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Abstract

:

In view of the current situation of the low degree of mechanized harvesting of rape shoots, combined with the study of the material characteristics of rape shoots, the core components of the harvester were designed and analyzed, and a rape shoots harvester was designed and manufactured. The front-end cutter of the harvester cuts the stalks of rape shoots, while the clamping and conveying device transports and steers the stalks flexibly to achieve low damage and orderly harvesting. The forward speed of the machine, the speed of the clamping belt and the clamping gap were selected as the test factors, while the rate of missed cut, missed clamping, and plant damage were selected as the evaluation indexes for the single-factor and response surface optimization tests. Field validation test showed that the machine could effectively cut and transport rape shoots at a forward speed, clamping belt speed and clamping gap of 0.42 m/s, 0.89 m/s and 11.43 mm, respectively (missed cut rate, 2.63%; missed clamp rate, 4.84%; and plant damage rate, 5.22%). This study provides a reference for the research and optimization of the flexible harvesting device for rape shoots.
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1. Introduction


1.1. Research Purpose and Current Situation


Rape is the third largest oilseed crop worldwide, with the largest planting area in China. Rape is widely distributed in the middle and lower reaches of the Yangtze River [1,2]. Rape (rape shoot) has in recent years been used as vegetable due to the development and promotion of double-low kale-type rape. Moreover, rape shoots, as vegetables, have excellent taste, flavor and high nutritional value [3,4]. The traditional manual harvesting method for rape shoots is labor-intensive and inefficient, thus significantly limiting the industrialization of rape shoots [5,6,7].



Only the shoots of rape (stem and leaf) are used as vegetables. The existing harvesting machinery for stem and leafy vegetable parts can be divided into two according to the degree of orderly piling after harvesting (disorderly harvesting and orderly harvesting). Compared with disorderly harvesting, orderly harvesting of vegetables with good piling quality saves time since it avoids secondary cleaning after harvesting. Experts and scholars have carried out a lot of research on orderly harvesting machinery. Hachiya et al. [8] developed a traction-type kale harvester, where the cutter cuts the kale, then transports it to the manual work platform at the back end through the clamping and conveying device at the front end. The processing, boxing and palletizing of kale is then completed on the manual work platform. However, multiple people are required to work at the same time. HORTECH (Italy) developed a SLIDE-CRAB-type leafy vegetable orderly harvester [9] with a double corrugated clamping conveyor belt that can flexibly clamp vegetable roots and stems to avoid vegetable damage during the conveying process, providing a reference for the development of subsequent flexible clamping models. Didamony et al. [10] developed a prototype harvester for the mechanized harvesting of Egyptian cabbage. The harvester was equipped with a cutter inclination adjustment device to adjust the cutting inclination during the working process, and the experiment proved that the harvesting efficiency and mechanized operation level of Egyptian cabbage can be improved. Liu et al. [11] designed an orderly harvester for low-loss harvesting of Chinese little greens by combining high-efficiency and low-loss cutting technology with flexible feeding technology. They also determined the degree of influence of each working parameter on machine efficiency through experiments, and results showed that this model could complete the mechanized harvesting of Chinese little greens. Shi et al. [12] established a model of each component and virtual assembly using Pro/E to design a virtual prototype of an orderly harvester for stem and leaf vegetables. They optimized the structural parameters of the device through virtual simulation tests to ensure the design accuracy and harvesting efficiency of the whole machine. Zhang et al. [13] designed a crawler self-propelled single-row cabbage harvester that could simultaneously complete the harvesting operations of cutting roots, clamping and guiding, conveying and boxing of cabbage. This model was stable and met the basic requirements of mechanized cabbage harvesting.



Mechanized harvesting technology, such as kale harvesters, cabbage harvesters and lettuce harvesters, is relatively mature in developed countries [14,15,16]. The mechanized harvesters have commercially promoted models. However, the foreign models do not have good applicability in China due to differences in operating environment, operating objects and consumer habits. Many key breakthroughs have been made in domestic mechanization research on small leafy vegetables in recent years. Moreover, most small leafy vegetable harvesting machines in commercial circulation have been localized. However, there are very few studies on mechanized harvesting of spherical vegetables and Brassica napus vegetables, with few mature models for commercial promotion, highly dependent on imports, which increases production costs. Therefore, localization is important to reduce the purchase cost of machines [17,18].



Since rape shoots are used as a vegetable after harvest, it is necessary to ensure the efficiency of the harvest and the quality of the sales of the rape shoots after harvest; so, the rape shoots harvester needs to achieve flexible harvesting. In this paper, a rape shoot harvester was designed considering the characteristics of rape shoots for cutting, clamping and conveying, and collecting rape shoots in the field. The key components of the harvester, such as a cutting device and a flexible clamping and conveying device, were also analyzed and field tests were conducted to ensure that the harvester could harvest the rape shoots with low damage and high efficiency. This study provides a reference for the research and optimization of flexible harvesting devices for rape shoots.




1.2. General Structure of Rape Shoots Harvester


The rape shoot harvester is mainly composed of a cutting device, crop divider, suppression wheel, flexible clamping conveyor belt, synchronous transmission gear, discharge port, clamping belt power input shaft, frame, separation partition, belt tensioning and clamping spacing adjustment device and feeding port. The structure is shown in Figure 1.




