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ABSTRACT  

Aiming at the difficult problem of contact sampling of plant in complex geographical environment, a remote-

controlled sampling method using an Unmanned Aerial Vehicles (UAV) is proposed. After configuration, 

mechanism parameter analysis & optimization, and dynamic analysis, a special lightweight sampling 

manipulator that integrates plant stem-and-leaf sample capture, cutting and storage is designed. The designed 

sampling manipulator is composed of a ball screw nut transmission pair and a symmetrical double-offset slider 

rocker. The minimum transmission angle of the rocker is 63.435°, the maximum opening displacement of the 

manipulator claw is 131 mm, and the cutting pressure is 226 N. Tests and experiments show that the sample 

manipulator has a mass of 2.35 kg, a cutting pressure of 214 N, and a maximum open displacement of the 

manipulator claws of 126 mm. It can be controlled locally or remotely using a UAV to grab, cut and storage 

plant samples with a diameter greater than 5 mm. The reliability of the sampling manipulator design and the 

feasibility of the sampling method are verified. 

 

摘要 

针对复杂地理环境下植物样本接触式取样作业困难的问题，提出了一种基于无人机平台、可远程操控的取样方

法。通过构型、机构参数分析与优化及动力学分析，设计了一款集植物茎叶样本抓取、切割与收贮一体化专用

轻巧的取样机械手。设计的取样机械手由滚珠丝杠螺母传动副和对称双偏置滑块摇杆串联构成，摇杆最小传动

角 63.435°，机械手爪最大张开位移 131mm，切割压力 226N。经测试和试验表明，取样机械手样机质量

2.35Kg，切割压力达 214N，机械手爪最大张开位移为 126mm，能在本地或基于无人机平台远程操控，进行 

样本茎秆直径的抓取、切割与收贮一体化采集作业，验证了取样机械手设计的可靠性与取样方法的可行性。 

 

INTRODUCTION 

 Plant sampling is the basic work of production and scientific and technological activities such as 

agricultural and forestry resource investigation, pest control, growth monitoring and botany research. Plant 

sampling is divided into two types: non-contact plant data information collection and contact plant sampling. 

At present, with the development of telemetry technologies such as vision and image processing, satellite and 

UAV remote sensing, spatial positioning and communication, non-contact plant information collection has 

made great progress in level of intelligence, real-time monitoring capabilities, and systematic management 

(Sladojevic et al., 2016; Peña-Barragán et al., 2014; Trang et al., 2020; Xu et al., 2021; Wang et al., 2019; NIU 

et al., 2018; Sun et al., 2018). In terms of contact plant sampling, tools and equipment such as branch shears 

and excavation have been studied in driving methods and optimizing mechanical transmission routes, which 

have effectively improved the comfort and efficiency of manual on-site sampling. In agricultural and forestry 

manipulators, a lot of progress has also been made in the research of agriculture and forestry fruit picking by 

manipulators (Xia et al., 2016; Meng et al., 2016; Peng et al., 2018). However, compared with non-contact 

plant information data collection, the development of contact plant sampling technology and equipment is 

relatively slow. Plant sampling in complex geographic environments such as mountainous areas, rivers, lakes 

and swamps lacks effective automation and intelligent sampling equipment, sampling operations are difficult, 

or even difficult to successfully collect. 
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 This paper mainly aims at the difficulties in contact sampling of stems, branches and leaves, or aquatic 

phytoplankton plants in complex geographic environments, and lack of automated sampling equipment, etc., 

and proposes a remotely controlled contact sampling method for plant samples using a UAV. Carrying out the 

configuration and parameter optimization design and dynamic analysis of the special sampling manipulator for 

this sampling method, and passing the prototype performance test and sampling test, lay the technical 

foundation for the development of the plant contact automatic sampling system. 

