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Abstract

:

To reduce the cutting force and cutting power consumption during harvest, the cutting mechanical properties of the root of little cabbage were studied. The cutting experiment was carried out using a texture analyzer, and the influence of the individual factors, the cutting bevel angle, the sliding angle, and the cutting gap on the maximum cutting stress and specific cutting energy were studied, respectively. On the basis of single factor experiments, multi-factor experiments were carried out using the central composite design scheme of the response surface method (RSM), and finally, the cutting parameters were optimized. The single factor test results showed that the maximum cutting stress and specific cutting energy first decreased and then increased with the increase in the cutting bevel angle, decreased with the increase in the sliding angle, and first dropped and then went up with the increase in the cutting gap. Response surface test results showed that the order of significance of factors affecting the maximum cutting stress of the root were the oblique angle, sliding angle, and cutting gap in sequence, and the order of the significance of factors affecting the specific cutting energy are cutting gap, oblique angle, and sliding angle. The interaction between the sliding angle and the cutting gap had a significant impact on the maximum cutting stress, and the interaction between the oblique angle and the cutting gap had a significant impact on the cutting energy. The optimal parameter combination is as follows: oblique angle of 9.1°, sliding angle of 30°, and cutting gap of 1.3 mm. At this time, the predicted maximum cutting stress was 7.43 × 104 Pa, and the specific cutting energy was 0.28 mJ mm−2. Finally, a verification experiment was carried out, and the errors of the predicted and measured values of cutting under the optimal parameter combination were 6.9% and 10.8%, respectively, showing that the cutting parameter optimization results were reliable. This research can provide data support for the design and improvement in the cutting device of the little cabbage combine harvester.
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1. Introduction


Little cabbage is rich in nutrients and is one of the most important vegetable species in China. However, the degree of mechanization in the harvesting of little cabbage is low at present, and there are problems such as high labor intensity and low production efficiency in manual harvesting. The cutting device is an important component of little cabbage vegetable harvesters. Reducing power consumption and cutting damage in the cutting operation and improving the service life of the tool are the main factors to be considered in the design of the cutting device. Investigating the physical and mechanical properties of the roots of little cabbage has important guiding significance for the research and development of cutting devices [1,2].



The stress–strain process in plant cutting, in essence, is that when the cutter com-presses the root and bend root to elastically deform, the fibers at the minimum radius of curvature of the cutter blade generates tensile stress. When the tensile stress exceeds the resistance of fiber tissues at tensile strength, fibers break and fail. As the cutter moves for-ward against the cutting resistance, the entire fiber layer of the root slips and breaks, resulting in shear failure of the entire root [3]. In general, the cutting process of plant roots is typical high-speed collision and contact, and the interaction force between the cutting blade and the root is random and nonlinear, hence, it is difficult to clarify the relationship between them by traditional theoretical analysis methods. Therefore, physical experiments are usually adopted to study the cutting mechanical properties of plant roots [4,5].



Some studies have found that the structural and working parameters of the cutting blade also affect the cutting mechanical properties [6,7]. Many studies have investigated the effect of factors such as the oblique angle of the cutting blade on the mechanical properties in cutting. Zhao et al. [8] analyzed the cutting resistance and power consumption of maize stalks under a self-designed testing system and found that the power consumption declined by 11.04% and 16.65%, respectively, when the cutting angle was 75°. Vu et al. [9] took corn stem as the research object and studied the influence of feed angle of cutting blade on cutting force forces and cutting power, and determined the optimum cutting condition found was 50° by calculating using the grey relational grades method. It was reported that the sliding angle of the cutter also had obvious significance on affecting the cutting mechanical properties of plant roots. Gan et al. [10] compared power consumption in harvesting Miscanthus using a right angle cutter and bevel cutter and found that the design of the cutter had a significant impact on the energy consumption and field performance of biomass harvesting equipment. Zhang et al. [11] used the cutting device of a texture analyzer to study the effect of the slide cutting angle on the cutting energy of a single rice stem. The results showed that optimizing the sliding cutting angle had a significant effect on savings in cutting energy. With the increase in the sliding cutting angle of the blade, the peak cutting force per unit stem cross-sectional area was reduced. Similar results were also reported by Boydas et al. [12], who found that the shear stress value at the 28° bevel angle was lower than that at the 0° bevel angle in cutting red bean stems. Cutting gap is another important factor that affects cutting force [13]. A study designed a shear fixture for cutting lettuce stems on a universal materials tester, and the results showed that the optimal cutting gap for a cutter design was 1.66 mm [14]. Therefore, according to the relevant literature, the relationship between the cutting mechanical properties of the plant and the physical structure of the stem, the structure, and the working parameters of the cutter can be studied through a texture analyzer or a specific experimental device with a mechanical sensor, and related parameters can be optimized. However, there are few studies on the cutting mechanical properties of the root of little cabbage. In addition, the cutting devices of existing commercial harvesters are mostly used for crops such as rice and wheat, which are not suitable for root and leaf vegetables due to the different physical parameters [15]. In order to study the cutting mechanical properties of little cabbage root and optimize the parameters of the cutting device of the little cabbage harvester, oblique angle, sliding cutting angle, and cutting gap were taken as test factors, and effects of test factors on the cutting performance of little cabbage roots were studied. Finally, the optimal combination of cutting parameters was obtained to improve the cutting process and cutting device for little cabbage.




