direct vibration elimination method for semiconductor manufacturing
robots. By mounting a vibration tactile sensor on the wafer holder, the vibration can be significantly reduced without
adversely affecting the tracking accuracy of the wafer processing movement. The system is shown in Figure 17.
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In view of various problems existing in the traditional dynamic vibration absorber, many scholars have improved
on the original basis, and studied by changing the form of damper: Hu et al. [70] proposed a two-degree-of-freedom
dynamic vibration absorber based on shape memory alloy, in which the spring and inertia-based mechanical network
are arranged in parallel, which is an inertia-based dynamic vibration absorber. The resonance response of the rotor is
controlled by adjusting the stiffness of the shape memory alloy bias spring, and the direct search optimization method
is used to solve it; Analytical method is used to calculate performance measures. In contrast to conventional absorbers,
as shown in Figurel8A, numerical parameter optimization results show that the addition of inertia absorbers can
simultaneously widen the damping range and reduce the resonance amplitude, thus improving the system performance.

By installing other systems to improve new energy, Marcial et al. [71] proposed a new type of grounded damping
dynamic shock absorber based on stiffness, and derived the analytical design parameters in detail. The schematic
diagram is shown in Figure 18B. The optimal stiffness ratio, the optimal damping ratio and the optimal grounding
stiffness ratio are expressed as functions of mass ratio and lever ratio by establishing the mean square displacement
response of the primary structure. The results show that, compared with some typical dynamic absorbers designed under
harmonic and random excitation, the resonant amplitude and damping frequency band can be greatly reduced and widened,
respectively, and the random vibration mitigation can be greatly improved by using the optimal dynamic absorber.

Compared with two-stage linear vibration isolator, two-stage quasi-zero stiffness system has excellent vibration
isolation performance, which makes it a promising candidate for vibration isolation of precision instruments. Because
of its low dynamic stiffness, two-stage quasi-zero stiffness system shows obvious vibration amplitude. Xing et al. [72]
proposed a coupling system, which consists of a two-stage quasi-zero stiffness system and a dynamic shock absorber
connected to the upper part of the two-stage quasi-zero stiffness system. The approximate analytical solution is obtained
by harmonic balance method. The influence of system parameters on dynamic behavior and isolation performance is
studied in detail. The results show that the integration of dynamic shock absorbers can effectively reduce the vibration
amplitude and expand the isolation frequency band without affecting the high frequency performance. Tian et al. [73]
researched and developed a new type of dynamic shock absorber. Static analysis verified the effectiveness of the new
type of dynamic shock absorber in preventing the interaction between driving torque and mass stroke, and weakened
the influence of driving torque on mass stroke.

Figure 18. Modification schematic diagram of different dynamic vibration absorbers (A): dynamic vibration absorber (a) traditional
dynamic vibration absorber; (b) Interference-based dynamic vibration absorbers [70]; (B): Adding system to improve dynamic
vibration absorber model [71]; (C): Schematic diagram of ¢ dual-frequency dynamic vibration absorption (a) mass spring model
(b) simplified vibration absorber model (¢) physical vibration absorber model [74].
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In general, the dynamic shock absorber is effective in suppressing single-frequency vibration, but ineffective in
suppressing double-frequency vibration. Li et al. [74] designed a negative stiffness dynamic vibration absorber based
on a pair of mutually exclusive permanent magnets for dual-frequency vibration. The schematic diagram is shown in
Figure 18C. Theoretical and numerical analysis shows that the anti-resonant frequency can further improve the vibration
suppression performance. Huang et al. [75] proposed a bistable dynamic shock absorber with active adjustable stiffness.
Taking continuous harmonic vibration as input energy, the energy conversion and target energy transfer performance
of the fusion system are evaluated theoretically. This integrated energy conversion and vibration control strategy is a
potential alternative to intelligent structural health monitoring and sound broadband vibration control for state-of-the-
art manufacturing equipment under multi-source vibration interference.

4.3. Discussion

The main problem faced by vibration suppression technology is the need to balance between structural design,
vibration absorber performance and cost. The existing solutions have their own advantages and disadvantages:

Structural optimization (such as arm thickness lightweighting): Resonance risk is reduced by increasing system
stiffness, but excessive lightweighting may sacrifice mechanical strength, and manufacturing process limitations (such
as ultra-thin end effector machining) lead to sharp cost increases. The tuned mass damper of is effective in narrow
frequency band, but its adaptability to broadband vibration of wafer robot is limited.

Dynamic vibration absorber: Fixed stiffness vibration absorber (such as viscous mass damper) is simple in structure
and low in cost, but has a narrow frequency band and is only suitable for steady-state working conditions. Facing the
instantaneous characteristics of silicon wafer conveying robot, it is necessary to deeply study the structure and control
system bandwidth of active variable stiffness dynamic vibration absorber. Variable stiffness vibration absorbers
(negative stiffness design) broaden the effective frequency band through active adjustment, but rely on complex driving
mechanisms (such as shape memory alloys), and their reliability and durability need to be verified urgently. The inertial
vibration absorber improves the damping range through parallel mechanical network, but the mass increase may affect
the dynamic performance of the robot.