 

MATERIALS AND METHODS 

Plant sampling method using UAV 

 In complex geographical environments such as cliffs in mountainous areas, rivers, lakes and swamps 

in plains, in order to realize automated plant sample contact sampling, it is necessary to focus on the design 

of special manipulators for plant contact sampling, safe commuting to and from the sampling operation site, 

and remote control. 

 At present, UAV has developed to the level of consumption, with its superior hovering manoeuvrability, 

intelligent remote control, has been more and more widely used in the field of non-contact plant information 

collection of agricultural and forestry crops growth, yield prediction, pest control and quality detection (Cao et 

al., 2020; Murefu et al., 2019; Raeva et al., 2019; Zhao et al., 2019; Shi et al., 2017; Yang et al., 2015). The 

professional-grade UAV has a load capacity of more than 5 kg and a battery life of more than 40 minutes (DJI 

Innovations, 2019), which can provide a good platform foundation for commuting to and from the complex 

geographic environment. However, the airborne capacity of UAV is still very limited. Therefore, in this paper, 

sampling devices less than 3 kg and plant sampling less than 2 kg are set as specification. 

 For the contact sampling of stems, branches and leaves, and aquatic phytoplankton, according to the 

manual operation mode, the functional actions can be decomposed into three basic functional actions: the 

grabbing of the stems and leaves (or aquatic phytoplankton), the stems and leaves and the parent body (or 

the surrounding phytoplankton) cutting and separating, sample storage. Correspondingly, the special sampling 

manipulator needs to realize the functional actions of three sampling operations. The shear characteristics of 

plant stalks are affected by many factors such as variety, diameter, maturity, and water content (Ma et al., 

2019), and the cutting and separating power of aquatic phytoplankton is also affected by factors such as variety 

and flourishing degree. In this paper, 200 N is set as the design target of the shearing and separating pressure 

of the sampling manipulator to realize the sampling operation requirements of 5 mm plant stem cutting or 

phytoplankton separation. 

 Choose a UAV with a suitable remote controller model to control the UAV commute to and from the 

sampling site. At the same time, with the cooperation of the UAV video system, the sampling manipulator can 

realize remote control of plant sampling by a remote controller. 

 Therefore, the technical solution of contact sampling of plant samples that can be remotely controlled 

using a UAV proposed in this paper is shown in Figure 1. Under the control of remote controller, the UAV was 

suspended with a sampling manipulator to enter the sampling site in a complex geographical environment. 

The sampling manipulator grabs, cuts, separates and stores the plant samples, and then the UAV brings the 

samples back, so as to realize the plant contact sampling in a complex geographical environment. 

 

 
Fig. 1 - Schematic diagram of plant sampling method in complex geographic environment using UAV 
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Design of sampling manipulator 

 The UAV can be selected and configured through the market, and the remote control technology is 

mature and reliable. However, the special sampling manipulator for grabbing plant sample, cutting and 

separating, and storing and other functions is limited due to UAV airborne capacity. Smart and lightweight 

design are the technical keys to the realization of the sampling method using the UAV proposed in this 

paper. 

Configuration design 

 The sampling manipulator needs to have integrated design of grabbing, cutting and separating, and 

storing to realize all the functional actions of plant sampling. The configuration diagram and mechanism 

parameters of the sampling manipulator in this paper are shown in Figure 2. The sampling manipulator is 

a type of series combined mechanism which consists of a ball screw nut transmission pair and a 

symmetrical double offset slider rocker. When the ball screw nut rises, the symmetrical  double offset slider 

is driven to rise, and the two symmetrical rockers swing upward at the same time, so that the angle of the 

symmetrical rocker-type robotic arm is opened, and at the end of the robotic arm the manipulator claws 

that are formed by the cutting blades are displaced and opened, which facilitates the plant samples to 

enter the manipulator; on the contrary, when the ball screw nut drops, the symmetrical mechanical arm 

angles are closed, and the manipulator claws grab and clamp the plant samples. When the angle of t he 

robotic arm is closed to a certain angle, the blades of the robotic claw begin to shear and separate the 

stalks of the sample; the sheared and separated samples are stored in the robotic arm and returned with 

the UAV to complete the sampling. 

