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Abstract

:

Currently, the mechanized harvesting method of Cyperus esculentus is mainly based on rotary excavation, but there are problems such as high working resistance, high damage rate, and high buried fruit rate in the working process. This paper focuses on the analysis of the movement trajectory of the positive-rotating and counter-rotating Cyperus esculentus excavation device, establishes a agglomerate model of soil-Cyperus esculentus tuber-Cyperus esculentus root system-mechanism, and conducts discrete element simulation tests on Cyperus esculentus agglomerates under different soil layers. According to Expert test optimization, the optimal structural parameters of the counter-rotating blade are determined: the radius of gyration is 151 mm, the inclination angle of the cutting edge is 42.5°, and the working width is 318 mm. The comparative test of the positive-rotating rotary tillage method under the optimal structural parameters shows that the working resistance is reduced by 11.25%, and the torque of the tool shaft is reduced by 16.11%, which proves that the designed anti-rotation excavation structure has the effect of reducing resistance. To further test the harvesting performance of the Cyperus esculentus excavation device, field harvesting tests were conducted, and the results showed that the buried fruit rate of the counter-rotating excavation device was reduced by 11.6%, and the damage rate was reduced by 6.1% year-on-year. This study shows that the design of the counter-rotating excavation device can further improve the harvesting performance of Cyperus esculentus based on reduced resistance harvesting and meet the requirements of Cyperus esculentus harvesting.
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1. Introduction


Cyperus esculentus is a herb native to Africa and Mediterranean coastal countries [1,2,3] and is a new economic crop that combines oil, food, pasture, forage, and ornamental greenery. It has wide adaptability, high oil content, and high nutritional value [4,5,6]. Currently, most areas in China are harvested with rotary tools, but there are problems such as high digging resistance, high buried fruit rate, and severe congestion [7,8], which cannot meet the requirements of large-scale harvesting of Cyperus esculentus.



The structural parameters of the excavation device play a decisive role in the quality and power consumption of the harvester [9], where the blade is the critical core component of the excavation device [10,11], which mainly achieves soil fragmentation and crop desorption from the soil during the harvesting operation. According to the harvesting requirements of different crops [12,13], there are also significant differences in structural parameters such as blade working depth, working width, inclination of the cutting edge, and working parameters [14,15,16]. The design of the operating depth of the excavation device is mainly based on the growth characteristics of different crops and has met the harvesting requirements of Cyperus esculentus [17], potatoes [18], peanuts [19], and other crops. In contrast, adding ultrasonic vibration devices to the excavation device can further reduce the working resistance and achieve better harvesting results [20,21,22,23]. The working width needs to be designed to meet the planting patterns of different crops [24,25], and some scholars have argued that the working width can be appropriately reduced in order to reduce the power consumption of the operation, but in the actual operation process, the working width is too small to cause serious fruit leakage [26,27]. The design of the inclination angle of the cutting edge should meet the essential physical characteristics of different crops [28]. In the harvesting process carried out on Cyperus esculentus [29], carrots [30], and other crops, in the design of the inclination angle of the cutting edge, some scholars appropriately increased the inclination angle of the cutting edge, which improved the performance of the soil entry, but reduced the working life of the tool to a certain extent [31].



However, current Cyperus esculentus excavation devices still suffer from high working resistance, high buried fruit rates, and high damage rates during harvesting, which reduces the harvesting efficiency of Cyperus esculentus.



In order to improve the harvest quality of Cyperus esculentus, this paper designs a Cyperus esculentus excavation device based on a counter-rotating operation, which focuses on the trajectory of the positive-rotating and counter-rotating Cyperus esculentus excavation device and establishes the Cyperus esculentus agglomerate model of soil-Cyperus esculentus tuber-Cyperus esculentus root system-mechanism, and carries out the discrete element experiments of Cyperus esculentus aggregates under different soil layers. In order to solve the problems of high working resistance, high fruit burial rate, and high damage rate in the process of Cyperus esculentus harvesting, the optimal structural parameters of the anti-rotation excavating device for Cyperus esculentus were determined by discrete element simulation and field harvesting tests.




2. Materials and Methods


2.1. Overall Structure and Working Principle


The Cyperus esculentus combine harvester mainly includes an excavating device, conveying device, soil-clearing device, fruit-picking device, fruit-collecting device, etc. It can complete the process of Cyperus esculentus excavating, conveying, fruit picking, clearing, and collecting at once, and the structure of the whole machine is shown in Figure 1.



In the process of Cyperus esculentus harvesting, the counter-rotation device sequentially performs the harvesting of the Cyperus esculentus from the tilled area to the uncultivated area. The Cyperus esculentus agglomerates are broken under the action of the counter-rotating blade, and are thrown from bottom to top along the tangential line of the counter-rotating cover plate, realizing the orderly transition between the excavating device and the conveying device. Under the action of the scraper-conveying device, the orderly conveying of the Cyperus esculentus agglomerates is realized; under the action of the fruit-picking device, the separation of the root system, the tuber and the soil is realized; and under the action of the cleaning device, the Cyperus esculentus tuber and impurities are separated. Finally, the collection device collects the tubers of Cyperus esculentus to the fruit collection box to complete the whole process of Cyperus esculentus.



Structure Parameters of Counter-Rotating Excavation Device


When the counter-rotating excavation device works, the rotation direction of the tool shaft is opposite to the rotation direction of the machine drive wheel, and the counter-rotating blade starts to cut the soil from the worked area to the unworked area, from the bottom to the ground. Due to the guiding effect of the soil hood, the Cyperus esculentus aggregates are thrown along the tangential direction of the soil hood to the conveying device for subsequent conveying of the Cyperus esculentus aggregates. The counter-rotating throwing device is shown in Figure 2 and main structural parameters are shown in Table 1.





2.2. Research on the Mechanism of Rotation Mode


Currently, the commonly used excavation device for Cyperus esculentus mainly adopts the positive-rotating excavation method, but there are problems such as high buried fruit rate [2,29], low soil-breaking rate [18,29] and high working resistance during the operation [18,29]. In order to further determine the operation rotation method for Cyperus esculentus harvesting, the operation quality, such as endpoint speed, the thickness of the soil cube, and height of the bulge under different operation methods are compared and analyzed [2,18,29], as is shown in Figure 3.