2. Materials and Methods


2.1. Materials


The variety of little cabbage test samples was Nanjing Yongxin, which is widely grown in Jiangsu Province, China. The test samples were cultivated in a facility greenhouse for 35 days, and were randomly selected from 200 plants. The plants grew normally without obvious defects. We kept the soil at the roots of the plants and sealed them with plastic wrap [16]. Before the cutting test, ten cabbage roots were randomly selected and weighed, respectively, and were continuously dried in an oven at 103 °C for 24 h to measure the moisture content (ASABE standard, 2012). The moisture content was calculated by Equation (1).


  M C =    M L     M W    × 100 %  



(1)




where MC is the moisture content, %;     M L    is the weight lost after drying, g; and    M w    is the weight of the wet sample, g.



In the laboratory, the root moisture content of cabbage was 93.9% ± 0.8%, and the difference in moisture content was small, indicating that the root moisture content had little influence on the test results, so it was not necessary to consider. Before the cutting test, the geometric parameters of vegetables such as plant height and developed length were measured using a meter ruler and a vernier caliper, the leaves were manually removed, and the root was retained. The upper end of the root was the growth position of the bottommost vegetable leaf, and the lower end of the root was where the cabbage root made contact with the ground surface. The length of the retained root was the cuttable area for the cutting device. Length and diameter at the middle of the root were measured (Figure 1a). The measured geometric parameters of little cabbage are shown in Figure 1b.




2.2. Experiment Test Equipment


The test equipment was a texture analyzer (TMS-Pro, FTC, USA) that adopts a single-arm mainframe with range of 0~1000 N, a measurement accuracy of 0.01 N, the maximum test speed of 1000 mm/min, and a test distance of more than 300 mm.



A set of the cutter and fixture was designed to match the work of the texture analyzer (Figure 2). The movable cutter mounting frame and the measuring arm of the texture analyzer were connected by bolts, and the inclination angle of the movable cutter could be adjusted by rotating the connecting bolt at the upper end of the movable cutter fastening plate, and the adjustment range was 0~12° (Figure 2a). The movable cutter was fixed on the mounting frame by adjusting bolts, and the inclination angle of the movable cutter was adjusted by changing the relative angle of the center line of the fastening bolt. The adjustable range was 0~60°, and the corresponding cutting angle was 0~60° (Figure 2b). The method of non-support and single-point clamping was adopted in the cutting device. By manually rotating the bolt to clamp the bottom end of the cabbage stem, and adjusting the gap between the movable cutter and the fixed cutter by changing the advancing distance of the bolt on the base of the texture analyzer bearing platform, the blade gap could be adjusted in the range of 0 to 3 mm (Figure 2c).



Bolts were used to fix the bottom of the cabbage root, and the oblique angle, sliding angle, and cutting gap of the movable cutter were adjusted by rotating the bolts during the test. The working mode and cutting speed of the texture analyzer were set as shear mode 500 mm/min, respectively. When working, the moving cutter moved down at a constant speed, and completed the cutting operation on the root at a constant speed of 500 mm/min at the moment of contact with the root. The sensor collected the cutting force during the cutting process, and the computer drew the relationship curve between the cutting force and displacement. The energy consumption was calculated during the cutting process [17,18].




