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Abstract

:

The 6-DOF Stewart parallel elevation platform serves as the platform for mounting the tea-picking robotic arm, significantly impacting the operational scope, velocity, and harvesting precision of the robotic arm. Utilizing the Stewart setup, a parallel elevation platform with automated lifting and leveling capabilities was devised, ensuring precise halts at designated elevations for seamless harvesting operations. The effectiveness of the platform parameter configuration and the reasonableness of the posture changes were verified. Firstly, the planting mode and growth characteristics of Yunnan large-leaf tea trees were analyzed to determine the preset path, posture changes, and mechanism stroke of the Stewart parallel lifting platform, thereby determining the basic design specifications of the platform. Secondly, a 3D model was established using SolidWorks, a robust adaptive PD control model was built using MATLAB for simulation, and dynamic calculations were carried out through data interaction in Simulink and ADAMS. Finally, the rationality of the lifting platform design requirements was determined based on simulation data, a 6-DOF Stewart parallel lifting platform was manufactured, and a motion control system was built for experimental verification according to the design specifications and simulation data. The results showed that the maximum deviation angle around the X, Y, and Z axes was 10°, the maximum lifting distance was 15 cm, the maximum load capacity was 60 kg, the platform response error was within ±0.1 mm, and the stable motion characteristics reached below the millimeter level, which can meet the requirements of automated operation of the auxiliary picking robotic arm.
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1. Introduction


China is the country with the largest planting area and highest output of large-leaf Pu’er tea trees in the world. The planting of large-leaf Pu’er tea trees is mainly concentrated in four major production areas in the southwest of Yunnan Province, namely Pu’er City, Xishuangbanna, Lincang, and Baoshan. The total planted area of tea gardens is 11,700 hectares, with a total output of about 195,000 tons [1,2]. However, the cultivation of large-leaf Pu’er tea trees relies heavily on manual labor for tea picking, which is a labor-intensive and important agricultural occupation. Consequently, the low degree of mechanization, low picking efficiency, and difficulty in ensuring the picking quality have become increasingly prominent problems [3,4,5].



Currently, research on tea-picking robots mainly focuses on the optimization and design of the structure of tea leaf image recognition and positioning [6,7,8,9,10,11], picking manipulators [12,13,14,15], and end effectors [16,17]. Hualin Yang et al. used a particle swarm optimization-support vector machine algorithm and deep convolutional neural network model to recognize and locate fresh tea leaves. They employed a Delta parallel manipulator equipped with a cutting blade for tea-picking operations, but the success rate of picking was low and there was significant damage to the tender tea buds [18]. Kondo et al. used a Mitsubishi RH-6SH5520 four-degree-of-freedom manipulator arm to develop a tomato-picking robot. After locating the picking point, the robot utilized a microcontroller to control the blade for cutting. The picking time was 15 s, with a success rate of 50%. In practical agricultural environments, picking tea leaves is affected by factors such as the angle of the leaves, leaf density, and leaf obstruction [19,20,21,22,23]. Therefore, higher requirements are placed on the performance of the manipulator arm [24,25]. Additionally, due to the small and tender nature of tea leaves, different lengths and positions of the manipulator arm are required for picking at different spatial coordinates. However, the manipulator arm has a large volume, complex structure, high inertia, and high cost [26,27,28].



A 6-DOF Stewart parallel lifting platform is a highly flexible and precise mechanical device with unique application advantages in the field of agriculture [23]. This platform can achieve precise adjustment of height, direction, and posture through the control of multiple degrees of freedom, making it very suitable for assisted agricultural harvesting [29]. Firstly, the multi-axis motion system of the 6-DOF Stewart parallel lifting platform can quickly and accurately locate the target position, making the operation of the harvesting robotic arm more efficient [30]. Secondly, this platform has a large working range and stability, able to carry a certain weight of harvesting tools and collection containers, improving harvesting efficiency and quality [31]. Additionally, the 6-DOF Stewart parallel lifting platform has a high level of intelligence, enabling automated production management and operation planning through advanced control algorithms and human–machine interfaces [32]. Therefore, the 6-DOF Stewart parallel lifting platform has obvious advantages and application prospects in the field of agricultural assisted harvesting, providing agricultural practitioners and agricultural extension professionals with more efficient and convenient assisted harvesting solutions, and promoting the modernization and intelligence of agricultural production.