Through the analysis of the positive-rotating and counter-rotating motion trajectories, the soil cutting speeds at the endpoints of positive-rotating and counter-rotating blades are obtained as follows [18]:


       v 1  =  v  m 1     1 +  λ 2  − 2 λ sin  ω 1  t        v 2  =  v  m 2     1 +  λ 2  + 2 λ sin  ω 2  t        



(1)




where v1 is positive-rotating cutting soil speed, m/s; v2 is counter-rotating cutting soil speed, m/s; λ is rotary speed ratio; t is time, s.



Through the analysis of the positive-rotating and counter-rotating motion trajectory, the cutting thicknesses of the positive-rotating and counter-rotating soil are obtained as follows [25]:


       d 1  =   2 π  v m     z 1   ω 1    sin     λ cos  ω 1  t      λ 2  − 2 λ sin  ω 1  t + 1            d 2  = −   2 π  v m     z 2   ω 2    sin     λ cos  ω 2  t      λ 2  + 2 λ sin  ω 1  t + 1            



(2)




where z1 is the number of blades in the same plane of positive rotation and z2 is the number of blades in the same plane of counter rotation.



Through the analysis of the f positive-rotating and counter-rotating motion trajectory, the heights of the bottom bulge of the positive-rotating and counter-rotating harvesting ditch are obtained as follows [25]:


       h 1  =  R 1    1 − cos  π   z 1    λ − 1            h 2  =  R 2    1 − cos  π   z 2    λ + 1            



(3)







Combined with the motion trajectories and dynamics analysis of the positive-rotating and counter-rotating operations, the soil height after the reverse rotation operation is low and flat, which can ensure the stability of the tillage depth during the working process of the unit and reduce the impact of the counter-rotating tool shaft. Furthermore, the counter-rotating excavation increases the cutting speed, further improves the crushing quality of the Cyperus esculentus agglomerate, and reduces the working resistance of the counter-rotating blade.



The cutting amount of the counter-rotating excavation soil is small and stable, which further improves the soil fragmentation rate. At the same time, after the operation, the soil particles are distributed in layers, and the permeability is good, which is beneficial for the subsequent plowing and preparation.




2.3. Structural Parameter Analysis of Counter-Rotating Blade


Based on the analysis of the positive-rotating and counter-rotating operation process, this paper designs a reverse rotation excavation device for Cyperus esculentus, in which the counter-rotating blade is the key core component of the excavation device, and the structural parameters of the blade play a decisive role in the operation quality and power consumption of the harvester. In the process of harvesting, the counter-rotating blade mainly realizes soil crushing, Cyperus esculentus aggregate crushing and throwing. In this paper, a wide counter-rotating blade is designed, mainly consisting of key parameters such as the radius of gyration R, the inclination angle of the cutting edge β, the working width L, the shovel surface thickness M and the mounting hole spacing S, of which radius of gyration R, inclination angle of the cutting edge β and working width L are significant for harvest efficiency [2,18,29]. The structural parameter is schematically shown in Figure 4.



2.3.1. Design of Radius of Gyration R


When the radius of gyration R is too large, the soil-breaking capacity and soil-throwing performance of the counter-rotating blade are enhanced, but the depth of the counter-rotating blade is too large, increasing working resistance during the working process [2,18,32]. The relevant studies have shown that the depth of the gyration radius of Cyperus esculentus is generally between 130~160 mm [32]. When the radius of gyration R is too small, the throwing performance of the Cyperus esculentus agglomerates will be reduced, resulting in a certain degree of fruit leakage and repeated excavation, resulting in lower harvest quality and additional power consumption. In this paper, the design of the radius of gyration R is carried out based on the force relationship of the counter-rotating blade during the excavation process, as shown in Figure 5.


   F x  =  F n  sin ( φ + σ − Δ θ )  



(4)






   F y  =  F n  cos ( φ + σ − Δ θ )  



(5)






   F n  = ρ   2 π R   z λ   sin     λ cos φ    λ 2  − 2 λ sin φ + 1     L  



(6)







From Equation (6), it can be seen that the working resistance of the counter-rotating blade in the process of counter-rotating and throwing Cyperus esculentus agglomerates is proportional to the radius of gyration R [25]. Field tests have shown that the resultant depth of Cyperus esculentus is generally between 93~138 mm. In this paper, under the premise of fully considering the working resistance, the radius of gyration R is initially set to 140~180 mm.



The forward speed of the machine from cutting the soil to throwing the soil should meet the following conditions [25,32]:


      x = R cos ω t +  V m  t     y = R sin ω t = R − h      



(7)







To further ensure the throwing of Cyperus esculentus agglomerates, the horizontal component of the velocity at the end point of the blade should satisfy Vx < 0. The following conclusion is obtained [25,32]:


       V x  =    d x     d t    =  V m  − R ω sin ω t     sin ω t =  R  R − L        



(8)







In order to ensure that the forward speed of the machine meets the gyration radius of cutting soil, combined with the Cyperus esculentus planting pattern and the actual growth state, the forward speed of the machine should meet the following conditions [25,32]:


   V m  <    R 2  ω   R − L    



(9)




where L is the actual depth of growth of Cyperus esculentus.




2.3.2. Design of Inclination Angle of Cutting Edge β


When the inclination angle of cutting edge β is too large, the soil entry performance decreases during the excavation process, resulting in weeds not being removed in time, while the performance of the soil-breaking rate decreases, resulting in the Cyperus esculentus agglomerates being congested in front of the shovel [18,19]. The relevant studies have shown that the depth of the inclination angle of cutting edge of Cyperus esculentus is generally between 30~60° [18]. When the inclination angle of cutting edge β is too small, the soil entry performance and weed cutting performance are enhanced, but too small an inclination angle of the blade will increase the length of the shovel tip to a certain extent, quickly causing wear and damage to the shovel tip during work [18,19]. To further ensure that the counter-rotating blade automatically cleans the shovel surface during the harvesting process and that the slip-cutting of Cyperus esculentus agglomerates on the shovel surface can reduce the role of friction, this paper combines Equations (5) and (6) and references the relevant literature [18,19,21] to set the value of the inclination angle of cutting edge of the counter-rotating blade to 35–65° initially:


  P × cos β ≥ F  



(10)




where P is resistance to the inclination angle of the cutting edge of the blade, N; F is friction between the inclination angle of cutting edge of blade and the soil, N.