1.3. Working Principle and Technical Parameters


The harvester is suspended from the front of the self-propelled chassis in the upland gap, and the power provided by the chassis drives the cutting knife and the flexible clamping conveyor belt to simultaneously operate. Its working diagram is shown in Figure 2; the rape shoots converge on the front of the feeding port under the action of the crop divider as the machine moves. During this process, the lower stalk of rape shoots is in contact with the cutter, while the upper end is in contact with the flexible clamping conveyor belt. The cutter cuts off the lower stalk of rape shoots as the flexible clamping conveyor belt rolls the cut rape shoots into the flexible clamping conveyor device. The rape shoots are then deflected from the vertical direction 90° to the horizontal direction under the action of the belt, then passed through the discharge port to the collection area, completing the whole rape shoot harvesting work.



The main technical parameters of the rape shoot harvesting machine are shown in Table 1.





2. Materials and Methods


2.1. Planting Parameters of Rape Shoots


According to the principle of agricultural machinery and agronomic integration, it is necessary to clarify the planting parameters of crops before determining some agricultural machinery parameters. In this paper, the rape shoot variety “Changxiangtai603”, which was mechanically seeded by the 2BYL-4-type rape ridge fertilization combined seeder independently developed by Hunan Agricultural University, was studied. The seeds were sown in Anxiang County, Changde City, on 20 September 2021. Its planting parameters are shown in Table 2.




2.2. Material Characteristics of Rape Shoots


2.2.1. Basic Physical Parameters of Rape Shoots


In this paper, the material characterization of rape shoots was conducted by sampling on 18 November 2021. The sampling process was performed according to GB/T 5262-2008 “General Provisions on Test Conditions and Methods of Determination”, and the field test sampling was conducted via the “Five-point method” [19]. Analysis of each parameter was repeated ten times, and the average value was taken. The basic physical parameters of rape shoots are shown in Table 3.




2.2.2. Mechanical Properties of Rape Shoot Stalks


For mechanized orderly harvesting, the rape shoots needed to be cut, clamped and transported. The mechanical forces mainly act on the cut and clamped sections of the stalk. In the case of harvester operation, this is to ensure that the rape shoot stalk can be cut off smoothly in the shearing process and not be crushed in the clamping conveying process. Reference [20] measured parameters such as modulus of elasticity and shear modulus of rape shoots plants. The mechanical properties of the cut and clamped sections of the stalk were analyzed using a microcomputer-controlled electronic universal testing machine (SANS-CMT6104). The mechanical properties of rape shoot stalks were tested as shown in Figure 3.



The calculation formula of the respective parameter was as in [20]:


         E =   σ   ε 1    =     Fl  0    S Δ l          G =   E   2 ( 1 + μ )           μ =       ε 2     ε 1      =   Δ   Dl  0    Δ   lD  0           



(1)




where E is Young’s modulus of rape shoots stalk, MPa; G denotes shear modulus of rape shoots stalk, MPa; μ is Poisson’s ratio; σ is stress on rape shoots stalk, MPa; F is pressure on rape shoots stalk during the test, N; S represents cross-sectional area of rape shoots stalk before the test, mm2; l0 denotes length of rape shoots stalk before the test, mm; D0 is diameter of rape shoots stalk before the test, mm; ∆l expresses change in length of rape shoots stalk before and after the test, mm; ∆D is change in diameter of rape shoots stalk before and after the test, mm; ε1 expresses longitudinal strain; ε2 is transverse strain.



The mechanical properties curve of the rape shoot stalks are shown in Figure 4. The axial modulus of elasticity, shear modulus and Poisson’s ratio of rape shoots were 2.17 MPa, 0.76 Mpa and 0.43, respectively. The radial modulus of elasticity, shear modulus and Poisson’s ratio were 20.31 Mpa, 7.31 Mpa and 0.39, respectively.





2.3. Cutting Mechanism of Cutting Device


2.3.1. Cutting Device Clamped Stalk Conditions


In this paper, a trapezoidal blade was selected for cutting rape shoots. A large blade slide cutting angle, α, may damage the stalk in the cutting process because it is not clamped by the cutting knife and affect the efficiency of the cutting device. Therefore, the size of the slide cutting angle should be determined only when the stalk is clamped by the cutting knife. Schematic of the stalk clamped by the cutting knife is shown in Figure 5 (the stalk is in the critical state of detachment and clamped) [21].



The clamped stalk is subjected to the joint action of the friction force Ff1 and the positive pressure FN1 of the left-end cutter, and the friction force Ff2 and the positive pressure FN2 of the right-end cutter. In Figure 5, α and φ represent the sliding angle of the cutter and friction angle of the cutter on the stalk of rape shoots, respectively. The force exerted by the left-end cutter on the stalk and the right-end cutter should cancel each other to ensure that the combined force on the stalk is zero (the combined force of the left blade and the right blade should be in the same line). The two blades form ΔOAB since they are identical:


   θ + 2 φ = π   



(2)







Additionally, the right angles ∠OAC and ∠OBC form OABC:


   θ + 2 α = π   



(3)







α should be less than φ for the stalk to be clamped. In this study, the friction angle of the cutter on the stalk of green leafy vegetables was 25–32° [22], and the sliding angle of the cutter blade was 20° (based on previous studies) to ensure that the stalks of rape shoots were clamped during the cutting process.