2.3. Evaluation Index of Experiment


The cutter must move forward against the cutting resistance during the cutting process [19]. The cutting force is periodic and nonlinear, serving as an important factor in causing the fracture and slippage of the fiber layer in the root. Some studies have found that the cutting quality and cutter life are closely related to the cutting force, and a larger cutting force will cause problems such as splitting of the stem cutting cross-section and cutter wear [4]. Therefore, the cutting force was used as one of the test evaluation indicators in this study.



Suppose that the root was a spatially homogeneous body and the cutting surface was always in the same plane during the cutting process. The force analysis of the cutter is shown in Figure 3. The equilibrium condition from the vertical direction is computed as follows:


     F  x 1   =    F x    cos ϕ   sin ( ϕ + θ ) +  F  x 2    



(2)




where    F x    is the positive pressure on the cutter wedge surface, N;    F  x 1     and    F  x 2     are the positive pressure on the lower and upper surfaces of the cutter, respectively, N;  ϕ  is the friction angle, deg; and  θ  is the cutter wedge angle, deg. The cutting force received by the cutter in the Z direction is as follows:


   ∑   F Z  =    F x    cos ϕ   sin ( ϕ + θ ) +  F  x 2    



(3)







According to Equations (2) and (3),    F Z    can be obtained by Equation (4):


   ∑   F Z  =    F x      cos  2  ϕ   sin ( ϕ + 2 θ ) + 2  F  x 2   tan ϕ  



(4)







The cutting force is proportional to the wedge angle of the cutter during cutting. However, when the cutter slides, the actual wedge angle cutting into the root will become smaller. When the sliding angle is larger, the actual wedge angle is smaller, so the normal force of the cutter cutting into the root is smaller, and the cutting resistance is higher.



During the cutting process, Fx and    F f    are constantly changing with the increase in cutting depth. In order to avoid the influence of root diameter variation on the test results, the maximum cutting stress τ (maximum cutting force per unit area) was selected as the index. τ can be obtained by Equation (5):


  τ =    F  z m a x    A   



(5)




where Fzmax is the maximum shear force in the Z direction, N and A is the cross-sectional area of the root cutting surface, mm2. The cross-sectional area of the root cutting surface was obtained by a leaf area scanner.



Cutting energy consumption is an important economic factor. Low-power cutting operations can improve economic efficiency and reduce the operation time of harvesting machinery as well as improve equipment production efficiency. Therefore, cutting power consumption was taken as another test index in this study. The calculation equation for cutting power consumption is as follows:


   W s  =   ∫  a b   F z   d s   



(6)




where Ws is the cutting power consumption, mJ; a is the initial cutting position, mm; b is the end position in cutting, mm; FZ is the instantaneous cutting force in cutting, N; and s is the cutting displacement, mm.



In order to avoid the influence of root diameter change on cutting power consumption, the specific cutting energy (cutting energy per unit area) was used as the test evaluation index in this study [9]. The specific cutting energy was calculated as follows:


   E s  =    W s   A   



(7)




where ES is specific cutting energy, mJ mm−2.




2.4. Influencing Factors of Experiment


The cutting stress and specific cutting energy are correlated to the interaction mechanism between the cutting blade and the root. During the cutting process, the root fiber layer is deformed and fractured under the action of the cutting blade. Therefore, the structural parameters and working methods of the cutting blade have important impacts on the test indicators [20].



The oblique angle, sliding cutting angle, and the cutting gap were considered as the factors affecting the maximum cutting stress and specific cutting energy, and the cutting test was carried out on this basis. The cutting surface is deviated from the root axis, and the cutting method in which the direction is perpendicular to the root axis is oblique cutting. The oblique cutting angle is the angle between the cutting surface and the root axis, which is a factor in the cutting test. The oblique cutting angle can be adjusted by rotating the connecting bolt on the movable cutter mounting frame [8]. When the absolute movement direction of the cutter is at a certain angle to the cutting edge, the cutting method is sliding cutting. The sliding angle is the angle between the absolute speed direction and the normal speed direction of the cutter movement, and can be adjusted by changing the relative position of the fastening bolts between the moving cutter and the fixed plate [11,21]. The cutting gap refers to the distance between the movable cutter and the fixed cutter, and is also considered as one of the experimental factors. The cutting spacing can be changed by adjusting the bolts on the base of the host platform of the texture analyzer [13].



Therefore, the oblique angle, sliding cutting angle, and the cutting gap were considered as the factors affecting the maximum cutting stress and specific cutting energy, and the cutting test was carried out on this basis.