Industrial application feasibility: Structural optimization is limited by manufacturing costs, while dynamic
vibration absorbers are easier to integrate into existing systems through modular design. Semi-active control combined
with multi-objective optimization algorithm is expected to achieve a balance between broadband vibration suppression
and cost, but it needs to solve the problems of control delay and energy consumption.

5. Other Robot Technology Research

In addition to studying the wafer handling robot ontology to improve various performances on the ontology to
improve productivity, running speed and handling quality, many scholars have achieved this goal from other aspects,
such as detecting the running status of equipment, cooperating with multiple robots, optimizing wafer delay and so on.

5.1. Robot Error Prediction

Maintenance is a technology that continuously monitors the condition of equipment and predicts the maintenance
time of equipment. Especially in the field of process automation semiconductor manufacturing, people are trying various
methods, such as analyzing data to predict the possible errors of wafer handling robots, so as to minimize equipment
failures and minimize economic losses caused by equipment failures or huge maintenance costs.

Once the wafer is damaged, it will produce great economic losses, so it is extremely important to ensure the
precision maintenance and service life prediction of the wafer handling robot in its service life. Jeon et al. [76] proposed
a new predictive maintenance method to predict the error of wafer transfer robot, and classified the significance level
of the error. The acceleration sensor is used to collect the experimental data of wafer transfer robot. The proposed
method can detect errors and accurately classify error levels in the mixed data of normal data and erroneous data. JiHyun
et al. [77] This paper introduces a new predictive maintenance technology and a new maintenance method to develop
an algorithm for predicting the failure of wafer transfer robot in advance. By using K-means algorithm to cluster data,
the distribution of cluster center points is analyzed, and the features of error data and normal data are extracted. Using
these functions, an artificial neural network model is designed to predict the fault points of the robot, and the neural
network modeling is applied to predict the equipment faults.
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5.2. Robot Cluster Control

Nowadays, wafer manufacturing in semiconductor manufacturing is highly dependent on cluster tools, and long
wafer delay time may reduce its quality and have a negative impact. Therefore, in order to ensure wafer quality, it is
very desirable and important to minimize the wafer delay time of each step after wafer processing. Wen [78,79] cluster
tool is equipped with multiple process modules and a wafer processing robot, as shown in Figure 19. This work aims to
solve this important problem of single-arm cluster tools. There must be wafer delay time in the upstream step of
bottleneck step. Based on Petri net model, this wafer delay time can be reduced by properly adjusting the waiting time
of robot. Therefore, a method of robot waiting time control is proposed, which can reduce wafer delay as much as
possible by properly adjusting the idle time of robot. Dong et al. [80] In order to prevent excessive wafer delay and its
variability of single-arm and dual-arm cluster tools, we propose a simple, effective and robust feedback control method
called Kanban feedback control, which models the feedback control design problem as the problem of adding feedback
path between a pair of transformations to adjust the delay at a certain position in the timed event diagram model. It is
verified that Kanban feedback control significantly reduces wafer delay and robustly adjusts wafer delay and even cycle
time for continuous time changes and significant sporadic time interruptions.

So1 qoy

Po -

Figure 19. Block Diagram of Delayed Cluster Control System [79].

5.3. Digital Twin Technology

Digital twinning technology can monitor the motion of wafer handling robot in real time, which is beneficial to
realize real-time control. For example, Chou et al. [81] In this study, field programmable gate array technology is used
to realize the motion controller of wafer handling robot with three degrees of freedom. The full digital motion control
of wafer handling robot is realized. Coman et al. [82] develop control and programming applications for robots specially
designed for wafer operation, and integrate them with mobile devices capable of wireless communication. Then, the
mobile device is used to command axis movement, internal signals and programming. The application is developed as
a user interface capable of communicating with the robot controller and converting user input into controller commands.
This research is of great significance in the field of industrial wireless communication, and it is a step towards more
flexible robot application, fully integrated remote operation technology and easier access to remote production facilities.

5.4. Discussion

Emerging technologies provide new ideas for improving the performance of wafer transfer robots. Although the above
technologies are not mature enough, they are also promoting the continuous improvement of the automation degree of wafer
handling robots in semiconductor equipment and becoming more intelligent and integrated. Direction development:

Predictive maintenance (such as cluster analysis) uses vibration data to warn faults early, but the cost of sensor
deployment and data labeling is high, and small sample failure pattern identification is still difficult. Cluster control
(such as robot idle time regulation) reduces wafer delay through scheduling algorithms, but the problems of conflict
avoidance and communication delay in multi-robot collaboration have not been completely solved. Digital twins (such
as FPGA controllers) realize full digitization of motion, but high-fidelity model construction relies on multi-physics
simulation and real-time data synchronization, which requires extremely high computing power.
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Industrial feasibility and application: Industrial Internet of Things (IloT) and 5G communications provide
infrastructure support for the implementation of the above technologies, but standardized interface protocols need to be
developed to reduce integration complexity. In the future, we can explore a distributed predictive maintenance
framework based on federated learning, combined with edge-cloud collaborative computing, to improve system
response speed and reliability.