2.3.2. Cutting Speed Ratio


The motion of the cutter of the reciprocating cutter was synthesized by the reciprocating motion of the cutter and the forward motion of the machine. The instantaneous speed of the cutter changes at all times since the cutter is driven by the eccentric wheel for reciprocating motion. Herein, the average speed vp of the cutter was used as the cutter speed to simplify the analysis.


   v p  =   nS   30   =   nr   15    



(4)







The cutter feed distance H is usually used to express the relationship between the cutter speed vp and the machine forward speed vm. The cutter feed distance is defined as the distance that the machine moves within one reciprocal stroke of the cutter movement, and it is calculated by the following formula:


     H = v   m   t =       30 v   m   n   



(5)




where n, t and S represent the crank speed (r/min), time for one stroke of the cutter movement (s) and cutter stroke (m), respectively.



The cutting rate ratio λ is defined as the ratio of the cutter speed to the forward speed of the machine, and it significantly affects the cutting quality of the cutter. Therefore, the best cutting rate ratio of the cutter should be identified to optimize the efficiency of the cutting device. The cutting rate ratio is calculated as shown below:


   λ =     v p     v m    =     nS   30       nH   30     =  S H   



(6)







The range of values of the cutting rate ratio in the field of agricultural engineering is usually determined using the cutting graph method [23], after which an absolute trajectory of the cutter movement under different cutting rate ratios can then be drawn via CAD drawing software to analyze the cutting process of the device.



In Figure 6, I, II and III represent blank area, primary cutting area and repeated cutting area, respectively. The cutting knife feed distance, H, significantly influences the distribution of each area. An increase in the feed distance increases the blank area, decreases the re-cutting area and decreases the feed distance. Therefore, the cutting knife feed distance should be reduced appropriately since the stalks of rape shoots are easily bent, and the market demands high-quality rape shoots. Notably, repeat cutting can lead to power loss.



In this paper, the cutting speed ratio of the cutting device was 0.8. A cutting speed ratio of 0.6 may lead to low quality of the harvested rape shoots since the blank area will be about 20%. This harvesting machine is an upland system self-propelled front-hanging type. Therefore, the machine’s forward speed should not be too fast (1~3 km/h) to prevent rollover. The cutting speed of the cutter can be determined according to the cutting speed ratio.





2.4. Design and Analysis of Clamping and Conveying Device


2.4.1. Design of Flexible Clamping and Conveying Device


The clamping and conveying device is the core component of the rape shoot harvester. The device clamps and conveys the cut rape shoots after the front cutting device is completed and the subsequent packing operation is performed. The device achieves orderly spreading through twisted belt clamping and conveying, ensuring 90° deflection of rape shoots from vertical direction to horizontal direction. The specific working state of the device is shown in Figure 7.



The belt tensioning and clamping distance adjustment device is attached to the port to adjust the working condition of the clamping conveyor. The conveyor belt is equipped with a flexible sponge for flexible clamping and conveying effect to reduce damage to rape shoots.




2.4.2. Mechanical Analysis of Stalk Clamping and Conveying


Too much clamping force may cause breakage of rape shoot stalks, while too little clamping force may not achieve the purpose of clamping and transporting. Therefore, force analysis of the two limit positions of feeding and feeding ports during clamping and transport of rape shoots is important.



In Figure 8, F and G represent the working thrust of rape shoots harvester and gravity of rape shoots stalk, respectively; Ff, f1 and f2 represent the friction force during rape shoot stalk holding and conveying, vertical friction force and lateral friction force, respectively; N1 and N2 represent the clamping force of flexible sponge on rape shoots stalks and O represents the center of mass of rape shoots stalks. The force on the center of mass satisfies the following relationship if the stalk enters the clamping device vertically:


   f 1     = G = F   f     ×   sin β   



(7)






   f 2     = F = F     f       ×   cos β   



(8)







The stalk in the clamping and conveying process of friction significantly impacts the clamping and conveying device efficiency. The clamping and conveying device should clamp the rape shoots, and the process does not produce any directional slip since the belt rotates upward for transportation. However, the stalk produces slip based on the critical state analysis of the stalk force, where the friction of the stalk and the pressure generated by the flexible sponge are proportional to the stalk cross-sectional forces. The force schematic is shown in Figure 9.



The gravity of the stalk starts to act on the flexible sponge of the lower belt when the rape shoot stalks change from vertical to horizontal position. As a result, the upward clamping force of the flexible sponge on the rape shoots gradually increases compared with the downward clamping force of the flexible sponge on the plants. The required clamping force of rape shoots at the feeding port is the maximum value of the clamping and conveying stage. The subsequent clamping and conveying process can ensure that the rape shoots do not slip in any direction and smoothly complete the clamping and conveying operation if the clamping force of the rape shoots at the feeding port ensures that the plants do not slip in any direction.