2.5. Design of Single Factor and RSM Test


In order to study the influence of various factors on the mechanical properties of little cabbage root, the maximum cutting stress τ and the specific cutting energy Es were taken as the evaluation indexes, and the cutting bevel (α), sliding cutting angle (θ), and cutter gap (d) were designed as factors in three groups of single-factor tests. In the single factor test of the oblique angle, the sliding angle was set to 30° and the cutting gap was 1.5 mm. In the actual cutting operation, considering the issue that the root cannot be cut completely due to the excessive oblique angle, the selection range of the oblique angle was 0~12°. In the single factor test of the sliding cutting angle, the oblique angle was set to 6° and the cutter clearance was 1.5 mm. Although the cutting force decreases with the increase in the sliding cutting angle, too large a sliding cutting angle can easily cause problems such as unstable root clamping. Therefore, the sliding angle was set within the range of 0° to 60°. In the single factor test of the cutting gap cutter, the oblique angle and sliding angle were set to 6° and 30°, respectively. The cutting gap adjustment range was 0~3 mm. The cutting speed was set to 500 mm/min, and each set of tests consisted of six levels, and each level experiment was repeated five times. The factors and levels of the single factor test are shown in Table 1.



In order to optimize the cutting parameters of little cabbage root, the optimal combination of the minimum cutting force and cutting energy was obtained to study the significance order of the influence of each factor on the test indexes by using the Design-Expert 10.0.3 software and based on key factors such as the single-factor test results and cutting performance. By taking the cutting bevel angle (α), sliding cutting angle (θ), and cutting gap (d) as test factors, the appropriate test factor level range was selected, and taking the maximum cutting stress τ and specific cutting energy Es as the evaluation indicators, response surface experiments were conducted using the central composite design method. The factor coding table of the factors in the response surface test is shown in Table 2. The test was conducted in 20 groups, five times in each group, and took the average of the test results.





3. Results


3.1. Cutting Force Displacement Curve


The cutting force–displacement curve of little cabbage root is shown in Figure 4. The cutting process was divided into three stages, namely, the near-linear rising stage (stage I), the oscillation fluctuation stage (stage II), and the near-linear descending stage (stage III), respectively. The increase in the cutting force from the starting point to the peak value H belongs to the near-linear rising stage, which is stage I. At this time, the cutting knife pressed and cut into the root epidermis. Since the fibrous tissues of the root epidermis are hard and tightly arranged, the cutting force increased rapidly and reached the peak value at the H point. When the root epidermis was cut, the cutting blade cut into the vascular bundle tissues. Since the vascular bundle had different mechanical properties with softer texture than the epidermis, the cutting force curve showed an oscillating trend until the second cutting force peak point E, forming stage II. When the cutter passed through the E point, the root epidermis was cut. At this time, the cutting force curve decreased rapidly and nearly linearly until the cutting root was 0, forming stage III. The cutting force-displacement curve is a double-peak curve, which is consistent with the research of Cui et al. [14], indicating that the change in cutting force on wooden stems is consistent to some extent.




3.2. Results of Signal Factor Test


The single factor test verified the rationality of the selected factors and the range of values. After analysis, the influence law of the three factors of the oblique angle α, the sliding angle θ, and the cutting gap d on the maximum cutting stress τ and the specific cutting energy Es was concluded.



The results of the regression analysis of maximum cutting stress, specific cutting energy, and cutting bevel are shown in Figure 5a, and the fitting model accuracy R2 was 0.95 and 0.79, respectively. The maximum cutting stress and specific cutting energy of the 10° oblique angle were reduced by 41% and 42% compared with the 0° oblique angle, respectively. The changing trends of the maximum cutting stress and the specific cutting energy were consistent, and the oblique angle had a certain influence on the cutting stress and cutting energy consumption, which was consistent with the research of Zhang et al. [15]. With the increase in the cutting bevel angle, the two indexes both decreased before an increase, and reached the minimum value when the cutting bevel angle was 10°. As shown in Figure 5b, the sliding angle had a significant effect on the cutting stress and cutting power consumption, and the changing trends of the maximum cutting stress and the specific cutting energy were consistent. With the increase in the sliding angle, the cutting stress and cutting power consumption gradually decreased, and reached the lowest value when the sliding angle was 60°. The relationship between the test index and the cutting gap is shown in Figure 5c. With the increase in the cutting gap, the maximum cutting stress and the specific cutting energy showed a trend of decrease before an increase. When the cutting gap was 1~2 mm, the maximum cutting stress reached the lowest value. Likewise, the effect of cutting gap on cutting resistance and cutting power consumption should not be ignored.