In summary, the Stewart parallel lifting platform can be used as a supplement to reduce the design difficulty and cost of the picking manipulator arm and end effectors, and to reduce the computational load of the neural network visual recognition model [33,34,35,36,37]. However, there is currently no stable and reliable lifting platform specifically designed for tea leaf picking in the tea machinery field. Such a platform should meet technical requirements such as lifting height, certain load capacity, and angle adjustment [38,39]. Therefore, developing a 6-DOF Stewart parallel lifting platform with automatic lifting, leveling and orientation adjustment, and high stability is of great value for achieving efficient and automated tea leaf picking.



Based on the Stewart configuration, this study designed a parallel lifting platform specifically for a harvesting manipulator. With this platform, the harvesting manipulator can complete tea picking at a certain height and can then continue operations at another height while maintaining stability during the lifting process [40]. The application of this technology not only enhances agricultural productivity but also reduces labor costs and minimizes mechanical equipment wear and tear, thereby promoting the advancement of smart agriculture. It provides an important solution for agricultural practitioners and extension professionals to adopt precision agriculture practices to improve sustainable auxiliary tea-harvesting mechanization [41,42].




2. Materials and Methods


2.1. Analysis of Tea Planting Environment and Picking Process


The 6-DOF Stewart parallel lifting platform designed in this study is mainly aimed at assisting the harvesting of fresh leaves from Yunnan large-leaf tea trees, which are of the small arbor type, under the current single-cultivar intensive management system with spaced planting patterns [1,2] (Figure 1a). In this planting mode, the design of the 6-DOF Stewart parallel lifting platform first needs to adapt to the cultivation dimensions of tea trees under this planting mode, with the tea tree cultivation parameters shown in Figure 1b. The specific parameters are shown in Table 1, where R is the radial growth radius of the canopy, Z is the height of the tea tree, Y is the height of the tea tree crown, and X is the operating lane. The tea leaves are randomly scattered on the surface of the tea tree crown. When the robot harvests tea leaves at different heights, it requires mechanical arms of different lengths and positions. Therefore, the picking process can start from the bottom of the crown and can then be assisted by the Stewart parallel lifting platform to raise the height and facilitate the tea-picking operation of the manipulator arm.



The 6-DOF Stewart parallel lifting platform in this study needs to meet the design dimensions of the robot’s chassis and harvesting manipulator to adapt to auxiliary harvesting operations. Based on the physical parameters of Yunnan large-leaf type tea trees grown in a row/column spacing planting pattern, to ensure that the tea harvesting robot equipment does not collide with the trees, leaving a space of 15 cm on both sides of the operating lane is required to meet the walking requirements of the chassis. The length and width dimensions of the tea-harvesting robot chassis structure and its “S” motion mode are illustrated in Figure 2a. Figure 2b shows the schematic diagram of the installation structure between the 6-DOF Stewart parallel lifting platform and the mobile chassis, as well as the height of the mobile chassis. The specific structure and dimensions of the picking manipulator arm are shown in Figure 2c. As shown in Figure 2d, the picking area of the Yunnan large-leaf small arbor-type tea tree canopy in the planting mode with row-column spacing, where the yellow area is the lower part of the canopy, and the red area is the upper part of the canopy. The picking manipulator arm is set on a 6-DOF Stewart parallel lifting platform, which lifts the arm to achieve the auxiliary picking operation from the lower part of the canopy to the upper part during the picking process.



Based on the specified parameters and design requirements of the tea-picking robot, including the chassis height, picking range of the robotic arm, and effective height of large-leaved, small arbor-type tea trees, the fundamental parameters of the Stewart parallel lifting platform have been established. It is designed to have an initial height of 60 cm to meet the working requirements of a 15° pitch angle change, an 18 cm lift, and a 60 kg load. The design includes 6 driving linkages located below the moving platform, with the other ends of the linkages set on the fixed platform. The fixed platform’s ear seat hinge points form a Y-axis symmetric hexagon, and both the moving platform and the fixed platform adopt a layout with a 120° distribution angle between the linkages. When installing each linkage, the short side H1 of the moving platform corresponds to the long side H2 of the fixed platform. The spatial relationship and the structural diagram of the hinge points for the 6-DOF Stewart parallel lifting platform for tea leaf picking are shown in Figure 3 below.