Herein, the rape shoots vertically clamped in the feed opening were used for analysis. The clamping force N1 and N2 of flexible sponge on the stalk is a pair of equilibrium forces. The clamping force on the rape shoots stalk should satisfy the following equation to ensure that the rape shoots do not slip during the clamping and conveying process and avoid damage to plants:


   N  max     ≥      N   1    ≥    G   μ sin β     



(9)




where Nmax and G represent the clamping breaking force (N) and gravity of rape shoots stalk (N), respectively.



The clamping force on the stalk and the pressure on the flexible sponge represent the action and reaction forces based on Newton’s third law. The magnitude of the above action and reaction forces are related to the flexible sponge deformation variables. The state of the stalk in the clamping process is shown in Figure 10.



The flexible sponge of the right-end belt should be set to the middle-hollow state to ensure normal unloading of the stalks at the discharge port. Additionally, the fit of rape shoots with the flexible sponge should also be reduced instantly when the stalk passes through the discharge port to ensure that the shoots do not continue to rotate with the belt and that they can be unloaded smoothly. The area where the stalk is held by the flexible sponge during the clamping and conveying process has two sections with a height of h4. The deformation state of the stalk cross-section in the clamping and conveying state with the flexible sponge was selected for further analysis. The flexible sponge deformation state is shown in Figure 11.



r, h1, h2 and h3 represent radius of rape shoots stalk, half of the distance between two flexible sponges in the clamped state, depth of rape shoot stalks pressed into the flexible sponge and thickness of the flexible sponge, respectively; a, θ and l1 represent the chord length corresponding to the stalk pressed into the part, the angle corresponding to the stalk pressed into the part and arc length corresponding to the stalk pressed into the part, respectively. The part of the stalk section pressed into the flexible sponge forms a bow during plant clamping and conveying. In this study, the pressed-in part was assumed to be rectangular corresponding to the bow, to simplify analysis. The sponge force direction was defined as the opposite direction of the pressed-in sponge, and was calculated as shown below:


   N 1     = F   h   = σ S = E ε S =       2 aEh   2   h 4     h 3     =       4 rEh   2   h 4    2    1 - cos θ         h 3     



(10)




where Fh, σ, S, E and ε represent the internal force on the flexible sponge (N), stress on the flexible sponge (MPa), area of action of the stress (mm2), elastic modulus of the flexible sponge (MPa) and strain on the flexible sponge, respectively.



In this study, E, h4 and h3 were 0.36 MPa, 40 mm and 30 mm, respectively. Notably, the depth of the rape shoot stalk pressed into the flexible sponge increases with increasing the angle of the pressed part and thus increases the clamping force on the rape shoot stalks. The gripping and transporting device must ensure that the plant with the smallest stalk diameter can be gripped and transported by the device, and the plant with the largest stalk diameter will not be damaged during the transporting process. The range of rape shoot stalk pressed into the depth of the flexible sponge and the range of the clamping and conveying distance of the device were obtained based on a previous study on stalk diameter and a radial compression test with the parallel vertical 9 and Equation (10). The clamping and conveying distance was set at 5–20 mm after the calculation.






3. Tests and Results


3.1. Test Materials and Equipment of Indoor Bench Test


A bench test was conducted to test and optimize the overall performance of the prototype of the trial harvester. The sampling area was Anxiang County, Changde City, Hunan Province, and the sampling variety was “Changxiangtai 603” (plant height after harvesting: 490 mm). The bench test was conducted at the Agricultural Mechanization Engineering Training Center of Hunan Agricultural University. The harvested rape shoots were inserted into the fixture shown in Figure 12 (the height of the fixture chassis was 300 mm above the ground). A hollow tubular steel pipe was then installed on the fixture to fix rape shoots and simulate the growth pattern of rape shoots in the field. The device was fixed to one end of the TCC-2.4 soil tank test bench. The movement of the soil tank test bench causes relative displacement between the rape shoots plant in the fixed device and the rape shoots harvester to simulate the field rape shoots harvesting operation.




3.2. Test Method and Evaluation Index


The forward speed of the machine, the speed of the clamping belt and the clamping gap significantly affect the performance of the rape shoot harvester based on the preliminary structural design and theoretical analysis. In this study, the soil tank test vehicle speed was adjusted to change the forward speed of the machine. The clamping belt conveying speed was also adjusted by controlling the hydraulic throttle valve. The position of the tension nut in the clamping conveyor belt tensioning and clamping distance adjustment device were adjusted to alter the clamping gap. The missed cut rate, missed clamp rate and plant damage rate of rape shoots were used as the evaluation indexes of the performance of the harvester based on previous studies [24,25]. The missed cut rate was calculated as follows:


   Q =     Q 1     Q Z       ×   100 %   



(11)




where Q, Q1 and QZ represent missed cut rate, number of missed cuts (pieces) and total number of missed cuts (pieces), respectively.



The missed clamp rate was calculated as follows:


   J =     J 1     J Z       ×   100 %   



(12)




where J, J1 and JZ represent missed clamp rate, number of missed clamps (pieces) and total number of missed clamp clips (pieces), respectively.



The plant damage rate of rape shoots was calculated as follows:


   P =     P 1   Z     ×   100 %   



(13)




where P, P1 and Z represent plant damage rate of rape shoots, number of damaged rape shoots (one) and total number of rape shoots that finished the cutting and clamping and conveying operation (one), respectively.