2.3.3. Design of Working Width L


When the working width L of the counter-rotating blades is too small, serious fruit leakage will occur, reducing the harvesting efficiency [13,18]. When the working width L increases, the installation distance of the counter-rotating blades will be increased to a certain extent, reducing the total number of counter-rotating blades [13,18,33]. However, too large a working width L will lead to the crushing quality of the Cyperus esculentus agglomerates and will also increase the working resistance of the counter-rotating blades, increasing the power consumption.



Field tests show that the width of the underground results of Cyperus esculentus is generally 80~100 mm. In order to ensure that the working width of the blade is reversed to complete the two rows of Cyperus esculentus harvest, this paper combines the Cyperus esculentus planting mode and considers the relationship between the working width of Equation (6) on the working resistance and the Cyperus esculentus planting row spacing of 170~200 mm in Henan Province, China. Moreover, the working width of the counter-rotating blade is initially set to 300~340 mm, as shown in Figure 6.





2.4. Discrete Element Simulation Modeling


2.4.1. Discrete Element Model for Soil


Related studies have shown that the computational precision of the simulation decreases geometrically when the radius of the soil particle model increases [33,34]. In order to improve the accuracy of the discrete element simulation test, this paper establishes the soil particle bed model with the mean value of parameters. Under the premise of ensuring the test accuracy, the soil particles are appropriately enlarged, and the soil particle radius is set to 2.5 mm. Moreover, the soil particle model is set to the following four models using the particle combination of [35,36]: single grain spherical model (5 mm × 5 mm × 5 mm), three-grain flake model (8.55 mm × 8 mm × 5 mm), four-grain block model (8.55 mm × 8 mm × 8 mm), and four-grain rod model (12.5 mm × 5 mm × 5 mm), as shown in Figure 7.




2.4.2. Discrete Element Model of Cyperus esculentus Tubers


Cyperus esculentus tubers are characterized by different sizes and irregular shapes [37], and in the actual field harvesting operation of Cyperus esculentus, Cyperus esculentus tubers are one of the leading research objects of Cyperus esculentus agglomerates. In order to improve the accuracy and scientificity of discrete element simulation and further analyze the movement of Cyperus esculentus tubers during the harvesting process, this paper combines the 3D tests of Cyperus esculentus tubers and uses 3D software for the three-dimensional contour of the tuber constructed, and then the model of the tuber was saved in STL format and imported into EDEM2020 for particle filling, and the three-axis dimensions of the filled Cyperus esculentus were 15 mm in length, 12 mm in width and 9 mm in height. The discrete element model of the Cyperus esculentus tubers is shown in Figure 8.




2.4.3. Discrete Element Model of Cyperus esculentus Root System


In order to improve the accuracy of the simulation test and accurately simulate the contact relationship between the root system of Cyperus esculentus, Cyperus esculentus tubers and soil, this paper combines the actual physical characteristics of the root system of Cyperus esculentus and simplifies the modeling of the root system of Cyperus esculentus. A discrete element model of the rigid body of the root system was constructed. In this paper, the upper part of the root system was composed of 8 mm diameter discrete element particles with 4 mm spherical spacing, and the root system was composed of 3 mm diameter discrete element particles with 1.5 mm spherical spacing, and a total of 219 discrete element particles were used to form a 160 mm long root system. The discrete element model of the Cyperus esculentus root system is shown in Figure 9.





2.5. Contact Modelling and Parameterisation


2.5.1. Contact Model


To accurately simulate the cohesive soil properties in the Minquan area of Henan Province, the Hertz-Mindlin with Bonding model was chosen for the contact model between soil particles, as shown in Figure 10, which can bond two adjacent soil particles together by bonding force, and the bonding force can withstand tangential and normal displacements [38,39,40]. In the actual field operation process, there are adhesion forces between soil and soil, and there is a forced relationship between the excavation shovel and soil. Additionally, this model can simulate the bonding action between soil particles and the phenomenon of soil particle fragmentation.



When soil particles are bonded, the following relationships exist [2,29]:


      δ  F n  = −  v n   k n  A  δ t      δ  F t  = −  v t   k t  A  δ t      δ  T n  = −  ω n   k t  A  δ t      δ  T t  = −  ω t   k t   j 2   δ t       



(11)




where Vn is normal velocity, m/s; Vt is tangential velocity, m/s; kn is normal stiffness, N/m; kt is tangential stiffness, N/m; A is unit contact area, mm2; J is moment of inertia, mm4; and δt is time step, s.



Bonding between soil particles will break when the normal and tangential stresses reach specific extreme values; when the bond breaks, the following relationships exist [2,29]:


       σ  max   <   −  F n   A  +   2  M t   J   R B       τ  max   <   −  F t   A  +    M n   J   R B       



(12)




where σmax is normal stress, N; τmax is tangential stress, N; and RB is radius of particle bonding, mm.




2.5.2. Discrete Element Parameters Setting


In order to ensure the accuracy of the simulation tests, the contact parameters and basic physical parameters involved in the simulation tests were determined in this paper through parametric tests and a review of the literature [2,29,41,42], as shown in Table 2 and Table 3.




2.5.3. Cyperus esculentus Agglomerate Modelling


In the simulation test, the rotational speed of the tool shaft was set to 350 r/min, and the forward speed was set to 0.4 m/s. The inclination angle of the cutting edge was set to 50°, the radius of gyration was set to 180 mm, the working width was set to 320 mm, and the total simulation test was set to 5 s. To improve the accuracy of the simulation test, in the Cyperus esculentus agglomerates factory of EDEM, the parameters for the location of the Cyperus esculentus root system were set and the position type was cubic, the row spacing of Cyperus esculentus was set to 170 mm and the plant spacing was set to 150 mm, and the Cyperus esculentus agglomerates were stratified according to different depths of the soil, where 0–50 mm was the shallow soil, 50–150 mm was the middle soil and 150–200 mm was the deep soil. The model is shown in Figure 11a, and the vector model of the Cyperus esculentus agglomerate is shown in Figure 11b.