3.3. Results of Response Surface Method Test


The response surface cutting test was carried out using Design-Expert 10.0.3 software and the central composite design scheme on the basis of the single factor test. The test was carried out in 20 groups, and each group of tests was carried out five times, and the average values of the test were selected as the evaluation indexes. The test results are shown in Table 3.



Multivariate regression fitting analysis was performed on the test results, and a quadratic polynomial model of the independent variables such as the maximum cutting stress and specific cutting energy on the oblique angle, sliding angle, and cutting gap was established. After removing the insignificant items, quadratic polynomial models were obtained, as shown in Equations (8) and (9), respectively.


τ = 8.22−0.77α − 0.68θ + 0.43d + 0.45θd + 0.59 α2 + 0.30θ2 + 0.85d2



(8)






Es = 0.32 − 0.030α − 0.024θ + 0.060 d − 0.040αd + 0.035θ2 + 0.064d2



(9)







Through the analysis of variance (ANOVA) in Table 4, it can be seen that the p value of the maximum cutting stress τ model was less than 0.01, indicating that the regression equation model was significant. The lack-of-fit term of the regression equation was 0.095, which was not significant, indicating that the model had high fitting accuracy. The coefficient of determination R2 was 93.87%, indicating that the regression equation of the maximum cutting stress could explain more than 90% of the evaluation indicators, and the model had high reliability, so the model can be used to study the optimal parameter combination of the cutter. The p value reflects the influence degree of each factor on the model. The p values of the three factors of oblique angle α, sliding angle θ, and cutting gap d were 0.0001, 0.0004, and 0.0078, respectively, all less than 0.01, indicating that the three factors had a very significant influence. The influence of each factor on the maximum cutting stress was the oblique angle, the sliding angle, and the cutting gap in descending order [22,23].



The results of variance analysis of cutting energy were analyzed. It can be seen that the p value of the model was 0.0001, indicating that the model was significant, and the lack-of-fit term of the regression equation was greater than 0.05, and the lack-of-fit term was insignificant. The coefficient of determination of the model was 92.68%, indicating that the regression equation could explain 92.68% of the evaluation indicators, and the model was relatively reliable. The significance of each factor was analyzed according to the p value, where the influence of each factor on the cutting energy was significant (p < 0.05), and the cutting gap had the greatest influence, followed by the oblique angle and the sliding angle [24].



The influence of the interaction among the factors on the evaluation index were discussed. Design-Expert 10.0.3 software was used to analyze the influence of the interaction between the sliding cutting angle and the cutting gap on the maximum cutting stress. When the oblique angle was 8°, the response surface map and contour map are shown in Figure 6. It can be seen from Figure 6a that the interaction between the sliding angle and the cutting gap had a significant effect on the maximum cutting stress. The maximum cutting stress decreased with the increase in the sliding angle because the wedge angle when the cutting edge cut into the root was reduced during slip cutting, and the cutting was less labor-intensive. The maximum cutting stress first decreased and then increased with the increase in the cutting gap, and reached the minimum value at about 1.3 mm because the ratio of the root shear zone and the fracture zone were consistent at this time. It can be seen from the following contour diagram that the change rate of the maximum cutting stress along the sliding angle was faster than that of the cutting gap, which means that the sliding angle had a more significant effect on the cutting stress than the cutting gap, which was consistent with the results of the variance analysis in Table 4 [25,26,27].



It can be seen from Figure 7a that the interaction between the oblique angle and the cutting gap had a very significant effect on the cutting energy. The specific cutting energy first decreased and then increased with the increase in the oblique angle. When the oblique angle of cutting was 0~9°, as the oblique angle increased, the root fibers were more prone to being damaged by bevel cutting, and the cutting power consumption decreased at this time. However, when the oblique angle was greater than 9°, the cross-section of the root cutting increased, which led to an increase in the power consumption during the cutting process, and the specific cutting energy of the root cutting increased. Similarly, the specific cutting energy decreased first and then increased with the increase in the cutting gap, and reached the minimum value at about 1.3 mm. The reason was that the ratio of the root shear zone and the fracture zone were the same at this time, and the cutting resistance and cutting energy consumption were the minimum.