3.3. Single-Factor Tests Affecting the Harvesting Quality of Rape Shoots


A single-factor test was conducted to investigate the effects of different parameters (the forward speed of machine, clamping belt speed and clamping gap) on the performance of the harvester based on the missed cut rate, missed clamp rate and plant damage rate of rape shoots (as evaluation indicators).



3.3.1. Influence of Forward Speed of Machine on Harvesting Quality


The clamping belt speed and the clamping gap were set at 0.9 m/s and 12 mm, respectively, to assess the effect of the forward speed of the machine on harvesting quality. The test was repeated thrice at each forward speed of the machine (0.3 m/s, 0.4 m/s, 0.5 m/s, 0.6 m/s and 0.7 m/s) using 20 rape shoots in each group (Figure 13).



The missed cut rate decreased first and reach the lowest value at 0.4 m/s, then increased with increasing the forward speed of the machine. Low forward speed had less influence on the missed cut rate. The cutting blank area gradually increased with increasing the forward speed of the cutting tool, which leads to missing cutting. The missed clamp rate increases with the forward speed of machine, and it changes obviously at higher speed. The increase in the forward speed leads to the accumulation of rape shoots in the feed port after cutting, resulting in a certain amount of missed clamp. The plant damage rate first decreased and reached the lowest point at 0.4~0.5 m/s, then increased with increasing forward speed. The rape shoots accumulate in the feed port and slowly slide downward when the forward speed is larger. As a result, the cutter repeatedly cuts the plants, thus increasing the plant damage rate.




3.3.2. Influence of Clamping Belt Conveying Speed on Harvesting Quality


The forward speed of the machine and the clamping gap were set at 0.5 m/s and 12 mm, respectively, to assess the influence of the clamping belt conveying speed on harvesting quality. The test was repeated thrice at each level of clamping belt conveying speed (0.7 m/s, 0.8 m/s, 0.9 m/s, 1.0 m/s and 1.1 m/s) using 20 rape shoots in each group (Figure 14).



The missed cut rate gradually increased with increasing the clamping belt conveying speed. The missed clamp rate first decreased and reached the lowest value at 0.9~1.0 m/s, then increased with increasing speed of the device. A few rape shoots accumulate at the feed port after cutting when the clamping speed is low, thus increasing the missed clamp rate, and the vibration of the harvester will be increased when the clamping speed is too high, thus affecting the clamping efficiency. The plant damage rate also first decreased and reached the lowest value at 0.8~0.9 m/s, then increased with increasing clamping and conveying speed. The device produces a larger impact on the plant during clamping when the clamping and conveying speed is larger, thus significantly increasing the plant damage rate.




3.3.3. Effect of Clamping Gap on Harvesting Quality


The forward speed of the machine and the conveying speed of the clamping belt were set at 0.5 m/s and 0.9 m/s, respectively, to assess the effect of clamping gap on harvesting quality. The test was repeated thrice at each level of clamping gap (6 mm, 9 mm, 12 mm, 15 mm and 18 mm) using 20 rape shoots in each group (Figure 15). The clamping gap did not significantly affect the missed cut rate. The missed clamp rate gradually increased with increasing the clamping gap. The plant damage rate gradually decreased with increasing the clamping gap.





3.4. Response Surface Synthesis Analysis of Rape Shoot Harvesting Quality


The single-factor test showed that the forward speed of the machine, the conveying speed of the clamping belt, and the clamping gap each could affect the performance of the rape shoots harvester. Although the optimal working interval for each factor was determined, each factor interacts with each other during the actual operation, and thus a combined optimal condition is necessary. Therefore, a response surface test was conducted to obtain the regression equation for the harvesting performance of the device to obtain the optimal combination of operating parameters.



3.4.1. Experimental Design and Results


Based on the single-factor test, the forward speed of the machine X1, clamping belt conveying speed X2 and clamping gap X3 were selected as the test factors, and the missed cut rate Y1, missed clamping rate Y2 and plant damage rate Y3 were chosen as the evaluation indexes in the response surface BBD (Box–Behnken Design) test using Design-Expert 8.0.6 software. The coding table is presented in Table 4.



The quadratic regression orthogonal test protocol and results obtained using the Design-Expert 8.0.6 software in line with the test factor level coding table are shown in Table 5.



The test results were analyzed by ANOVA, and the results are presented in Table 6. The data show that the P values of the regression models of missed cut rate, missed clamp rate and plant damage rate were below 0.05, suggesting that they were significant and that the model was valid. The P values of its misfit terms were all insignificant, indicating that the model had a good fit.



The regression equation of each factor with the missed cut rate Y1, missed clamp rate Y2 and plant damage rate Y3 were calculated by excluding the insignificant coefficient of influence in the regression equation based on the ANOVA analysis results.