2.2. Modeling and Analysis of Stewart Parallel Lifting Platform


SolidWorks 2023 (Dassault Systèmes Co., Paris, France) is a professional 3D modeling software application widely used in engineering design and manufacturing fields. It features powerful modeling and simulation capabilities, enabling users to create complex 3D models and assemblies quickly and efficiently [43]. Based on SolidWorks, a three-dimensional model of the tea-harvesting robot was constructed, and the Stewart parallel lifting platform shown in Figure 4 was designed. This was carried out to verify whether the design dimensions are reasonable, whether there is any motion interference with other devices when the motion platform reaches its limit position, and whether there is any motion interference between the motion platform of the parallel lifting platform itself and the internal mechanism of the device when it reaches its limit position. This allows for a rational assessment of the mechanical structure design of the Stewart parallel lifting platform [44]. Additionally, the establishment of a three-dimensional model laid the foundation for subsequent simulations. These simulations serve as a basis for innovative optimization, strength verification, fatigue life assessment, and other aspects of the research in the subsequent stages. To ensure accurate subsequent simulations, during the component assembly process, the drive motor cylinder sleeve, orientation mechanism, and lifting mechanism were, respectively, secured with bolts and adjusted with appropriate clearances to replicate a real-life scenario. Furthermore, differential pressure displacement sensors, inertial sensors, and photoelectric limit switches were installed internally and externally on the drive motor cylinder sleeve.




2.3. Extreme Position Motion Interference Analysis


In order to avoid motion interference in the mechanical structure of the Stewart parallel lifting platform during lifting, rotating, and moving processes due to unreasonable design, it is necessary to analyze the possible motion interference of the six-degree-of-freedom parallel platform in various extreme postures, including the rotation and tilt interference of the ear cups, the driving range of each joint of the six support chains, whether the driving motor interferes with the moving platform when driving the lifting mechanism to extend and retract, and whether it interferes with the support of the stationary platform.



The 16 extreme positions and postures of the Stewart parallel lifting platform that meet the job requirements are shown in Figure 5, including the maximum and minimum rotation angles of roll, pitch, and yaw in the X, Y, and Z directions; the maximum and minimum displacement values in the lateral, longitudinal, and vertical directions in the X, Y, Z three-dimensional space; and 4 combination extreme positions and postures. The detailed analysis and explanation of the specific solution formula will be presented in Section 2.4. This study uses the kinematic tools in SolidWorks to set the kinematic parameters and motion paths of the three-dimensional mode, then simulates the motion of the Stewart platform using motion analysis tools, and finally performs interference detection analysis using the CVS (Collision Visualization System). The verification results show that there is no motion interference in the extreme postures and that the design parameters of the Stewart parallel lifting platform model meet the requirements.




2.4. Kinematic Solutions


2.4.1. Analysis of Spatial Attitude Coordinate Transformation


In the initial configuration, the mobile platform preserves a parallel alignment with the stationary platform, and the primary centroid of the mobile platform remains constant while undergoing inclination at a specified angle in any direction. This situation gives rise to a spatial attitude coordinate transformation, wherein the alterations in the lengths of the six supporting chain lifting mechanisms correspond to changes in the tilt angle. Consequently, the coordinates within the identical coordinate system, both in their initial state and following inclined rotation, are depicted in Figure 6.