2.6. Discrete Element Simulation


Figure 12 shows the vector diagram of the movement of the Cyperus esculentus agglomerates at different moments of the simulation test, as shown in Figure 12a. At the moment of 2 s, when the counter-rotating blade just touched the Cyperus esculentus agglomerates, the shallow soil was disturbed by the counter-rotating blade, and the soil moved along the tangential direction of the retaining hood plate. With the compound movement of the counter-rotating blade shaft, the counter-rotating blade began excavating and throwing the Cyperus esculentus agglomerates, as shown in Figure 12b. At this time, the counter-rotating blade made counter-rotating throwing movements from bottom to top, from far to near, contacting the Cyperus esculentus agglomerates in the deep, middle, and shallow layers in turn. At the same time, in the unworked area disturbed by the counter-rotating blades in the working area, the shallow and middle layers of soil and Cyperus esculentus agglomerates at the outer edge of the baffle plate tended to bulge upwards. As shown in Figure 12c,d, a continuous flow of Cyperus esculentus tubers, roots, and soil agglomerates along the tangential movement was formed at the end of the baffle plate, which is conducive to the transport of Cyperus esculentus agglomerates by the conveying device and to a certain extent. At the same time, the different soil layers in the post-operation area were thoroughly mixed, which laterally reflects the better soil-breaking performance of the counter-rotating throwing device.




2.7. Field Trials


2.7.1. Field Trial Conditions


In order to further test the harvesting performance of the anti-rotation excavation device for Cyperus esculentus, this paper refers to the NY/T 502-2016 harvesting standard, and conducts field experiments based on the evaluation indicators of the buried fruit rate Y3 and the damage rate Y4. The test site was selected as the Cyperus esculentus planting base in Minquan County, Henan Province. In this area, the row spacing of the Cyperus esculentus planting model was 170 mm, the plant spacing was 150 mm, as shown in Figure 13a, and the growth depth of the Cyperus esculentus was about 140 mm, as shown in Figure 13b. The soil parameter table is shown in Table 4.


   Y 3  =    m 2     m 1  +  m 2  +  m 3    × 100 %  



(13)






   Y 4  =    m 4     m 1  +  m 2  +  m 3    × 100 %  



(14)




where Y3 is the fruit burial rate of Cyperus esculentus, %; Y4 is the damage rate of Cyperus esculentus, %; m1 is the mass of Cyperus esculentus tubers on the ground in the test area, g; m2 is the mass of Cyperus esculentus tubers buried in the soil in the test area, g; m3 is the mass of Cyperus esculentus tubers harvested from the test area, g; and m4 is the mass of damaged Cyperus esculentus tubers harvested from the test area, g.




2.7.2. Field Trial Program


The test equipment mainly included a TM-85 soil density meter (Beijing Aerospace Huayu Experimental Instruments Ltd., Beijing, China), TJSD-750-IV soil compaction meter (Zhejiang Tuoyunong Technology Ltd., Hangzhou, Zhejiang, China), WKT-M1 soil moisture meter (Jiangsu Weikite Instruments Ltd., Changzhou, Jiangsu, China), WT-CF series high-precision electronic scales (Changzhou Wantai Balance Instruments Ltd., Changzhou, Jiangsu, China), steel frame tape measure (Hunan Maojun Baogong Electronics Ltd., Changsha, China, range: 0~150 m, accuracy: 1 mm), meter ruler (range: 0~5 m, accuracy: 1 mm), and excavation shovel.



The test was divided into five areas, the length of each test area was 50 m, the machine operating speed was set to 0.5 m/s, and the counter-rotating excavation device, as shown in Figure 14a, and the positive-rotating excavation device, as shown in Figure 14b were, respectively, attached to the Dongfeng DF604 tractor (Changzhou Dongfeng Agricultural Machinery Group Ltd., Changzhou, China, matching power: 60 hp)), to carry out a comparative analysis of the harvesting performance of Cyperus esculentus.






3. Results and Analysis


3.1. Analysis of Simulation Tests for Single Factor


In order to further determine the value range of the factors affecting the quality of the Cyperus esculentus operation, the radius of gyration R, the inclination angle of cutting edge β and the working width L were used as the test factors, and the working resistance Y1 and the torque of the tool shaft Y2 were used as the evaluation indicators. Theoretical analysis of the range of values was performed with single factor experiments, which provided a theoretical basis for subsequent multifactor experiments.



3.1.1. Influence of Radius of Gyration R on Evaluation Indicators


With a fixed counter-rotating excavation device with a forward speed of 0.8 m/s, a tool shaft speed of 40 rad/s, a inclination angle of cutting edge of 50°, a working width of 320 mm, and a radius of gyration of 140 mm, 150 mm, 160 mm, 170 mm and 180 mm, respectively, five sets of simulations were carried out and the test results are shown in Figure 15A. The test results show that the change of gyration radius significantly impacts the working resistance and tool shaft torque; as the radius of gyration increases between 140~150 mm, the working resistance and tool shaft torque drops sharply, further illustrating the effect of the radius of gyration on working resistance and tool shaft torque. As the radius of gyration increases between 150~170 mm, the variation of the working resistance value and tool shaft torque is relatively gentle, indicating that this interval is the effective value range of the radius of gyration. As the radius of gyration increases between 170~180 mm, the working resistance value rises sharply. In order to further determine the best value of the counter-rotating blade radius of gyration, the radius of gyration of 150~170 mm was selected for subsequent multi-factor tests.




3.1.2. Influence of Inclination Angle of Cutting Edge β on Evaluation Indicators


The fixed counter-rotating excavation device has a forward speed of 0.8 m/s, a tool shaft speed of 40 rad/s, a radius of gyration of 160 mm, a working width of 320 mm, and a inclination angle of cutting edge of 35°, 42.5°, 50°, 57.5°, and 65°, respectively. Five sets of simulation tests were carried out, and the test results are shown in Figure 15B. The test results show that the change of the inclination angle of the cutting edge significantly impacts the working resistance and tool shaft torque. When the inclination angle of the cutting edge is between 35~42.5°, the working resistance drops sharply, further illustrating the effect of inclination angle of cutting edge on working resistance. When the inclination angle of the cutting edge is between 42.5~57.5°, the tool shaft torque and the working resistance change more smoothly; in order to determine further the optimum value of the counter-rotating inclination angle of the cutting edge, the inclination angle of cutting edge of 42.5–57.5° was selected for subsequent multifactor tests.