Mechanism parameter design and optimization analysis 

 The design parameters of the sampling manipulator mechanism are shown in Figure 2. They are 

the length of the rocker 𝑥1, the length of the connecting rod 𝑥2, and the symmetrical offset of the slider 𝑥3. 

When the symmetrical manipulator is closed, the vertical height between the slider and the base is 𝑥4, the 

displacement of the ball screw ( i.e., the total stroke of the slider) is 𝑥5, the vertical height between the 

manipulator claw and the base is 𝑥6, when the symmetrical manipulator arm is closed. If the rocker rotation 

angle, the transmission angle and the angle between the slider and the connecting rod are expressed as 

𝛼, 𝛾 and 𝛽 respectively, when the two extreme positions of the robot arm for maximum opening and 

closing (that is, the ball screw nut is at the uppermost end and the lowermost end ), there are formula 1 

and formula 2: 
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 In the sampling manipulator, the maximum opening angle of the manipulator (or the maximum 

horizontal displacement 𝑦𝑚𝑎𝑥  of the manipulator claw) will determine the maximum grabbing space range 

of the manipulator, which depends on the rocker rotation angle 𝛼𝑚𝑎𝑥 of the double offset slider rocker 

mechanism, that is the design parameters of the mechanism. At the same time, the grabbing and cutting 

pressure of the manipulator claw changes with the displacement of the ball screw. When the ball screw 

nut moves down, the manipulator closes and grabs the sample until it is cut and separated. When the 

manipulator is closed, the rocker transmission angle is the minimum value 𝑦𝑚𝑖𝑛. At the moment, if the 

transmission angle 𝛾𝑚𝑖𝑛 of the rocker is greater, the transmission force performance for sample grabbing 

and cutting is better, which means that the slider rocker mechanism transmits the driving force to the 

manipulator claw (Wang et al., 2018). 
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Fig. 2 - The motion diagram and design parameters of the sampling manipulator configuration 

1. Ball screw nut pair 2. Rocker 3. Cutting blade 4. Robotic arm 5. Connecting rod 
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 According to the schematic diagram of the design parameters in Figure 2, the optimization objective 

function formulas of the minimum rocker transmission angle 𝛾𝑚𝑖𝑛 and the maximum rocker rotation angle 

𝛼𝑚𝑎𝑥 (or the maximum horizontal displacement of the manipulator claw opening) can be derived as formula 

3 and formula 4: 
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 The sampling manipulator is a combination mechanism of a ball screw nut drive pair and a 

symmetrical double offset slider rocker in series. The value range of the design parameter variable s 

should meet the motion performance of the offset slider rocker mechanism, that is they should meet 

formula 5 and formula 6.   
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 In order to narrow the search range of the optimized objective function, according to the structural 

layout and preliminary parameter design, the minimum rocker transmission angle 𝛾𝑚𝑖𝑛 ≥ 40°  and the 

maximum open displacement 𝑦𝑚𝑎𝑥 ≥ 50 𝑚𝑚  of the manipulator claw are added as the constraint 

conditions of the inequality when solving, as shown in formula 7: 
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Mechanism parameter design and optimization results 

 There are 5 independent variables in the parameter design of the sampling manipulator mechanism, 

which are the length 𝑥1 of the rocker, the symmetrical offset 𝑥3 of the slider, the vertical height 𝑥4 between 

the slider and the base (when the robotic arm is closed), and the displacement 𝑥5 of the ball screw (i.e., 

the total stroke of the slider), the vertical height 𝑥6 between the manipulator claw and the base (when the 

manipulator is closed). The length 𝑥2 of the connecting rod of the slider rocker mechanism is the amount 

of strain 𝑥1, 𝑥3 and 𝑥4. 