Rotation about the   Z  -axis: The initial coordinates are denoted as   X O Y  , and a rotation about the   Z  -axis by a yaw angle   γ   results in the coordinate system     X   ′   O   Y   ′    . Let   G   represent the point corresponding to the transformed coordinates after the coordinate transformation, denoted as     G   ′    , i.e.,     G   ′   =   R   Z , γ   G  , which implies that


    x   0   ′   =     G   ′   O  ¯    cos  ⁡    ( γ + ϕ ) =   x   0     cos  ⁡  γ   −   y   0     sin  ⁡  γ      



(1)







In a similar manner,     y   0   ′   =     G   ′   O  ¯      sin  ⁡    ( γ + ϕ )    ⁡  =     x   0     sin  ⁡  γ   +   y   0     cos  ⁡  γ    , while     z   0   ′   =   z   0    . The transformation matrix is as follows:


         x   0   ′         y   0   ′         z   0   ′        =           cos  ⁡  γ         sin  ⁡  γ       0         −   sin  ⁡  γ         cos  ⁡  γ       0         0     0     1                x   0         y   0         z   0         



(2)




which implies that


    R   Z , γ   =           cos  ⁡  γ         sin  ⁡  γ       0         −   sin  ⁡  γ         cos  ⁡  γ       0         0     0     1          



(3)







Simultaneously, the transformation matrix representing the simultaneous rotation of the coordinate system around the Y-axis and   X  -axis by the yaw angle   β   and roll angle   α  , respectively, can be expressed as follows:


    R   Y , β   =           cos  ⁡  β       0       − sin  ⁡  β           0     1     0           sin  ⁡  β       0       cos  ⁡  β            



(4)






    R   X , α   =         1     0     0         0       cos  ⁡  α         sin  ⁡  α           0       − sin  ⁡  α         cos  ⁡  α            



(5)







Therefore, it can be deduced that the rotation transformation matrix of the global coordinate system is represented by   R =   R   X , α     R   Y , β     R   Z , γ    , and the matrix form of the transformation is as follows:


  R =           sin  ⁡  β     cos  ⁡  γ         cos  ⁡  γ     sin  ⁡  β         − sin  ⁡  β             sin  ⁡  α     sin  ⁡  β     cos  ⁡  γ   −   cos  ⁡  α   sin  ⁡  γ           sin  ⁡  α     sin  ⁡  β     sin  ⁡  γ   +   cos  ⁡  α   cos  ⁡  γ           sin  ⁡  α     cos  ⁡  β             cos  ⁡  α     sin  ⁡  β     cos  ⁡  γ   +   sin  ⁡  α     sin  ⁡  γ         cos  ⁡  α     sin  ⁡  β     sin  ⁡  γ   −   sin  ⁡  α   cos  ⁡  γ           cos  ⁡  α     cos  ⁡  β            



(6)








2.4.2. Position Analysis


In the context, taking the lifting mechanism as the research object, the displacement values of the lifting mechanism are determined through the utilization of a spatial coordinate transformation and an inverse calculation, based on the known spatial pose of the platform. As depicted in Figure 3 above, it can be observed that, under the given conditions of the dynamic platform radius     R   q     and the fixed platform radius     R   w    , the hinge points     Q   i   ,     W   i       i = 1 ,   2 ,   ⋯ ,   6       can be expressed in their respective coordinate systems, thereby determining the length vector     L   i     that drives the lifting mechanism, as follows:


    L   i   = R   Q   i   +   E   i   −   W   i     ( i = 1 ,   2 ,   ⋯ ,   6 )  



(7)







The assumption is represented by Equation (8):


    L   i   =        l   i x         l   i y         l   i z        ,   R =        r   11       r   12       r   13         r   21       r   22       r   23         r   31       r   32       r   33        ,     Q   i   =        x   i q         y   i q         z   i q        ,     E   i          E   i x         E   i y         E   i z        ,   W   i   =        x   i w         y   i w         z   i w         



(8)







Substituting Equation (7) yields the following expression:


    L   i   =        l   i x         l   i y         l   i z        =        r   11     x   i a   +   r   12     y   i a   +   r   13     z   i a   +   E   i x   −   x   i b         r   21     x   i a   +   r   22     y   i a   +   r   23     z   i a   +   E   i y   −   y   i b         r   31     x   i a   +   r   32     y   i a   +   r   23     z   i a   +   E   i z   −   z   i b          ( i = 1 ,   2 ,   ⋯ ,   6 )  



(9)




where R represents the rotation transformation matrix obtained after three successive rotations. According to the definition of vector magnitude, we can deduce the inverse calculation of the dynamic platform position as follows:


    l   i   =    l   i x   2   +   l   i y   2   +   l   i z   2      ( i = 1 ,   2 ,   ⋯ ,   6 )  



(10)







In the equation,     I   i     represents the length of the i-th electric cylinder. The displacement values of the electric cylinders are given by


    S   i   =   l   i   −   l   0            ( i = 1 ,   2 ,   ⋯ ,   6 )  



(11)







In the equation,     I   0     represents the initial length of the electric cylinder.