It can be seen from Figure 7b that the change rate of specific cutting energy along the cutting gap was faster than that of the cutting bevel direction, which meant that the cutting gap had a more significant impact on the cutting energy consumption than the cutting bevel, which was consistent with the results of the variance analysis.




3.4. Regression Model Optimization


In order to obtain the minimum cutting stress and cutting power consumption, the corresponding index function was established, and the optimization model was calculated by:


   {      f = m i n τ       f = m i n  E S         {      6 ° ≤ α ≤ 10 °       10 ° ≤ θ ≤ 30 °       1   m m ≤ d ≤ 2   m m                



(10)







The model was optimized using the optimization function in the Design-Expert software. Optimal cutting combination parameters of the cabbage root cutting system were obtained as follows: oblique angle was 9.1°, sliding angle was 30°, and cutting gap was 1.3 mm [28]. The predicted value of the maximum cutting stress and the specific cutting energy were 7.43 × 104 Pa and 0.28 mJ mm−2 at this time. Compared with the maximum cutting stress of 12.58 × 104 Pa and the maximum specific cutting energy of 0.6 mJ mm−2 in the RSM test, the reductions were 40.9% and 53.3%, respectively, showing an obvious optimization effect.




3.5. Validation Test


Validation test was conducted to check the accuracy of the model. The cutting system was set to have an oblique angle of 9.1°, a sliding angle of 30°, and a cutting gap of 1.3 mm. The cutting test was carried out under the condition of a cutting speed of 500 mm/min. A total of five groups of tests were carried out, and the average values were obtained. The test results are shown in Table 5 The test value of the maximum cutting stress of the root was 6.92 × 104 Pa, and the experimental value of the specific cutting energy was 0.25 mJ mm−2. The relative errors with the prediction value of the regression model were 6.9% and 10.8%, respectively, indicating that the model could accurately predict the cutting stress and cutting power consumption of little cabbage.



The optimal combination of the working parameters was further verified. The oblique angle and sliding angle of the three groups of tests were uniformly set to 9.1° and 30°, and the cutting tests were carried out under the conditions that the cutting gaps were 0.7 mm, 1 mm, 1.3 mm, 1.6 mm, and 1.9 mm, respectively. The test results are shown in Figure 8. When the cutting gap was increased from 0.7 mm to 1.3 mm, both the maximum cutting stress and the specific cutting energy decreased. When the cutting gap was increased from 1.3 mm to 1.9 mm, the maximum cutting stress and specific cutting energy significantly increased again. The cutting evaluation indexes under the best working parameter combination were all at the lowest value, indicating that the cutting force and cutting power consumption could be reduced by using the optimal working parameter combination, and the cutting parameters were optimized. Using this combination of cutting parameters to improve the cutting performance of the root of little cabbage can provide a reference for the design of low-power consumption and high-efficiency harvesting machinery for little cabbage.





4. Discussion


In the present study, we investigated the functional relevance between the working parameters of the cutting blade and working performance using a texture analyzer and found that cutting force and cutting energy were greatly influenced by oblique angle, sliding angle, and cutting gap of the cutting blade. Furthermore, the optimal combination of cutting parameters were obtained by the single factor test and RSM test, and the model for the optimal parameter combination was demonstrated by the validation experiments.



The maximum cutting stress and specific cutting energy were the lowest when the oblique angle was 10° (Figure 5a). Because the cutter needed to overcome the tensile strength from the root fibers and the cohesion and friction between fibers, since the tensile strength of the fiber in the axial direction was smaller than that in the radial direction. The fibrous tissues were torn, so the cutting stress and cutting energy decreased with the increase in the cutting bevel. However, as the oblique angle continued to increase, the cutting cross-sectional area on the root increased rapidly, resulting in an increase in cutting power consumption. This is consistent with the theory of Cui et al. [14] and indicates that the cutting mechanical properties of little cabbage root and lettuce stem are similar, to a certain extent. The greater the cutting slip, the smaller the required cutting amount during cutting. The phenomenon can be explained from the following two aspects: (1) Because the larger the sliding cutting angle, the smaller the actual wedge angle of the cutting edge cutting into the stem, and the smaller the normal resistance of the cutter cutting into the material; and (2) The greater the slippage of the cutter along the tangential direction, the stronger the cutting action of the cutter on the stem fibers, so the required cutting stress and cutting energy consumption are smaller. The results are supported by the previously mentioned theory of sliding cutting research and the derivation of Equation (4) [11]. When the cutting gap was less than 1 mm, the proportional value of the root shear area was greater than the fracture area, showing a pure shear state, and the cutting resistance value was larger at this time (Figure 5c). When the cutting gap was greater than 2 mm, the ratio of the fracture area was greater than the ratio of the shear area, showing an increase in cutting resistance [15,28]. In order to ensure the accurate determination of the model optimization, compared with the traditional method, this work carried out multiple sets of experiments to complete the verification work. The final results found that the maximum cutting stress and specific cutting energy under the optimal parameter combination were significantly reduced by more than 40%, which was helpful for the optimal design of the little cabbage cutting device.