 According to the requirements of sampling manipulator sampling storage space, structural layout 

and reducing parameter optimization solution calculation amount, the mechanism parameters 𝑥4, 𝑥5 and 

𝑥6 are designed as constant values, which are 60 mm, 90 mm and 150 mm respectively. The parameter 

𝑥1  and 𝑥3  are used as the design variable, and the minimum rocker transmission angle 𝛾𝑚𝑖𝑛  and the 

maximum horizontal displacement 𝑦𝑚𝑎𝑥 of the manipulator claw opening (i.e., the maximum rocker rotation 

angle 𝛼𝑚𝑎𝑥) are used as the optimization targets, and the optimization analysis and solution of the two 

design variables 𝑥1 and 𝑥3 are carried out. 

 In this paper, ADAMS/View is used as the simulation optimization platform, according to the 

optimization analysis formula of the mechanism parameters above, the kinematics simulation model of 

the sampling manipulator mechanism is established, and the optimized objective measurement function 

curve and optimization constraints shown in Figure 3 are created. 

 According to the sample storage space requirements and constraints of the sampling manipulator, 

the initial values of the design variables of the rocker length 𝑥1 and the symmetrical offset 𝑥3 of the slider 

are 150 mm and 50 mm respectively, and the value ranges are 150-185 mm and 50-150 mm respectively. 

After design sensitivity analysis for variables optimization, the design variable 𝑥1 is used as the main 

optimization parameter and the optimization analysis step length is taken as 5  mm to optimize the value 

of variables 𝑥1 and 𝑥3 and carry out the kinematics optimization analysis of the mechanism (Zhang et al., 

2015). 
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Fig. 3 - Optimize the target measurement function curve 

 

 Figure 4 shows the results of the optimization target parameters corresponding to the values of the 

design variables. It can be seen from it that the maximum opening displacement 𝑦𝑚𝑎𝑥 of the manipulator 

claw is 111.86 mm corresponding to the initial values of the design variables 𝑥1 and 𝑥3, but the minimum 

rocker transmission angle 𝛾𝑚𝑖𝑛 of 38.66° doesn’t meet the design target requirement. According to the 

optimized analysis results in Figure 4, under the premise of meeting the design targets, the sample 

storage space should be increased as much as possible, that is, 𝑥1 and 𝑥3 must be as large as possible. 

They are finally taken as 185 mm and 150 mm respectively, and the corresponding minimum rocker 

transmission angle 𝛾𝑚𝑖𝑛 and the maximum opening displacement 𝑦𝑚𝑎𝑥 of manipulator claw is 63.435° and 

131 mm respectively. Compared with the initial 30.66°, 𝛾𝑚𝑖𝑛 increased by 106.8%, which greatly improves 

the force transmission efficiency of the mechanism. The maximum open displacement 𝑦𝑚𝑎𝑥  of the 

manipulator claw is 18.14 mm larger than the initial 111.86 mm, which is better than the design target of 

100 mm. 

 
Fig. 4 - Selection of Design Variables of Sampling Manipulator and Optimal Analysis Results 

 

Dynamic analysis of sampling manipulator 

 After designing and optimizing the parameters of the sampling manipulator mechanism, in the structure, 

the robotic arm is equipped with connecting rods to improve the rigidity, the structure is hollowed out, and 

carbon fibre CFRP with higher specific strength and thermoplastic resin PA66 materials are selected to realize 

the lightweight structure. After the structural design is completed, the dynamic simulation model shown in 

Figure 5 is established on the ADAMS platform to analyse and check whether the cutting pressure and opening 

horizontal displacement of the manipulator claw meet the design targets, and to provide a basis for the 

subsequent selection of the drive motor. 
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Fig. 5 - Dynamic simulation model of sampling manipulator 

 