2.5. Kinematics Simulation


Firstly, based on the theoretical analysis results of kinematic spatial posture position coordinates and the parameters of the Stewart parallel lifting platform, a robust adaptive PD (Proportional-Derivative) algorithm is employed to compensate for the platform’s dynamic uncertainties for conducting simulation of tracking the extension trajectory of the lifting mechanism driven by the drive motor [45]. This study utilizes MATLAB R2021b-Simulink for a three-dimensional mechanical model motion simulation, which provides a rich library of functions and toolboxes to assist users in various tasks such as engineering simulation analysis, simulation training, seamless integration with other software for simulation and data analysis, etc. [46]. This research employs the SimMechanics submodule within MATLAB R2021b-Simulink for a kinematic simulation, achieving model motion by defining local coordinate systems and establishing complete motion constraints [47]. The SimMechanics model of a parallel platform consists of multiple rigid bodies connected by joints. Each rigid body represents a segment of the platform, and the joints allow for relative motion between the segments. The model uses actuators to control the motion of the platform and uses sensors to gather data on its position and orientation. The platform is designed to move in a coordinated manner, with each segment following a predetermined trajectory. The parallel platform visualization simulation model is built using SimMechanics, as shown in Figure 7, to display real-time parallel platform trajectory control.



Next, a 6-DOF Stewart parallel lifting platform mechanism and robust adaptive PD control model are constructed using MATLAB-Simulink for a simulation [48]. The extension–retraction curve of the lifting mechanism driven by the driving cylinder in the six support chains is shown in Figure 8a. From the graph, it can be observed that the maximum extension length of the driving cylinder for the lifting mechanism is 173 mm, and the maximum retraction length is 191 mm.



Finally, from the aforementioned Figure 8a depicting the extension–retraction trajectory tracking of the lifting mechanism, as well as Figure 8b showing the dynamic platform position error and Figure 8c illustrating the attitude error, it can be observed that during the initial motion stage of the Stewart parallel lifting platform, slight disturbances are present due to the acceleration process. However, the magnitude of these disturbances is minimal, typically within 0.01 mm, indicating that the initial acceleration stage has a minor impact on the motion of the parallel lifting platform during actual operation. Furthermore, from Figure 8b,c, it is evident that the position and attitude errors in various directions on the Stewart dynamic platform are small, fluctuating around zero. The position error ranges within   ± 3.1 ×   10   − 3     m m  , while the attitude error is within   ± 5.3 ×   10   − 3     r a d  , demonstrating that the Stewart parallel lifting platform can accurately output the desired trajectory. This indicates the feasibility of this platform mechanism model.




2.6. Dynamic Simulation


This study employs MATLAB-Simulink and ADAMS (Automatic Dynamic Analysis of Mechanical Systems) for joint simulation dynamics research on the thrust of the drive motors in the six-bar linkage. ADAMS 2019 (Ann Arbor, Michigan, United States) is a commercial multi-body dynamics simulation software developed and sold by the MSC Software Corporation [49]. The software simulates the motion and interactions of multi-body systems in a virtual environment, helping users to analyze the dynamic performance of mechanical systems, optimize designs, and solve engineering problems quickly and accurately [50]. Additionally, ADAMS supports various data import and export formats, seamlessly integrating with other engineering software [51]. Therefore, this study first connects MATLAB-Simulink and ADAMS for closed-loop data transmission, and then performs dynamic analysis in ADAMS. MATLAB-Simulink is used to build a model of a Stewart parallel lift platform and a robust adaptive PD control model for simulation. The dynamic model of the extension trajectory of the lifting device driven by the drive motor in the six supporting chains output can be tested in ADAMS without the need for closed-loop control [52,53]. The simulation calculation model has a period of 4 s, a calculation step of 0.005 s, and operates under compound motion conditions. As shown in Figure 9 below, the curve illustrates the variation of thrust for the six drive motors under a load of 60 kg. The results indicate that the trend aligns closely with the specified pose motion process of the dynamic platform, suggesting that the thrust of the six drive motors under a 60 kg load can meet the requirements for the normal operation of the Stewart parallel lifting platform.