         Y 1   = 3 + 1     . 67 X   1   + 1     . 93 X   1 2         Y 2   = 5   -   1     . 04 X     2       + 1     . 25 X   3   + 1     . 46 X   3 2         Y   3       = 5   . 06 + 1     . 98 X   1 2   + 1     . 49 X   2 2         



(14)







The regression results demonstrate that the influence of the forward speed of the machine X1, clamping belt conveying speed X2, clamping gap X3 on the missed cut rate Y1 were, in descending order of significance, forward speed of the machine X1, clamping belt conveying speed X2, clamping gap X3; on the missed clamp rate Y2 were, in descending order of significance, clamping gap X3, clamping belt conveying speed X2, forward speed of the machine X1; on the plant damage rate Y3 were, in descending order of significance, clamping belt conveying speed X2, clamping gap X3, and forward speed of the machine X1. The plant damage rate is often used to evaluate the quality of rape shoots, and corresponding surface plots were constructed according to the regression results to determine the influence law of each test factor on plant damage rate, as shown in Figure 16.



It can be seen from Figure 16a that the clamping gap is at the central level. When the clamping belt conveying speed is constant, the plant damage rate first decreases and then increases with the increase in the forward speed; when the forward speed of the machine is fixed, the plant damage rate first decreases and then increases with the increase in the belt conveying speed. As shown in Figure 16b, when the central value of clamping belt conveying speed was selected and the forward speed of the machine was fixed, the plant damage rate was negatively correlated with the clamping gap. When the clamping gap was fixed, the plant damage rate decreased first and then increased with increasing forward speed. As shown in Figure 16c, when the central value of the forward speed of the machine was selected and the clamping belt conveying speed was fixed, the plant damage rate was negatively correlated with the clamping gap; when the clamping gap was fixed, the plant damage rate first decreased and then increased with the increase in the clamping belt conveying speed.




3.4.2. Parameter Optimization


The results were optimized by setting the minimum values of the missed cutting rate, missed clamping rate and plant breakage rate in Numerical using the Optimization module of Design-Expert 8.0.6 software. The results were analyzed and solved, the optimal efficiency of the machine was obtained at a forward speed of 0.42 m/s, a speed of the clamping belt of 0.89 m/s and a clamping gap of 11.43 mm, with a missed cut rate of 2.63%, a missed clamp rate of 4.84% and a plant damage rate of 5.22%.





3.5. The Field Trial


To verify the reliability of the optimized results, a field trial was conducted under the optimal working parameters, and the field tests are shown in Figure 10. Anxiang County, Changde City, and Hunan Province were selected as the test sites, and 60 rape shoots were selected from the front end of each ridge. The plants at the back end of the selected rape shoots were removed to play a dividing role. The machine traveled to the boundary to stop the operation, and the test was repeated five times. The obtained test results are presented in Table 7.



When the machine was working in the field with a forward speed of 0.42 m/s, a clamping belt conveying speed of 0.89 m/s and a clamping gap of 11.43 mm, the missed cut rate was 2.67%, the missed clamp rate was 5.33% and the plant breakage damage rate of rape shoots was 5.41%. The deviation of the field test results from the theoretical optimized parameters was 0.04%, 0.49% and 0.19%, respectively, indicating that the optimized scheme was effective (Figure 17). The field test results deviated from the theoretical optimized parameters by 0.04%, 0.49% and 0.19%, suggesting that the optimized scheme was effective and the rape shoots harvester designed here showed good field performance.





4. Discussion


Through the preliminary optimization and experimental verification, the harvest of rape shoots developed in this paper can better complete the mechanized harvest of rapeseed stems and achieve low damage flexibility harvesting. However, by comparing the rape shoot harvester with the world’s advanced harvesters for harvesting other varieties, there are still some limitations. There is still room for improvement in the functional comprehensiveness of the rape shoot harvester developed in this paper. The versatility needs to be improved, and the degree of intelligence is low.



In the subsequent improvement and optimization process, the rape shoot baling and packaging device should be added after the discharge port of the machine to realize the function of cutting, conveying and packaging through a rape shoot harvester. The research on the material characteristics of more varieties of rape shoots should be strengthened to improve the efficiency of agricultural machinery and agronomy and improve the versatility of the rape shoots harvester. The height adjustment system of the header is added in order to not affect the working parameters of the adjusted header, so as to ensure the working efficiency of the machine in different field terrains and when growing different rape shoot plants. Combined with the intelligent system for optimization, a visual recognition system can be installed to adjust the height of the cutting device in real time according to the growth of the rape shoot in the field, and combined with 3S technology to achieve unmanned operation in the field.




5. Conclusions


Based on the current situation of the low mechanization degree of rape shoots harvesting, this paper, combined with the study of the characteristics of rape shoots material, designed a rape shoots harvester. The harvester can complete the orderly and low-loss flexible harvesting of rape shoots in the field. The structure design and working parameter optimization of the cutting device and flexible clamping and conveying device are mainly carried out in this paper. The specific research content is as follows:




	(1)

	
The forward speed of the machine, the speed of the clamping belt and the clamping gap were selected as the test factors, and the missed cut rate, missed clamp rate and plant damage rate were used as the evaluation indexes in the single-factor tests of the rape shoots harvester. The results show that the harvester has a good working effect when the forward speed of the machine is in the range of 0.35~0.55 m/s, the conveying speed of the clamping belt is in the range of 0.8~1.0 m/s and the clamping gap is in the range of 9~15 mm.