3.1.3. Influence of Working Width L on Evaluation Indicators


The results of the five simulation tests with a fixed counter-rotating excavation device forward speed of 0.8 m/s, tool shaft speed of 40 rad/s, the radius of gyration selected as 160 mm, the inclination angle of cutting edge selected as 50°, the working width taken as 300 mm, 310 mm, 320 mm, 330 mm, and 340 mm, respectively, are shown in Figure 15C. The test results show that the change in working width significantly affects the working resistance and tool shaft torque. As the working width increases, the soil contact area of the blade also increases, resulting in a large variation of working resistance and tool shaft torque during the harvesting process of Cyperus esculentus. As the working width increases between 300~310 mm, the working resistance and tool shaft torque drops sharply, further illustrating the effect of radius of gyration on working resistance and tool shaft torque. As the working width increases between 310~330 mm, the variation of the working resistance value and tool shaft torque is relatively gentle, indicating that this interval is the effective value range of the radius of gyration. As the working width increases between 330~340 mm, the working resistance value rises sharply. In order to further determine the best value of the counter-rotating blade working width, the working width of 310~330 mm was selected for subsequent multi-factor tests.





3.2. Analysis of Simulation Tests for Multi-Factors


3.2.1. Test Factor Codes


In order to obtain the ideal counter-rotating blade structure parameters, the EDEM orthogonal rotation virtual simulation experimental study was carried out. Combined with the range of values of the previous test factors, the test factor codes were set as shown in Table 5.




3.2.2. Multi-Factor Test Results and Analysis


A three-factor, three-level quadratic regression orthogonal test was carried out with radius of gyration R, inclination angle of cutting edge β, and working width L as test factors, and working resistance and cutter shaft torque as evaluation indicators. The results were analyzed according to the obtained data, and the significance analysis of the main factors affecting the index was carried out. The test results are shown in Table 6.




3.2.3. The Relationship between Test Factors and Working Resistance


According to the analysis of Table 7, the coefficient of determination was R2 = 0.9579, indicating that the regression equation model was suitable for 95.79% of the test data. When p < 0.01, it means that the regression model has a very significant influence; the radius of gyration (A), the inclination angle of the cutting edge (B), and the working width (C) have a very significant influence on the working resistance, and the interaction terms of the radius of gyration (A2), the inclination angle of the cutting edge (B2) and the radius of gyration (C2) have a very significant influence on the working resistance. In a comprehensive analysis, the order of the degree of influence on the working resistance of Cyperus esculentus harvesting is working width (C) > inclination angle of cutting edge (B) > radius of gyration (A).



After removing the non-significant factors, according to the working resistance variance in Table 7, the quadratic polynomial regression equation of the working resistance of Cyperus esculentus harvesting was obtained.


   Y 1  = 1736.39 + 49.91 A + 90.28 B + 75.87 C − 119.83  A 2  − 77.46  B 2  + 90.82  C 2   



(15)







The effect of the test factors radius of gyration R, inclination angle of cutting edge β, and working width L on the working resistance of Cyperus esculentus harvesting is shown in Figure 16. In the interval of −1~0.25, the working resistance gradually increases in the interval of 1566~1744 N and the growth rate gradually decreases with the gradual increase of the level of the radius of the gyration R factor. Since the root system of Cyperus esculentus is mainly concentrated in the underground at about 150 mm, this leads to higher soil solidity around Cyperus esculentus agglomerates than other soil layers, and in the harvesting process the counter-rotating blade has to realize the harvesting process, such as crushing and throwing of Cyperus esculentus agglomerates, which further causes the increase of working resistance [18,23,25,29,31]. In the −1~0 interval, the working resistance gradually increases in the 1560~1770 N interval as the level of the inclination angle of the cutting edge factor increases, but the growth rate gradually decreases. At the same time, Fan and Yang et al. [18,19] showed that the inclination angle of the cutting edge is an essential factor affecting working resistance, and the blade shaft is prone to blockage when the inclination angle of the cutting edge is too large. The main reason for this paper is that, as the inclination angle of the cutting edge increases, it enhances the cutting soil performance to a certain extent. However, the blade tip is easily damaged, causing severe entanglement of the subsequent harvested Cyperus esculentus roots, resulting in increased excavating resistance, which is consistent with the findings of Fan and Yang. The working width of the blade is in the range of −1~0.25. With the increasing working width factor level, the Cyperus esculentus harvesting resistance gradually decreases, and the rate of decrease gradually tends to 0. As the working width of the blade is small, the harvesting of the whole Cyperus esculentus cannot be achieved, which quickly causes the Cyperus esculentus agglomerates to tear, and the working resistance increases. When the working width is suitable for the underground fruiting width of Cyperus esculentus, the whole plant can be detached from the soil so that the working resistance gradually decreases [19].



Combined with the work resistance analysis of variance, the test factors radius of gyration R, inclination angle of cutting edge β, and working width L interact with the working resistance, as shown in Figure 17. P(AB) = 0.8793, P(AC) = 0.3668 and P(BC) = 0.0658, indicating that there is no interactive effect of each test factor, which is consistent with the analysis of Table 6.




3.2.4. The Relationship between Test Factors and Tool Shaft Torque


According to the analysis of Table 8, the coefficient of determination is R2 = 0.9909, indicating that the regression equation model is suitable for 99.01% of the experimental data. When p < 0.01, it means that the regression model has a very significant influence on the working width (C), interaction term (AB), radius of gyration (A2), and inclination angle of the cutting edge (B2); the interaction term of the radius of gyration (C2) has a very significant influence on the tool shaft torque; and the relationship between the inclination angle of the cutting edge (B) and the interaction term (AC) on the tool shaft torque is significant. According to the analysis, the order of the degree of influence on the working resistance of Cyperus esculentus harvesting is the working width (C) > the radius of gyration (A) > the inclination angle of cutting edge (B).



After removing the non-significant factors, according to Table 8 of the torque variance of the tool shaft, the quadratic polynomial regression equation of the tool shaft torque for harvesting Cyperus esculentus was obtained.