 In the simulation process, according to the torque parameters of the alternative motor drive of the 

sampling manipulator, torques are created in the analysis model to simulate the motor drive of the sampling 

manipulator. Set up a virtual spring to simulate the cutting resistance of the manipulator claw. In the simulation 

analysis, an acceleration sensor is established. When the acceleration of the screw nut is 0 (i.e., the 

manipulator claw is in the state of maximum cutting pressure), the simulation analysis calculation stops. Figure 

6 shows the curves of the force measurement results of the manipulator claw spring simulator and the results 

of the manipulator claw displacement analysis under different driving torques. It can be seen from Figure 6 

that the maximum opening displacement of the manipulator claw is 131 mm, which meets the 100 mm 

requirement of the design index of the grabbing space. When the driving torque of the drive motor is 250 N∙mm, 

the maximum cutting pressure of the manipulator claw is 226 N, which can meet the design target of 200 N, 

that is, the torque of the selected drive motor should not be less than 250 N mm. 

 In the simulation, when the cutting pressure of the manipulator claw is equal to the spring force of the 

simulated spring, the spring force is the maximum cutting pressure of the manipulator claw. At this moment, 

the acceleration is zero, and the robotic arm bears the maximum shear resistance; in the simulation, there is 

no obvious sudden change in the curve of the robotic arm displacement and cutting pressure, indicating that 

the movement process of the sampling manipulator structure is relatively stable (Li et al., 2015).  

 
Fig. 6 - Sampling manipulator drive torque and cutting separation force measurement and analysis results 

 

RESULTS 

Sampling manipulator prototype 

 The actual sample of the sampling manipulator is shown in Figure 7. It is mainly composed of a drive 

motor, a ball screw nut transmission pair, a symmetrical double offset slider rocker structure in series, a robotic 

arm fixedly connected with the rocker, and manipulator claw is composed of a cutting blade at the end of the 

robotic arm, and the grid storage cover. The overall structural mass of the sampling manipulator is 2.35 kg, 

which has reached the lightweight design target; the maximum open displacement of the manipulator claw is 

126 mm, which is consistent with the simulation analysis results. 
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Performance test and experiment of sampling 

Manipulator cutting pressure test and local sample collection experiment 

 Set up the manipulator claw cutting pressure test platform as shown in Figure 7.  
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Fig. 7 - Sampling robot prototype and cutting force test 

1. Slider; 2. Connecting rod; 3. Net bag; 4. Cutting blade; 5. Digital display instrument; 6. Pressure sensor;  
7. Robotic arm; 8. Limit switch 9. Ball screw nut 

 

 During the test, first start the drive motor to open the robotic arm, place the pressure sensor between 

the manipulator claws, and then start the drive motor to reverse to simulate the cutting operation of the 

sampling manipulator grabbing plant samples. When the drive motor starts to block, the maximum cutting 

pressure of the manipulator claw is reached, the value of the cutting pressure is recorded by the digital display 

instrument matched with the pressure sensor. The range of the cutting pressure test value of the sampling 

manipulator is 214±1 N, which has reached the design target of 200 N. Compared with the result 226 N of 

dynamic simulation analysis, it is 25% smaller, which is mainly caused by factors such as the assembly 

accuracy of the sampling manipulator and the friction of the mechanism motion pair. 

 In order to further test the cutting, grasping and storage performance of the prototype for plant samples, 

field random sampling experiments of Camellia, Nandin, Melilotus, Photinia and Arisaema are carried out, as 

shown in figure. 8.  

 

 
Fig. 8. Sampling plant samples 
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 In the experiment, the manipulator uses the same type of cutting blade, each sample experiment 20 

times. The experimental results are shown in Table 1. The experimental results show that the sampling 

manipulator realizes the cutting design target of sample stem diameter ≥ 5 𝑚𝑚 . As the obstruction of 

surrounding stems and leaves increases, it will be more difficult to grab samples, which is related to the 

lightweight design of the sampling manipulator, which doesn’t have enough weight. After cutting, the samples 

can be stored naturally in the manipulator without sample omission. 

