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Abstract

:

In this study, we quantified and analyzed the root-cutting process of garlic with a test bench with pressure sensors on the basis of the comparative analysis of various information perception methods. On the basis of the output value of the pressure sensor, the force curve of garlic roots was plotted, and the double round blade cutting module is optimized on the basis of the force curve diagram. The innovative proposal of slotted round blades for garlic root cutting is presented here. The round blade diameter is 110 mm, the center distance is 100 mm, the blade thickness is 1 mm, and the blade speed is 1200 r/min. According to the analysis of the force curve, it was found that the slotted round blade with the slanted blade could generate a strong thrust to cut the roots. The cutting effect was better and the cutting surface of the roots was straight. The slotted blade meets the need for cutting garlic roots.
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1. Introduction


Garlic (Allium sativum L.) is a widely grown vegetable condiment with both edible and medicinal values [1,2,3,4]. Studies have shown that garlic consumption is effective in reducing the risk of diseases such as hypertension and diabetes [5,6]. In addition to its disease-prevention function, garlic has antibacterial, anti-inflammatory, and insecticidal properties [7,8,9,10]. The organosulfur compounds and polyphenols contained in garlic give it a unique flavor [11]. It is the unique flavor and the well-known medicinal value of garlic that have made it the most important seasoning vegetable in the world [12].



Currently, root cutting during garlic harvesting must be carried out manually, resulting in low-efficiency of garlic harvesting, and there is an urgent need to break through the bottleneck of mechanized and automated root-cutting technology [13,14,15,16]. However, the size of bulbs and the density of garlic roots vary due to the different sizes and biological activities of garlic seeds used for cultivation and the different water, fertilizer, and light conditions during the growth of garlic. Garlic roots are the cutting objects of root cutting. It is necessary to quantify the difference in cutting effect due to the variability of cutting objects in this study. The analysis of the cutting effect is the key to evaluating the different cutting methods. Whether a scientific and reasonable quantitative analysis method can be found will directly affect the research on garlic-cutting tools.



Computer analyses are usually used to analyze complex problems in agricultural equipment research [17,18,19,20,21,22]. However, for the study of garlic root cutting, computer simulation analysis cannot simulate the stochastic nature of garlic root characteristics. Therefore, the root-cutting process must be studied by employing quantitative analysis of information perception during the actual experiment. The experimental study of vibration damping of thresher support beams in combined harvesters using acceleration sensors and accompanying signal acquisition and processing systems was conducted to explore the vibration damping effect of different structures [23]. Pressure sensors were used as a means to obtain the biomechanical properties of sorghum stems and an innovative approach to studying the biomechanical properties of anisotropic materials through the testing of engineering materials [24]. The developed cotton stalk discrete element model using pressure sensor experimental testing and discrete element modeling can serve as a basis for the simulation of related operating machinery, including uprooting and processing machinery [25]. The installation of piezoelectric sensors on harvesters can effectively identify grain shocks from vibration noise [26]. Real-time detection of clamping force by pressure sensors on the end-effector enables picking and non-destructive collection of kiwis [27]. The mechanical properties of potato tubers grown in different soils were quantified with the help of a test machine with pressure sensors on the test head [28]. An innovative method was developed to reliably measure the transverse Young’s modulus of the pith and outer bark tissue of maize stems, and the validity of the method was finally verified by pressure transducer testing [29]. Using a test setup with a pressure sensor, it was demonstrated that different pressure values applied during the extraction of pomegranate juice can yield different quality products [30]. More details of the biomechanical properties of sweet sorghum were revealed with the help of pressure sensors [31]. The values and variation patterns of biomechanical properties of Laver (Porphyra yezoensis Ueda) were obtained by a combination of morphological and mechanical tests and numerical statistics [32]. The shear, compression, and bending characteristics of sorghum (S. bicolor) straw in the straw and seed stages were determined using a universal testing machine with a pressure transducer as the core component [33]. A pressure sensor was used to study the mechanical properties of the compression response of bamboo fibers, the compression process was visualized and quantified, and the robustness of the method was verified by the constructed intrinsic structure model [34]. The Young’s modulus of wood chip particles was studied using a test apparatus with a pressure transducer as the core working part, and the deformation curves of wood chip particles under different compressive stresses were plotted [35]. A test apparatus using a pressure sensor as a core working component demonstrated that foliar fertilizer application increased the strength of the seeds and their ability to resist mechanical damage under quasi-static loading [36]. Comparison of the different cutting tools showed that the high-speed rotating circular blade disc was able to cut the weeds effectively [37]. It is clear that the measurement results of pressure sensors are authoritative, and the study of the mechanical properties of objects utilizing pressure sensors is a time-tested method.