	(2)

	
Design-expert 8.0.6 software was used for response surface synthesis analysis design and data optimization, and the optimal working parameters of the rape shoots were a machine forward speed of 0.42 m/s, clamping belt speed of 0.89 m/s and 11.43 mm clamping gap, which resulted in a 2.63% missed cut rate, 4.84% missed clamp rate and 5.22% plant damage rate. The field validation tests showed that the rape shoots were cut effectively and transported stably.
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Figure 1. Schematic diagram of the key structure of the rape shoots harvesting device: 1. cutting device; 2. crop divider; 3. suppression wheel; 4. flexible clamping conveyor belt; 5. synchronous transmission gear; 6. discharge port; 7. clamping belt power input shaft; 8. frame; 9. separation partition; 10. belt tensioning and clamping spacing adjustment device; 11. feeding port. 
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Figure 2. Rape shoot harvesting. 
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Figure 3. Mechanical properties of rape shoot stalks: (a) the axial compression mechanical properties; (b) the radial compression mechanical properties; (c) the shear mechanical properties. 
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Figure 4. Mechanical properties curve of the rape shoot stalk: (a) stalk axial compression characteristic curve; (b) radial compression characteristic curve of stalk; (c) stalk shear characteristic curve. 
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Figure 5. Schematic of the clamped stalk. 
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Figure 6. Cutting diagram with different rate ratios: (a) λ = 1.0; (b) λ = 0.8; (c) λ = 0.6. 
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Figure 7. Rape shoot stalk transport status. 






Figure 7. Rape shoot stalk transport status.



[image: Agriculture 13 00792 g007]







[image: Agriculture 13 00792 g008 550] 





Figure 8. Clamping and conveying force diagram of rape shoot stalks: (a) the feeding port; (b) the discharge port. 
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Figure 9. Schematic of the cross-sectional forces of rape shoot stalks. 
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Figure 10. Stalk clamping state of rape shoots: (a) overall status; (b) local status. 
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Figure 11. Flexible sponge deformation state. 
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Figure 12. Bench test operation diagram: (a) front view; (b) side view. 
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Figure 13. Influence of machine forward speed on harvesting performance. 
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Figure 14. Effect of clamping belt conveying speed on harvesting performance. 
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Figure 15. Effect of clamping gap on harvesting performance. 
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Figure 16. Effect of test factors on plant damage rate: (a) X3 = 12 mm; (b) X2 = 0.9 m/s; (c) X1 = 0.45 m/s. 
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Figure 17. The field test. 
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Table 1. Main technical parameters of rape shoot harvesting machine.
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	Parameter
	Value





	Dimension/m × m × m
	1.2 × 5.5 × 2.2



	Drive mode
	Hydraulic (System pressure 14 MPa)



	Working width/mm
	1000



	Operating speed/km·h−1
	0~3



	Cutter type
	Reciprocating double-action knife



	Operating efficiency/ha·h−1
	0.36



	Number of flexible clamping conveyors
	2
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Table 2. Planting parameters of rape shoots.
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	Parameter
	Value





	Ridge width/mm
	600



	Furrow depth/mm
	≤300



	Number of plant rows per ridge
	2



	Sowing method
	Drilling



	Plant row spacing/mm
	350
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Table 3. Basic physical parameters of rape shoots.
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	Statistical Indicators
	Crop Natural Height

mm
	Plant Weight

g
	Plant Height after Cutting

mm
	Diameter at Cut

mm
	Stem Static Friction

Factor
	Stalk Density

g·cm−3





	Mean value
	793
	116.15
	488
	13.4
	0.75
	1.04



	Maximum value
	876
	171.18
	532
	15.5
	0.84
	1.15



	Minimum value
	675
	64.99
	458
	11.2
	0.68
	1.01



	Standard deviation
	69.2
	30.94
	20.43
	1.29
	0.04
	0.04



	Coefficient of variation
	0.09
	0.26
	0.04
	0.10
	0.05
	0.04
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Table 4. Code schedule of factors and levels.
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Levels

	
Factor




	
The Forward Speed of Machine

X1/m/s

	
Clamping Belt Conveying Speed

X2/m/s

	
Clamping Gap

X3/mm






	
−1

	
0.35

	
0.8

	
9




	
0

	
0.45

	
0.9

	
12




	
1

	
0.55

	
1.0

	
15
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Table 5. Experimental scheme and results.
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Experimental Number