3. Results


3.1. Mechanical Mechanism


To validate the feasibility of the simulated results mentioned above, the platform mechanism was manufactured according to the designed parameters. The upper platform is connected to the stable lower platform through six branch actuators, and the elevation of the upper platform is achieved by the real-time motion changes of these six actuators. The six branch rods are connected to the upper and lower platforms, respectively, through ball joints and Heim joints. The 6-DOF Stewart parallel lifting platform is shown in Figure 10.



The control system hardware structure connection schematic diagram of the Stewart parallel lifting platform device is shown in Figure 11. The six support chains of the parallel lifting platform use 110BYG350 stepper motors (Hongbaoda Electromechanical Co., Ltd., Shantou, China) and HB3722 three-phase hybrid drivers (Hongbaoda Electromechanical Co., Ltd., Shantou, China) based on DSP control. The rotational motion of the stepper motor is converted to linear motion through the double-line rail-ball screw slide table module composed of an orientation mechanism and lifting mechanism. At the same time, a control system is set up to control the directional extension and contraction movement of the lifting mechanism by controlling the motor torque of the six support chains through pulse control, thereby stabilizing the motion platform. In this study, the MCS53 microcontroller (Hongjing Technology Co., Ltd., Shenzhen, China) is chosen for the programming of relevant programs in the control system, and the AT89S52-24AU 8-bit flash microcontroller chip (Eda Electronics Co., Ltd., Shenzhen, China) is used to control the acceleration, deflection angle, and angular velocity parameters of the six support chains on the X, Y, and Z axes. Additionally, the position measuring components in this research use the FXB-V71 differential transformer-type displacement sensor (Milant Technology Co., Ltd., Shenzhen, China) and the U-shaped photoelectric switch PM-L24 as limit switches (Panasonic Electric Works (China Shanghai) Co., Ltd.) to achieve accurate analysis of linear displacements of each support chain, motion platform position, and the stable maintenance of the control system.




3.2. Finite Element Simulation of the Whole Machine after Loading


By simulating and analyzing the Stewart parallel lifting platform device from its original position to the extreme positions of the platform under a vertical load of 60 kg, the stress values of various components and structures of the entire equipment under the 60 kg load can be obtained. In this study, SolidWorks is chosen to conduct finite element analysis on the solid model using the simulation module. In finite element analysis applications, the type of elements and mesh division determine the computational accuracy of the problem being solved to a certain extent. As shown in Figure 12, the model is divided into a standard mesh for network partitioning, with a total of 5460 nodes and 3429 elements, ensuring high-quality meshing.



Running this mesh quality analysis yields stress plots at the original and extreme positions, as shown in Figure 13a. The yield strength of the Stewart parallel lifting platform is   6.204 ×   10   8     M P a  , which is significantly higher than the maximum stress values of   1.38 ×   10   7     M P a   at the original position and   1.641 ×   10   8     M P a   at the extreme position shown in Figure 13b. The simulation results indicate that the Stewart parallel lifting platform is capable of meeting actual loading requirements.




3.3. Experimental Verification


The above-mentioned content of this study has verified that the lifting height and load of the Stewart parallel lifting platform meet its design requirements. Therefore, the experimental validation mainly focused on the stability testing of the moving platform of the Stewart parallel lifting platform. Firstly, theoretical expected trajectories in the form of a “C” shape in JPEG format were generated using motion control functions provided by the motion controller. The theoretical trajectory image containing the “C” shape was then input into MATLAB R2021b software to extract the distribution of feature points, which were used as target positions inputted into the computer. The Stewart parallel lifting platform was connected to the motion control computer via a TCP/IP network interface. Subsequently, the API Tracker3TM laser tracking system was utilized to detect the actual trajectory of the moving platform of the Stewart parallel lifting platform. The experiment involved comparing the theoretical trajectory and real trajectory by calculating the X-axis component error and Y-axis component error for each of the 150 sets of discrete points obtained. The calculation formulas for the errors are as follows:


    X   ′   =     X   A   −   X   B            ( A , B ∈   1 , 150   )  



(12)






    Y   ′   =     Y   A   −   Y   B            ( A , B ∈   1 , 150   )  



(13)







In the formulas,     X   ′     represents the X-axis component error,     Y   ′     represents the Y-axis component error,     X   A     and     Y   A     denote the coordinate values of the discrete points in the theoretical trajectory   (   X   A   ,   Y   A   )  , and     Y   A     and     Y   B     represent the coordinate values of the discrete points in the actual trajectory   (   X   B   ,   Y   B   )  .



By utilizing MATLAB to read the discrete points of the theoretical trajectory   (   X   A   ,   Y   A   )   of the “C” shape on the JPEG image and comparing them with the discrete points coordinates of the actual trajectory   (   X   B   ,   Y   B   )   measured by the API Tracker3TM laser tracking system for the moving platform of the parallel lifting platform, the relationship between the expected and actual positions can be determined. As shown in Figure 14, the sizes of the X-axis component error and Y-axis component error are represented by bubble size and horizontal coordinate values, respectively. The X-axis component error and Y-axis component error are well aligned, indicating that the response error of the Stewart parallel lifting platform is within the standard range   ± 0.4   m m  . The experiment demonstrates the stable motion characteristics of the Stewart parallel lifting platform. As an intelligent agricultural equipment used for assisting in harvesting operations, it can maintain the stability of the harvesting robotic arm during lifting processes and equipment start/stop stages, reducing the risk of swinging during operation and lowering the probability of unexpected accidents.





4. Discussion


This study has designed a Stewart parallel lifting platform with automatic lifting and leveling functions, which is capable of stopping precisely at specified heights to assist in tea-picking operations. The purpose of this is to adapt to the tea-picking robot in order to assist the operation of the picking manipulator. Compared to traditional six-degree-of-freedom parallel platforms, this design also focuses on the stability and accuracy of the platform’s motion posture while meeting the requirements of lifting range and carrying capacity. In addition, the main purpose of the Stewart parallel lifting platform is to optimize the operation space of the picking manipulator on the moving platform, reducing the design complexity of the manipulator, reducing the volume and inertia of the tea-picking manipulator, and assisting the manipulator in quickly moving up and down to the optimal harvesting position. This is in contrast with the low success rate of picking, large damage to tender tea buds, and poor sensitivity and stability resulting from using the Delta parallel manipulator with a shear blade proposed by Hualin Yang and the Mitsubishi RH-6SH5520 four-degree-of-freedom manipulator proposed by Kondo for tea picking. Therefore, the 6-DOF Stewart platform intelligent agricultural device proposed in this study can complement them for auxiliary picking and lifting functions of the picking manipulator. It can meet the requirements of automated operation of the auxiliary tea-picking manipulator. This study provides important solutions for agricultural practitioners and agricultural extension professionals to adopt precision agriculture practices to improve sustainable tea-picking operations.



However, the 6-DOF Stewart parallel lifting platform designed in this study is mainly suitable for specific working conditions and needs to be used in conjunction with a walking base unit that meets specific size and load requirements. Additionally, the platform has not yet been systematically studied with harvesting robotic arms, end effectors, and sensors, which are limitations of this study. Developing an efficient 6-DOF Stewart parallel lift platform is just one of the foundations for future robotic tea harvesting. In future research, our team will delve into the tea harvesting system. In the study of the tea-picking robot’s tea harvesting system, research on the collaborative control of the harvesting robotic arm, end effector, lifting parallel platform, and walking base unit is required. It is necessary to study lightweight design solutions to further enhance the agility and harvesting efficiency of the tea-picking robot, which is the future direction of this team. In addition, our team will also focus on developing other 6-DOF Stewart platforms with broader adaptability and on promoting their applications in other agricultural automation operations, further promoting the development and applications of agricultural robot technology.