However, it is worth noting that the cutting speed should also be regarded as one of the factors affecting the cutting index. Obviously, the texture analyzer cannot simulate the real cutting speed of the harvesting of little cabbage and needs to be operated with the help of a special test platform. However, compared with the texture analyzer, the vibration and other problems of the high-speed cutting test bench were more prominent. The measurement results were obviously not as accurate as the former. The above questions are also worth thinking about.




5. Conclusions


In this paper, we used a combination method of the physical testing and analysis of variance to measure and analyze the cutting mechanical properties of Chinese cabbage roots. The results showed that the single factor test results showed that the maximum cutting stress and specific cutting energy had a trend of a decrease first and then increase with the increase in the oblique angle, decreasing with the sliding angle, and decreasing first and then increasing with the cutting gap. In addition, the order of influence on the maximum cutting stress was the oblique angle, sliding angle, and cutting gap. The cutting gap had the greatest impact on cutting energy. The optimal cutting combination parameters of the cabbage root cutting system were the oblique angle of 9.1°, the sliding angle of 30°, and the cutting gap of 1.3 mm. At this time, the maximum cutting stress was 0, the specific cutting energy was 6.92 × 104 Pa, and the specific cutting energy test value was 0.25 mJ mm−2.
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Figure 1. Test sample preparation. (a) Test sample. (b) Size parameters of little cabbage. 
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Figure 2. Cutting and clamping device of the experiment test equipment. (a) Adjusting device of the oblique angle. (b) Adjusting device of the sliding angle. (c) Adjusting device of the cutting gap. 
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Figure 3. Cutting force diagram of the cutting blade. (a) Cutting force diagram in XZ-plan; (b) Cutting force diagram in YZ-plan; 1. Cutting blade; 2. Stem. 
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Figure 4. Cutting force–displacement curve. (a) Cutting force displacement curve. (b) Organizational chart of the root. 
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Figure 5. Effect of different factors on maximum cutting stress and specific cutting energy. (a) Effect of different oblique angles on maximum cutting stress and specific cutting energy. (b)Effect of different sliding angles on maximum cutting stress and specific cutting energy. (c) Effect of different cutting gaps on maximum cutting stress and specific cutting energy. 
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Figure 6. Effects of the sliding cutting angle and cutting gap on maximum cutting stress. (a) Response surface graph. (b) Contour map. 
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Figure 7. Effects of the sliding cutting angle and cutting gap on specific cutting energy. (a) Response surface graph. (b) Contour map. 
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Figure 8. Results of the comparation test. 
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Table 1. Factors and levels of single factor test.
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Level

	
Factors




	
α/(°)

	
θ/(°)

	
d/mm






	
1

	
0

	
0

	
0




	
2

	
2

	
10

	
0.5




	
3

	
4

	
20

	
1




	
4

	
6

	
30

	
1.5




	
5

	
8

	
40

	
2




	
6

	
10

	
50

	
2.5




	
7

	
12

	
60

	
3











[image: Table] 





Table 2. Factors and levels of the RSM test.
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Level

	
Factors




	
α/(°)

	
θ/(°)

	
d/mm






	
−1.682

	
4.6

	
3.2

	
0.66




	
−1

	
6

	
10

	
1




	
0

	
8

	
20

	
1.5




	
1

	
10

	
30

	
2




	
1.682

	
11.4

	
36.8

	
2.3











[image: Table] 





Table 3. Design and results of the RSM test.
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Test

Number

	
Test Factors

	
Test Indexes




	
α (°)