	
Experimental Factor

	
Experimental Index




	
The Forward Speed of Machine

X1/m/s

	
Clamping Belt Conveying Speed

X2/m/s

	
Clamping Gap

X3/mm

	
Missed Cut Rate

Y1/%

	
Missed Clamp Rate

Y2/%

	
Plant Damage Rate

Y3/%






	
1

	
0.45

	
0.90

	
12.00

	
3.33

	
5

	
5.45




	
2

	
0.55

	
0.90

	
9.00

	
6.67

	
6.67

	
7.69




	
3

	
0.45

	
0.90

	
12.00

	
1.67

	
5

	
5.36




	
4

	
0.45

	
0.80

	
15.00

	
3.33

	
10

	
5.77




	
5

	
0.45

	
1.00

	
9.00

	
5

	
5

	
9.26




	
6

	
0.45

	
0.90

	
12.00

	
5

	
3.33

	
5.45




	
7

	
0.45

	
0.80

	
9.00

	
3.33

	
6.67

	
7.41




	
8

	
0.35

	
1.00

	
12.00

	
5

	
5

	
9.26




	
9

	
0.35

	
0.80

	
12.00

	
3.33

	
6.67

	
7.41




	
10

	
0.45

	
1.00

	
15.00

	
5

	
8.33

	
5.77




	
11

	
0.55

	
0.80

	
12.00

	
6.67

	
8.33

	
7.84




	
12

	
0.35

	
0.90

	
9.00

	
3.33

	
5

	
7.27




	
13

	
0.55

	
1.00

	
12.00

	
8.33

	
5

	
9.62




	
14

	
0.55

	
0.90

	
15.00

	
6.67

	
6.67

	
7.69




	
15

	
0.35

	
0.90

	
15.00

	
3.33

	
8.33

	
7.55




	
16

	
0.45

	
0.90

	
12.00

	
1.67

	
5

	
5.36




	
17

	
0.45

	
0.90

	
12.00

	
3.33

	
6.67

	
3.7
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Table 6. Analysis of variance results.
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Variance Source

	
Qualified Index A/%

	
Replay Index D/%

	
Missing Index M/%




	
Sum of Square

	
Degree of Freedom

	
Mean Square

	
F Value

	
p Value

	
Sum of Square

	
Degree of Freedom

	
Mean Square

	
F Value

	
p Value

	
Sum of Square

	
Degree of Freedom

	
Mean Square

	
F Value

	
p Value






	
Model

	
47.51

	
9

	
5.28

	
4.76

	
0.0258

	
39.73

	
9

	
4.41

	
4.04

	
0.0396

	
37.08

	
9

	
4.12

	
4.51

	
0.0298




	
X1

	
22.28

	
1

	
22.28

	
20.11

	
0.0029

	
0.35

	
1

	
0.35

	
0.32

	
0.5898

	
0.23

	
1

	
0.23

	
0.25

	
0.6328




	
X2

	
5.56

	
1

	
5.56

	
5.02

	
0.0600

	
8.69

	
1

	
8.69

	
7.96

	
0.0257

	
3.75

	
1

	
3.75

	
4.11

	
0.0823




	
X3

	
0.000

	
1

	
0.000

	
0.000

	
1.0000

	
12.48

	
1

	
12.48

	
11.42

	
0.0118

	
2.94

	
1

	
2.94

	
3.22

	
0.1159




	
X1X2

	
2.5 × 10−5

	
1

	
2.5 × 10−5

	
2.256 × 10−5

	
0.9963

	
0.69

	
1

	
0.69

	
0.63

	
0.4533

	
1.2 × 10−3

	
1

	
1.2 × 10−3

	
1.3 × 10−3

	
0.9718




	
X1X3

	
0.000

	
1

	
0.000

	
0.000

	
1.0000

	
2.77

	
1

	
2.77

	
2.54

	
0.1552

	
0.020

	
1

	
0.020

	
0.021

	
0.8877




	
X2X3

	
0.000

	
1

	
0.000

	
0.000

	
1.0000

	
0.000

	
1

	
0.000

	
0.000

	
1.0000

	
0.86

	
1

	
0.86

	
0.94

	
0.3654




	
X12

	
14.16

	
1

	
14.16

	
12.78

	
0.0090

	
0.18

	
1

	
0.18

	
0.17

	
0.6942

	
16.56

	
1

	
16.56

	
18.12

	
0.0038




	
X22

	
4.20

	
1

	
4.20

	
3.79

	
0.0926

	
4.57

	
1

	
4.57

	
4.18

	
0.0802

	
9.29

	
1

	
9.29

	
10.17

	
0.0153




	
X32

	
0.12

	
1

	
0.12

	
0.11

	
0.7553

	
8.96

	
1

	
8.96

	
8.20

	
0.0242

	
1.07

	
1

	
1.07

	
1.17

	
0.3160




	
Residual

	
7.76

	
7

	
1.11

	

	

	
7.65

	
7

	
1.09

	

	

	
6.39

	
7

	
0.91

	

	




	
Lack of Fit

	
2.5 × 10−5

	
3

	
8.33 × 10−6

	
4.3 × 10−6

	
1.0000

	
2.07

	
3

	
0.69

	
0.50

	
0.7050

	
4.06

	
3

	
1.35

	
2.32

	
0.2169




	
Pure Error

	
7.76

	
4

	
1.94

	

	

	
5.58

	
4

	
1.39

	

	

	
2.33

	
4

	
0.58

	

	




	
Cor Total

	
55.26

	
16

	

	

	

	
47.38

	
16

	

	

	

	
43.47

	
16

	

	

	








Note: significant (0.01 < p < 0.05), highly significant (p < 0.01).
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Table 7. Optimization parameter test results.
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	Levels
	Missed Cut Rate

Y1/%
	Missed Clamp Rate

Y2/%
	Plant Damage Rate

Y3/%





	1
	3.33
	3.33
	5.36



	2
	5
	6.67
	3.77



	3
	1.67
	3.33
	7.02



	4
	3.33
	8.33
	5.66



	5
	0
	5
	5.26



	Average
	2.67
	5.33
	5.41
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