   Y 2  = 154.48 + 3.88 C + 2.22 B − 4.51 A B + 17.90  A 2  − 23.43  B 2  + 23.45  C 2   



(16)







The effect of the test factors radius of gyration R, inclination angle of cutting edge β, and working width L on the torque of the Cyperus esculentus harvesting shaft is shown in Figure 18. In the interval from −1~0, with the gradual increase of the factor level of the radius of gyration R, the torque of the Cyperus esculentus harvesting blade axis gradually decreased between 155.72~173.53 Nm, and the rate of decrease gradually tended to 0. In the interval from 0~1, the tool shaft torque gradually increased, but the growth rate was slow and tended to level off. This is mainly due to the fact that as the radius of gyration R increases, the counter-rotating blade causes the fragmentation of the Cyperus esculentus agglomerates while causing the disturbance of the soil layer around the Cyperus esculentus agglomerates during the harvesting process, resulting in a certain buffering of the tool shaft torque during the harvesting process, and the final change tends to level off [23,25,29]. In the −1~0 interval, with the gradual increase of the inclination angle of cutting edge β factor level, the Cyperus esculentus harvesting tool shaft torque gradually increased between 126.51~155.23 Nm and the increase rate gradually decreased. The overall change trend was consistent with the change in working resistance [13,14,21]. In the interval from −1~0.5, with the gradual increase of the working width L factor level, the Cyperus esculentus harvesting tool shaft torque gradually decreased between 175.45~156.13 Nm, and the changing trend tended to level off in the interval from −0.5~0. In the interval from 0~1, with the increasing working width L, the counter-rotating blade entry width increased during Cyperus esculentus harvesting, leading to the rapid increase of the tool shaft torque. The overall change trend was consistent with the change in working resistance [18,19,24].



Combined with tool shaft torque variance analysis, the test factors radius of gyration R, inclination angle of cutting edge β, and working width L interact with the tool shaft torque, as shown in Figure 19. P (AB) = 0.0159, P (AC) < 0.01 and P (BC) = 0.1124, indicating that (AB) and (AC) have an interactive effect on the test index tool shaft torque, which is consistent with the analysis of Table 7.





3.3. Experimental Optimization and Validation


In order to obtain the optimal combination of the structural parameters of the counter-rotating blade for the experimental factors, the optimal design of the experiment was carried out. Combined with the boundary conditions of the experimental factors, a parametric mathematical model was established. To reduce the working resistance and tool shaft torque, regression analysis was carried out on the working resistance and tool shaft torque of the counter-rotating excavation device, and the following nonlinear programming parameter model was established:


      min    Y 1      min    Y 2      150   mm ≤ A ≤ 1  70   mm      42.5 ° ≤ B ≤ 47.5 °     310   mm ≤ C ≤ 330   mm      



(17)







When the radius of gyration 151 mm, inclination angle of cutting edge 42.5° and working width 318 mm is the combination of the optimal structural parameters of the counter-rotating blade. Comparative tests were conducted with the Cyperus esculentus positive-rotating excavation device under optimal structural parameters of the counter-rotating blade, and the test results are shown in Figure 20a,b.



According to the comparative analysis of the working resistance of Cyperus esculentus harvesting in Figure 20a, the average working resistance of the designed counter-rotating excavation device is 836.65 N, the average working resistance of the positive- rotating excavation device is 942.79 N, and the working resistance is reduced by 11.25%. According to the comparative analysis of the torque of the tool shaft of Cyperus esculentus harvesting in Figure 20b, the average torque of the tool shaft of the designed counter-rotating excavation device is 72.21 Nm, and the average torque of the tool shaft of the positive- rotating excavation device is 86.08 Nm, and the torque of the tool shaft is reduced by 16.11%. This shows that the designed counter-rotating excavation device for Cyperus esculentus can achieve the effect of reducing drag.




3.4. Field Trial Results and Analysis


From the test results in Table 9, it can be seen that the highest value of the fruit burial rate of counter-rotating excavation is 1.48%, the lowest value is 1.23%, and the average value is 1.37%; the highest value of the fruit burial rate of positive-rotating excavation is 1.65%, the lowest value is 1.42%, the average value is 1.54%; buried fruit rate decreased by 11.6% year-on-year. From the test results in Table 9, it can be seen that the highest damage rate of counter-rotating excavation is 1.53%, the lowest value is 1.25%, and the average value is 1.38%; the highest damage rate of positive-rotating excavation is 1.53%, the lowest is 1.25%, and the average is 1.47%; damage rate decreased by 6.1% year-on-year.



Combined with the previous analysis of the movement trajectory of the positive-rotating and counter-rotating rotary excavation method, a comparison can be obtained; in the process of oil bean harvesting, counter-rotating excavation can improve the cutting speed of the soil, while cutting the soil at the same time to reduce the cutting thickness of the soil layer, to achieve the orderly harvesting of Cyperus esculentus agglomerates; positive-rotating excavation harvesting soil cutting thickness is large and cutting speed is slow, in the front of the excavation device it is easy to produce soil accumulation phenomenon, resulting in digging resistance and knife shaft torque increase, which is consistent with the test results. The test results show that the designed counter-rotating excavation device further improves the harvesting efficiency of Cyperus esculentus.





4. Discussion


Currently, scholars have conducted intensive research and achieved many results in the design of Cyperus esculentus excavation and have made many achievements. He et al. [2], used Design-Expert Experiment optimization, and regression analysis was carried out to determine the best structural parameters of the rotary tiller as: bending angle 130° and working width 45 mm. Compared with the normal rotary tillage method under the same parameter settings, the working resistance was reduced by 8.5%, The torque of the cutter shaft was reduced by 5.8%, which proves that the anti-rotating excavation has the effect of reducing resistance. He et al. [30] designed a reverse spin-throw type, and the results show that the optimum combination of parameters for the reverse rotary tiller is: phase angle 67°, installation spacing 144 mm, soil breakage rate 94.20%, and buried fruit rate 1.42%. Under the same parameter settings with ordinary rotary tiller combination for field verification test, the results show that buried fruit rate reduced by 13.33% and soil breakage rate increased by 3.15%. In recent research on the Cyperus esculentus excavating device, the main focus has been on the optimisation of the structural parameters of the rotary tillage knife and the structural design. To a certain extent, the harvesting efficiency of Cyperus esculentus has been improved.