5. Conclusions


This study first analyzes the actual planting environment of tea trees and combines it with a kinematic analysis to determine the basic parameters of the parallel lifting platform. A three-dimensional model of the parallel lifting platform is established using SolidWorks, and MATLAB-Simulink is used to simulate the extension amount of the parallel lifting platform. MATLAB-Simulink and ADAMS are connected in a closed loop to perform dynamic simulations to determine the thrust values of the driving motors for each supporting chain. Details of all software abbreviations and terms can be found in Appendix A. The results show that the maximum deflection angle around the X, Y, and Z axes is 10°, the maximum lifting distance is 15 cm, the maximum load is 60 kg, the platform response error is within tolerance, and the stable motion characteristics reach a sub-millimeter level, meeting the requirements for automated assisting in the lifting and harvesting of tea tree mechanical arms.
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	Name
	Abbreviation
	Description





	SolidWorks 2023
	SW
	SolidWorks is an advanced 3D CAD (Computer-Aided Design) software developed by Dassault Systèmes, widely used in the field of engineering design.



	Collision Visualization System
	CVS
	It is a system used to visualize collision events. It can help users visually observe and analyze the collision situations between different objects in order to carry out data analysis and decision making more effectively.



	Proportional-Derivative
	PD
	A PD controller combines proportional (P) and derivative (D) control actions. It is a simplified form of a PID controller commonly used in industrial feedback control systems, which calculates the required control signal based on the current state of the control system, error, and rate of change of error.



	MATLAB-Simulink
	X
	MATLAB software is a tool developed by MathWorks for mathematical modeling, simulation, and control system design, while Simulink is a module in the MATLAB software.



	SimMechanics
	X
	Users can easily build complex multi-body dynamics models, including mechanical systems, coupled mechanical and electrical systems, and more.



	Automatic Dynamic Analysis of Mechanical Systems
	ADAMS
	This software is a simulation software developed by the American company MSC (Ann Arbor, Michigan, United States) Software for conducting dynamic analysis of mechanical systems, capable of quickly and efficiently simulating and analyzing various complex mechanical systems.



	SolidWorks-Simulation
	SW-Simulation
	Simulation is a module in SolidWorks 2023 software that allows for finite element analysis such as structural, fluid, and thermal analysis. It can validate the performance and durability of products and optimize designs to meet engineering requirements.







Note: The content in Table A1 is from the references in this article. “X” indicates no abbreviation.
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Figure 1. Illustration of the planting pattern of small arbor Yunnan large-leaf tea trees. 
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Figure 2. Schematic diagram of the movement mode and overall structure of the tea picking robot. 
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Figure 3. Schematic diagram of Stewart parallel lifting platform. In (a): L1~L6 represents the driving branched chain, O1-X1Y1Z1 is the mobile platform connected coordinate system, and O2-X2Y2Z2 is the fixed platform inertial coordinate system. In (b): Q1~Q6 represents the hinge point of the mobile platform, W1~W6 represents the hinge point of the fixed platform, and RQ and RW represent the radius of mobile platform and fixed platform, respectively. 
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Figure 4. Stewart parallel lifting platform three-dimensional model and explosive assembly diagram. 
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Figure 5. Sixteen extreme position postures. 
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Figure 6. Rotation of spatial coordinates. 
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Figure 7. Stewart parallel lift platform SimMechanics model. 
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Figure 8. Kinematics simulation results. 
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Figure 9. Thrust change curve of driving motor. 
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Figure 10. Stewart parallel lifting platform physical map. 
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Figure 11. Block diagram of hardware structure of control system. 
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Figure 12. Grid quality map. In the figure, the pink arrow represents a 60 kg force applied vertically downwards on the East platform; the blue represents the unit network division of the entire machine; and the green represents the entire machine fixed on the static platform. 
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Figure 13. Finite element analysis diagram. 
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Figure 14. Moving platform component error diagram. 
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Table 1. Tea tree physical parameters.






Table 1. Tea tree physical parameters.





	Tree Species
	R/m
	Z/m
	Y/m
	X/m





	Yunnan large leaf variety small tree-type tea tree
	0.8–1.0
	1.5–1.8
	0.6–1.0
	1.1–1.5
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(c) Dimension of the robotic arm