6. Summary and Outlook
6.1. Summary

This paper systematically combs the research progress of wafer handling robot in the field of vibration control,
focusing on the joint stiffness identification, motion control and vibration suppression technology of wafer handling
robot, and draws the following main conclusions:

(1) Dynamic identification of joint stiffness: The existing research has realized the identification of joint stiffness
through equivalent flexible joints (such as two-mass system) and dynamic observer (such as residual method, ezc.),
but it is still faced with the problem of insufficient prediction accuracy of instantaneous stiffness change. The
dynamic coupling of time-varying stress and load driven by steel belt leads to significant nonlinearity of stiffness
model, which needs to be combined with hybrid modeling to make the motion mechanism clearer and optimize the
parameter identification efficiency, and provide a better foundation for the research of control system and vibration
suppression system.

(2) Optimization of motion trajectory: By optimizing the path planning algorithm and control algorithm, the
manipulator can find the optimal motion path, thus shortening the motion time. Fifth-order polynomial
interpolation, S-curve programming and other methods improve the motion smoothness, but the residual vibration
suppression of flexible joints still needs to be combined with real-time feedback control (such as singular
perturbation theory, feedforward compensation, efc.).

(3) Optimization of control strategy: Different control methods have different characteristics. By studying various
feedback and feedforward control of the robot, the high efficiency and stability of the wafer handling robot are
guaranteed to a certain extent. For example, improved PID (such as decoupled servo control), adaptive control and
intelligent algorithms (neural network, fuzzy logic) have shown potential in complex nonlinear systems, but high
computational complexity limits practical applications. Some studies have significantly improved tracking
accuracy through the fusion of visual servo and dynamic models (such as attitude-dependent feedforward control),
but model uncertainty is still the main challenge.

(4) Innovation of vibration suppression technology: The lightweight design of the structure and the increase of natural
frequency can enhance the rigidity of the system, but it is limited by the manufacturing process and economic cost.
Fixed stiffness vibration absorbers have remarkable effects in the home frequency band, while variable stiffness
vibration absorbers (such as negative stiffness design, etc.) broaden the frequency band adaptability, but their
driving bandwidth and real-time adjustment capabilities still need to be improved.

6.2. Outlook

The existing wafer handling robot technology is not mature enough, and the research enthusiasm needs to be
increased. The combination of stiffness identification and control technology and artificial intelligence related
technologies is not deep enough, and there is a lot of room for development. Based on existing research, identify the
following key gaps and development directions:

(1) Real-time and accuracy of dynamic stiffness identification: This method relies on off-line calibration or simplified
models, and it is difficult to cope with the complex dynamics of transient load changes driven by steel belts. In the
future, not only structural optimization is needed, but also the development of a hybrid identification framework
based on embedded sensors, combining physical models with real-time data drive, to improve the robustness of
dynamic stiffness prediction.

(2) Bottlenecks in the practical application of robot control algorithms: Although intelligent algorithms (such as
reinforcement learning) can deal with nonlinear problems, they rely on a large amount of training data to take a
long time and consume high computing resources. It is necessary to explore lightweight models (such as edge
computing segment deployment, etc.) and physics. Deep integration of models to achieve high-precision and low-
latency control.
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(3) Broad adaptability of vibration suppression system: Existing vibration absorbers have limited performance in
broadband vibration suppression, especially in the face of time-varying frequency excitation of wafer handling
robots. In the future, semi-active control (such as magnetorheological damping) and multi-objective optimization
algorithms can be combined to design an adaptive variable stiffness vibration absorption system to achieve full
working condition coverage.

(4) System integration and intelligent upgrade: Current research focuses on a single technology, lacking collaborative
optimization of stiffness identification, control and vibration suppression. It is recommended to build a digital twin
platform to achieve global performance optimization through multi-physics coupling simulation and real-time data
intersection. In addition, the combination of Industrial Internet of Things (IloT) and predictive maintenance
technologies (such as fault clustering analysis, efc.) can further improve system reliability and lifespan.

In summary, the high precision, rapid speed, and advanced intelligence of wafer transfer robots represent an
inevitable trend in the evolution of semiconductor manufacturing equipment. Recent research has achieved notable
advancements in joint stiffness identification, motion control, and vibration suppression; however, the industrial
feasibility of these innovations continues to pose a significant challenge. Future research must endeavor to overcome
the technical barriers associated with dynamic modeling, real-time control, and adaptive vibration suppression, while
also fostering the deep integration of hybrid drive architectures, Al-embedded algorithms, and novel materials. Through
interdisciplinary collaboration and rigorous engineering verification, the ultra-precision and highly reliable operation
of the wafer transfer system under complex working conditions can ultimately be achieved, significantly enhancing
production efficiency and providing essential support for the technological advancement of the semiconductor industry.
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