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Abstract

China is the world's largest apple producer, accounting for over 50% of global apple output.
Xinjiang serves as a vital apple production base in China, with a total apple yield of 2.16 million metric
tons in 2023. Pest and disease control is a critical aspect of orchard management. Traditional pesticide
application methods often suffer from excessive pesticide use and spray drift, with a utilization rate of
only 20% - 30%, leading to pollution of soil, water, air, and ecosystem damage in surrounding areas. To
address these challenges, there is an urgent demand for high-precision, efficient, and automated canopy-
targeted pesticide application machinery. A 9-degree-of-freedom (DOF) rocker-type orchard profiling
arm and a profiling-targeted spraying control system were developed. By controlling the profiling
mechanism to envelop the apple tree canopy, the system improves spraying accuracy, enhances pesticide
utilization, and optimizes spray uniformity. The main research components are as follows:

(1) Based on the measured parameters of apple orchard trees, a 9-degree-of-freedom swing-arm
profiling device has been designed. The device consists of 3 translational degrees of freedom and 6
rotational degrees of freedom. The profiling arm is configured as a unilateral structure, primarily
comprising a main arm, upper arm, lower arm, upper forearm, lower forearm, horizontal telescopic arm,
rotating mechanism, as well as electric push rods and geared motors driving each arm.

(2) The dynamic equations of the device are established based on the Lagrangian method to analyze
its dynamic characteristics. A dynamic model of the device is developed using Adams, and the rationality
of the design is verified by analyzing force conditions during motion. Coordinate systems are established
for each joint of the profiling manipulator, followed by forward and inverse kinematic analyses. The
accuracy of the kinematic algorithms is validated through Simulink simulations, providing theoretical
support for control system design.

(3) The profiling control system for apple tree canopy operations integrates a microcontroller system
(STM32F103ZET6) with brush-type DC linear actuators, motor drivers, ultrasonic ranging modules,
HMI, and BeiDou positioning modules. A DC motor driver module serves as a slave controller to
regulate actuator motions via microcontroller signals. Bluetooth enables upper-lower computer
communication, with an Android Studio-developed APP enabling parameter configuration, control
commands, operation data display (duration, ultrasonic values), and fault diagnostics. Adaptive Kalman

filtering compensates for measurement errors caused by orchard terrain unevenness and tractor nonlinear



motion. A neural network-tuned PID closed-loop algorithm maintains preset distances between
monitoring points and trees through actuator adjustments.

(4) The experiment on the maximum positioning deviation of the operating arm and contouring time
measurement showed that: The maximum positioning deviations of the ultrasonic sensor at distances of
0.6m, 0.8m, and 1.0m from the apple tree canopy were 32mm, 41mm, and 48mm, respectively; The
average contouring times per tree were 43.46 s/tree, 26.78 s/tree, and 15.52 s/tree, correspondingly.
Using quantitative indicators including average droplet density, average droplet deposition, liquid
attachment rate, and spraying variation coefficient, the operational effectiveness of the contouring target-
oriented spraying control system for apple tree canopies was verified. The results demonstrated that the
contouring target-oriented spraying achieved an average droplet density of 72.4 droplets/cm® , average
droplet deposition of 2.03 uL/cm?, liquid attachment rate of 49.8%, and spraying variation coefficient of
26.4%. Under identical operating conditions, compared with fixed-distance target-oriented spraying, the
contouring target-oriented spraying exhibited significant improvements: 64.2% increase in average
droplet density, 40% enhancement in average droplet deposition, and 29.7% elevation in liquid
attachment rate, along with a 42.5% reduction in spraying variation coefficient. These results indicate
substantial improvements in both pesticide utilization efficiency and spraying uniformity.

Key words: Apple tree canopy; Automatic profiling; Rocker-arm profiling mechanism; Shape-

following control system; Recision pesticide application
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