This paper focuses on the analysis of the movement trajectory of the positive-rotating and counter-rotating Cyperus esculentus excavation device, establishes a agglomerate model of soil-Cyperus esculentus tuber-Cyperus esculentus root system-mechanism, and conducts discrete element simulation tests on Cyperus esculentus agglomerates under different soil layers. The optimal structural parameters of the anti-rotation excavating device for Cyperus esculentus were determined by discrete element simulation and field harvesting tests. To further test the scientific validity of the test, the field results were compared with other relevant studies [2,30]; the results of the analysis are shown in Table 10. Compared to the optimised-rotary tillage and the normal-rotary excavation, the fruit burial rate of counter-rotating excavation decreased by 21.71% and 33.81%, and the working resistance of counter-rotating excavation decreased by 9.88% and 17.61%. The results show that the design ideas adopted in this study are feasible and enrich the design method of the Cyperus esculentus excavation device, further improving the harvesting efficiency of Cyperus esculentus.




5. Conclusions


	(1)

	
This paper focuses on the movement trajectory of the positive-rotating and counter-rotating Cyperus esculentus excavation device, comparing and analyzing the cutting soil speed, cutting soil thickness, and the height of the raised bottom of the trench under positive-rotating and counter-rotating operation, showing that counter-rotating excavation can improve the harvesting efficiency of Cyperus esculentus.




	(2)

	
According to the Design-Expert test optimization, the optimal structural parameters of the counter-rotating blade are determined: the radius of gyration is 151 mm, the inclination angle of the cutting edge is 42.5°, and the working width is 318 mm. Comparing with the positive-rotating excavation device under the optimal structural parameters of the counter-rotating blade, the results show that the working resistance is reduced by 11.25%, and the torque of the tool shaft is reduced by 16.11%, which proves that the reverse rotation excavation device has the effect of reducing resistance.




	(3)

	
The field comparison test was conducted based on the evaluation indicators of the burial rate and the damage rate. The results showed that the fruit buried rate of the counter-rotating excavation device decreased by 11.6%, and the damage rate decreased by 6.1%, which proves that the counter-rotating excavation device further improves the harvesting efficiency of Cyperus esculentus.
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Figure 1. Overall structure of the Cyperus esculentus combine harvester. 
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Figure 2. Structure parameters of counter-rotating excavation device. 
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Figure 3. Trajectory analysis of positive-rotating and counter-rotating rotation. (a) Trajectory analysis of positive-rotating, where vm1 is machine advance speed of positive rotation, m/s; ω1 is tool shaft rotation speed of positive rotation, rad/s; S1 is soil cutting pitch of positive rotation, mm; d1 is positive-rotating movement of the soil with cutting thickness, mm; h1 is positive-rotating harvesting groove bottom bulge height, mm; R1 is motion radius of gyration of positive rotation, mm. (b) Trajectory analysis of counter-rotating, where vm2 is machine advance speed of counter rotation, m/s; ω2 is tool shaft rotation speed of counter rotation, rad/s; S2 is soil cutting pitch of counter rotation, mm; d2 is counter-rotating movement of the soil to the cutting thickness, mm; h2 is counter-rotating harvesting groove bottom bulge height, mm; R2 is motion radius of gyration of counter rotation, mm. 
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Figure 4. Structure of the counter-rotating blade. 
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Figure 5. Schematic diagram of the force of counter-rotating blade, where Fx is the working resistance of the counter-rotating blade in the x direction, N; Fy is the working resistance of the counter-rotating blade in the y direction, N; Fn is the total resistance of the counter-rotating blade, N; ρ is rotary tillage soil cutting-specific resistance; φ is counter-rotating blade rotation angle, °; σ is the angle between Fn and the tangent of trochoidal, °; Δθ is the angle between tangent of circle and tangent of trochoidal, °; R is the motion radius of gyration, mm; and vm is machine advance speed, m/s. 
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Figure 6. Cyperus esculentus planting pattern. 
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Figure 7. Soil discrete element model. (a) Single grain spherical model; (b) three-grain flake model; (c) four-grain block model; (d) four-grain rod model. 
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Figure 8. Discrete element model of Cyperus esculentus tuber. (a) Cyperus esculentus tuber model; (b) discrete element modeling of Cyperus esculentus. 
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Figure 9. Discrete element model of Cyperus esculentus root system. (a) Cyperus esculentus root system model; (b) discrete element modeling of Cyperus esculentus. 
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Figure 10. Soil contact particle model, where O1 and O2 is the center of the circle of the soil model; R1 and R2 is the radius of the soil model; Fn is normal contact force, N; Ft is tangential contact force, N; Mn is normal moment, Nm; and Mt is tangential moment, Nm. 
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Figure 11. Cyperus esculentus agglomerate. (a) The overall model of Cyperus esculentus agglomerate; (b) the vector model of the Cyperus esculentus agglomerate. 
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Figure 12. Discrete element simulation test of Cyperus esculentus agglomerate counter-rotation excavation. (a) 1 s; (b) 2 s; (c) 3 s; (d) 4 s. 
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Figure 13. Field trial conditions measurement. (a) Measurement of planting pattern of Cyperus esculentus; (b) planting depth measurement of Cyperus esculentus. 
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Figure 14. Field trial. (a) The counter-rotating excavation device; (b) the positive-rotating excavation device. 
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Figure 15. Results of single-factor test on evaluation indicators. (A) Results of single-factor test on radius of gyration R. (B) Results of single-factor test on inclination angle of cutting edge β. (C) Results of single-factor test on working width L. 
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Figure 16. The relationship between each test factor and the working resistance. 
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Figure 17. The response surface of each test factor to working resistance. 
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Figure 18. The relationship between each test factor and the tool shaft torque. 
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Figure 19. The response surface of each test factor to tool shaft torque. 
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Figure 20. The response surface of each test factor to tool shaft torque. (a) Results of comparative analysis of working resistance. (b) Results of comparative analysis of tool shaft torque. 
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Table 1. Discrete element contact parameters.
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	Parameters
	Values





	Working width/(mm)
	1000



	Working depth/(mm)
	0~200



	Dimension (L × W × H)/(mm)
	1250 × 950 × 800



	Matching power/(kW)
	75~100



	Operation efficiency/(km·h−1)
	1.1~1.5
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Table 2. Discrete element contact parameters.
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	Contact Model
	Restitution Coefficient
	Static Friction Coefficient
	Rolling Friction Coefficient