	
θ (°)

	
d mm

	
τ × 104 Pa

	
Es mJ mm−2






	
1

	
1.000

	
1.000

	
−1.000

	
7.80

	
0.29




	
2

	
0.000

	
0.000

	
0.000

	
8.21

	
0.30




	
3

	
1.682

	
0.000

	
0.000

	
8.39

	
0.39




	
4

	
1.000

	
−1.000

	
1.000

	
10.53

	
0.42




	
5

	
1.000

	
−1.000

	
−1.000

	
9.15

	
0.41




	
6

	
0.000

	
−1.682

	
0.000

	
9.63

	
0.40




	
7

	
0.000

	
0.000

	
0.000

	
8.48

	
0.35




	
8

	
0.000

	
0.000

	
0.000

	
7.95

	
0.34




	
9

	
−1.682

	
0.000

	
0.000

	
10.9

	
0.47




	
10

	
1.000

	
1.000

	
1.000

	
9.89

	
0.39




	
11

	
−1.000

	
−1.000

	
1.000

	
11.52

	
0.57




	
12

	
0.000

	
0.000

	
0.000

	
7.79

	
0.33




	
13

	
0.000

	
0.000

	
0.000

	
8.60

	
0.33




	
14

	
−1.000

	
1.000

	
1.000

	
10.69

	
0.54




	
15

	
−1.000

	
1.000

	
−1.000

	
8.87

	
0.37




	
16

	
−1.000

	
−1.000

	
−1.000

	
12.58

	
0.32




	
17

	
0.000

	
0.000

	
0.000

	
8.39

	
0.26




	
18

	
0.000

	
1.682

	
0.000

	
7.99

	
0.29




	
19

	
0.000

	
0.000

	
−1.682

	
9.89

	
0.42




	
20

	
0.000

	
0.000

	
1.682

	
10.84

	
0.60
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Table 4. Variance analysis results of the RSM test.
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Source

	
τ

	

	

	
Es




	

	
Sum of Squares

	
Freedom

	
Mean Square

	
F-Value

	
p-Value

	
Sum of Squares

	
Freedom

	
Mean Square

	
F-Value

	
p-Value






	
Model

	
34.67

	
9

	
3.85

	
17.00

	
<0.0001

	
0.16

	
9

	
0.017

	
14.07

	
0.0001




	
α

	
8.09

	
1

	
8.09

	
35.71

	
0.0001

	
0.013

	
1

	
0.013

	
10.12

	
0.0098




	
θ

	
6.32

	
1

	
6.32

	
27.88

	
0.0004

	
0.007

	
1

	
0.007

	
6.22

	
0.0318




	
d

	
2.49

	
1

	
2.49

	
10.98

	
0.0078

	
0.050

	
1

	
0.050

	
39.87

	
<0.0001




	
αθ

	
0.81

	
1

	
0.81

	
3.59

	
0.0875

	
0.004

	
1

	
0.004

	
3.26

	
0.1012




	
αd

	
0.92

	
1

	
0.92

	
4.05

	
0.0718

	
0.013

	
1

	
0.013

	
10.30

	
0.0094




	
θd

	
1.61

	
1

	
1.61

	
7.11

	
0.0236

	
0.00005

	
1

	
0.00005

	
0.040

	
0.8451




	
α2

	
5.03

	
1

	
5.03

	
22.19

	
0.0008

	
0.018

	
1

	
0.018

	
14.41

	
0.0035




	
θ2

	
1.26

	
1

	
1.26

	
5.55

	
0.0403

	
0.00039

	
1

	
0.00039

	
0.31

	
0.5874




	
d2

	
10.29

	
1

	
10.29

	
45.43

	
<0.0001

	
0.058

	
1

	
0.058

	
46.81

	
<0.0001




	
Residual

	
2.27

	
10

	
0.23

	

	

	
0.012

	
10

	
0.00124

	

	




	
Lack-of-fit

	
1.77

	
5

	
0.35

	
3.56

	
0.0950

	
0.00139

	
5

	
0.00139

	
1.27

	
0.4007




	
Error

	
0.50

	
5

	
0.099

	

	

	
0.00109

	
5

	
0.00109

	

	




	
Total

	
36.93

	
19

	

	

	

	
0.17

	
19
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Table 5. Results of the verification test.






Table 5. Results of the verification test.





	Items
	Maximum Cutting Stress

/×104 Pa
	Specific Cutting Energy

/mJ mm−2





	Test value
	6.92
	0.25



	Predicted value
	7.43
	0.28



	Relative errors/%
	6.9
	10.8
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