Table 1 
Local sampling results of the manipulator 

 

 

Stem diameter Ease of operation 

[mm] [%] 

 Median Max Min Grab Store 

Camellia 4.4 5.8 3.9 75 100 

Nandin 4.8 5.5 4.1 80 100 

Melilotus 5.2 6.2 4.4 80 95 

Photinia 4.8 5.5 3.8 70 100 

Arisaema 4.6 5.9 3.9 75 100 

 

Remote control sampling test using UAV 

Fig. 9 - Sampling system and sampling test using UAV 

 

 Figure 9 shows the sampling system and sampling test after the sampling manipulator is suspended 

under a UAV through a sling. With the support of the video surveillance system carried by the UAV, the operator 

remotely controls the sampling manipulator to grab, cut and separate samples of the stems, branches and 

leaves of Du Ying’s canopy. The separated stems, branches and leaves samples are stored in the sampling 

robotic arm, and return with the UAV to complete the sampling operation. In the experiment, the linear distance 

between the operator and the sampling location, the height, and the diameter of the sample stem are shown 

in Table 2. 

Sampling test results using UAV      Table 2 

 Sampling location and operation 
location 

Stem diameter 

[m] [mm] 

sampling location distance height Max Min 

1 47 13 6.1 3.8 

2 64 20.5 5.7 3.7 

3 158 11.5 5.4 4.6 

4 192 16 6.3 5.2 

5 207 29 5.8 4.2 

6 334 28 5.2 4.9 
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 The experimental results show that the stems, branches and leaves of samples can enter the robotic 

arm smoothly, then the robotic arm closes to grab and cut, and the samples return with the UAV in the robotic 

arm to complete the sampling. The maximum diameter of the sample stem is 6.3 𝑚𝑚, which has reached the 

design target ≥ 5 𝑚𝑚 of this paper. The distance between the sampling location and the operator ranges from 

more than 40 meters to more than 300 meters, realizing the target of remotely controlling sampling. Its distance 

mainly depends on remote control performance of UAV and controller. 

 

CONCLUSIONS 

 This paper proposes a plant contact sampling method using a UAV, which can realize remote control of 

plant sampling, thereby providing a solution for solving the difficulty of plant contact sampling in a complex 

geographic environment. 

 According to the proposed plant contact sampling method, this paper designed a sampling manipulator 

composed of a ball screw nut drive pair and a symmetrical double-offset slider rocker in series to realize 

sampling operation design of integrating grabbing, cutting and storing plant samples such as stems, branches, 

and leaves. Through the optimization analysis of kinematic mechanism parameters with the minimum 

transmission angle of the double-offset slider rocker and the maximum opening displacement of the 

manipulator claw as the optimization objectives, the optimization results of the transmission angle of 63.435° 

and the opening displacement of 131 mm are obtained. Through dynamic modelling analysis, it is proved that 

the sampling cutting pressure is 226 N, when the driving torque of the manipulator is 250 N mm. 

 Through the local test of the prototype, the overall structure mass of the sampling manipulator is 2.35 

kg, the maximum open displacement of the manipulator claw is 126 mm, and the cutting pressure is 214 𝑁. 

The sample stem diameter ≥ 5 𝑚𝑚 can be grabbed, cut, and collected, which verified the light weight and 

reliability of the sampling manipulator design. 

 Through remote control sampling test using UAV, the plant sampling ability of the remote control of the 

prototype system is confirmed, thus verifying the feasibility of the sampling method in this paper. 

 Research will be carried out on the adjustment of the grasping direction of the manipulator according to 

the posture of the sampled target, so as to be more conducive to the grasping situation in the real scene where 

the sampled target is not growing vertically. 

 The manipulator is suspended under the UAV by a sling. The downward swirling airflow of the UAV and 

the wind in the real environment will affect the manipulator and the sample target. The gripping control of the 

manipulator under such interference conditions will be studied. 
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