	Soil–soil
	0.43
	0.55
	0.15



	Soil–excavation device
	0.21
	0.52
	0.13



	Soil–tuber
	0.13
	0.46
	0.01



	Soil–root system
	0.14
	0.42
	0.01



	Root system–root system
	0.53
	0.62
	0.58



	Root system–excavation device
	0.40
	0.53
	0.01



	Root system–tuber
	0.21
	0.42
	0.10



	Tuber–tuber
	0.36
	0.25
	0.032



	Tuber–excavation device
	0.72
	0.56
	0.16
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Table 3. Discrete element contact parameters.
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	Contact Model
	Density (Kg/m3)
	Poisson’s Ratio
	Modulus of Shear (Pa)





	Soil
	1456
	0.38
	2.5 × 106



	Tuber
	2860
	0.43
	1.56 × 107



	Root system
	1070
	0.56
	0.93 × 105
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Table 4. Soil parameter information.
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	Soil Depth/mm
	Soil Moisture Content/%
	Soil Density/g/cm3
	Soil Firmness/Kpa





	0~50
	10.23
	1.57
	364



	50~150
	13.65
	1.63
	517



	150~200
	15.78
	1.75
	756
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Table 5. Test factor codes.
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Test Factor

	
Symbol

	
Test Level




	
−1

	
0

	
1






	
Radius of gyration (mm)

	
A

	
150

	
160

	
170




	
Inclination angle of cutting edge (°)

	
B

	
42.5

	
50

	
47.5




	
Working width (mm)

	
C

	
310

	
320

	
330
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Table 6. Results of multi-factor test.
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No.

	
Test Factors

	
Evaluation Indicator




	
Radius of Gyration

	
Inclination Angle of Cutting Edge

	
Working Width

	
Working Resistance y1/N

	
Tool Shaft Torque y2/Nm






	
1

	
−1

	
−1

	
0

	
1424.93

	
157.24




	
2

	
1

	
−1

	
0

	
1515.38

	
160.57




	
3

	
−1

	
1

	
0

	
1556.51

	
156.45




	
4

	
1

	
1

	
0

	
1659.62

	
191.75




	
5

	
−1

	
0

	
−1

	
1536.25

	
143.64




	
6

	
1

	
0

	
−1

	
1677.88

	
151.58




	
7

	
−1

	
0

	
1

	
1775.68

	
153.38




	
8

	
1

	
0

	
1

	
1839.75

	
205.38




	
9

	
0

	
−1

	
−1

	
1630.54

	
147.36




	
10

	
0

	
1

	
−1

	
1766.16

	
162.58




	
11

	
0

	
−1

	
1

	
1645.77

	
188.85




	
12

	
0

	
1

	
1

	
1956.57

	
197.32




	
13

	
0

	
0

	
0

	
1718.27

	
145.23




	
14

	
0

	
0

	
0

	
1732.73

	
146.32




	
15

	
0

	
0

	
0

	
1714.71

	
153.45




	
16

	
0

	
0

	
0

	
1734.53

	
152.56




	
17

	
0

	
0

	
0

	
1781.73

	
155.75
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Table 7. Working resistance analysis of variance.






Table 7. Working resistance analysis of variance.





	Source
	Sum of Squares
	Freedom
	Mean Square
	F
	p-Value





	Model
	2.58 × 105
	9
	28,609.83
	17.70
	<0.01 **



	A
	19,926.27
	1
	19,926.27
	12.33
	<0.01 **



	B
	65,204.19
	1
	65,204.19
	40.35
	<0.01 **



	C
	46,047.02
	1
	46,047.02
	28.49
	<0.01 **



	AB
	40.06
	1
	40.06
	0.025
	0.8793



	AC
	1503.89
	1
	1503.89
	0.93
	0.3668



	BC
	7672.01
	1
	7672.01
	4.75
	0.0658



	A2
	60,457.14
	1
	60,457.14
	37.41
	<0.01 **



	B2
	25,261.58
	1
	25,261.58
	15.63
	<0.01 **



	C2
	34,732.05
	1
	34,732.05
	21.49
	<0.01 **



	Residual
	11,312.66
	7
	1616.09
	-
	-



	Lack of Fit
	8441.73
	3
	2813.91
	3.92
	0.1100



	Pure Error
	2870.93
	4
	717.73
	-
	-







Note: 0.001 < p < 0.01 (highly significant, **).
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Table 8. Tool shaft torque analysis of variance.






Table 8. Tool shaft torque analysis of variance.





	Source
	Sum of Squares
	Freedom
	Mean Square
	F
	p-Value





	Model
	6182.96
	9
	687.00
	84.52
	<0.01 **



	A
	39.69
	1
	39.69
	4.88
	0.0628



	B
	39.38
	1
	39.38
	4.85
	0.0636



	C
	120.51
	1
	120.51
	14.83
	<0.01 **



	AB
	81.18
	1
	81.18
	9.99
	<0.01 **



	AC
	122.10
	1
	122.10
	15.02
	0.0129 *



	BC
	26.78
	1
	26.78
	3.29
	0.2819 *



	A2
	1348.83
	1
	1348.83
	165.95
	<0.01 **



	B2
	2312.27
	1
	2312.27
	284.49
	<0.01 **



	C2
	2315.53
	1
	2315.53
	284.89
	<0.01 **



	Residual
	56.89
	7
	8.13
	-
	-



	Lack of Fit
	41.71
	3
	13.90
	3.66
	0.1211



	Pure Error
	15.19
	4
	3.80
	-
	-







Note: 0.01 < p < 0.05 (significant, *); 0.001 < p < 0.01 (highly significant, **).
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Table 9. Field trial results.






Table 9. Field trial results.





	
No.

	
Counter-Rotating Excavation

	
Positive- Rotating Excavation




	
Fruit Burial rate/%

	
Damage Rate/%

	
Fruit Burial Rate/%

	
Damage Rate/%






	
1

	
1.43

	
1.25

	
1.55

	
1.32




	
2

	
1.23

	
1.38

	
1.42

	
1.48




	
3

	
1.35

	
1.32

	
1.58

	
1.41




	
4

	
1.31

	
1.41

	
1.49

	
1.52




	
5

	
1.52

	
1.53

	
1.65

	
1.61




	
Average value

	
1.37

	
1.38

	
1.54

	
1.47
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Table 10. The results of field trial results discussion.






Table 10. The results of field trial results discussion.





	Type of Excavation Device
	Fruit Burial Rate/%
	Working Resistance/N





	Counter-rotating excavation
	1.37
	836.65



	Optimised-Rotary tillage
	1.75
	928.36



	Normal-Rotary excavation
	2.07
	1015.52
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