Force sensors were used to accurately measure the force of grasping apples and to perceive information about apples with irregular shapes and fragile properties [38]. Using deep learning to perceive information about the shape of garlic and automatically adjusting the digging depth of the garlic combine harvester can reduce the workload of operators [39]. Quantitative analysis of kiwi fruit hardness is achieved by smart haptic sensors [40]. Whether the object is an agricultural product or a domestic animal, or even a person, information about the object can be sensed scientifically using appropriate sensors. However, in direct contact scenarios, information about the forces applied often accurately describes the changes in the object’s characteristics. The use of force sensors and inertial measurement units to sense the picking force and motion required to pick mushrooms allows for quantitative analysis of the picking process [41]. To enhance the detection of objects by robotic hands, force sensors are popularly used to obtain information about objects [42,43,44]. The output value of a force sensor changes over time, and the change in output value often marks a change in the state of the object. Therefore, force sensors can detect changes in the state of an object in real-time.



This study was conducted to investigate the mechanism of interaction between the double round blades and garlic roots when cutting garlic roots to improve the operational efficiency of garlic combine harvesters. Since garlic roots are bundles of root whiskers, and each garlic root bundle is different from the others, this study poses a great challenge. Considering various research tools, a force sensor was used to sense the external force on the garlic roots during the root-cutting process. The process of force change on the garlic root was quantified by the variation of the force sensor measurements on the time axis. The root-cutting mechanism based on double round blades was investigated by analyzing the whole root-cutting process. On the basis of this, the double round blades were optimized to double-slotted round blades to improve the cutting effect of garlic roots. The structural parameters and operating parameters of the double-slotted round blade were obtained.




2. Materials and Methods


Usually, the garlic root we see is just the whiskers of the garlic. As shown in Figure 1, when a clove of mature garlic is cut open along the axis of the stalk, it is found that the cloves grow on the root disc and the root whiskers grow down from the root disc. The garlic root includes the root disk and the root whiskers. Generally, skilled workers use special scissors to cut the root disk and complete the cutting of the root. Cutting the root disc is the most efficient way to cut the roots and can remove a large number of root whiskers at one time. However, the study of mechanical root-cutting needs to deal with many possibilities, and the designed root-cutting device must be able to overcome the problems that exist in many possibilities. Root discs are hard, while root whiskers are long and soft. The cutter module needs to be suitable for removing both the root disc and the root whiskers. All garlic plants were sourced from the garlic planting base in Jinxiang County, Nanjing Institute of Agricultural Mechanization, Ministry of Agriculture and Rural Affairs. Jinxiang has a long history of garlic cultivation and encompasses a large area. To retain the moisture of the garlic roots, the roots were completely wrapped with soil after the garlic was excavated out of the soil at the planting base.



Field excavations were conducted on garlic from a field located at 34°59′59″ N, 116°14′55″ E. The treated test samples were delivered to the laboratory within 3 days for root-cutting tests. A total of 200 strain samples were sent to the laboratory. From these 200 samples, a random selection method was used to determine the test subjects for the root-cutting test [45]. The moisture content of the garlic roots used for the root cutting test was measured to be 85.20–90.12%. On the basis of existing studies, it is known that the Poisson’s ratio of the bulb is 0.23, and the elastic modulus is 2.382 × 107; the Poisson’s ratio of the root is 0.385, and the elastic modulus is 2.26 × 106 [13].



2.1. Garlic Root-Cutting Test Bench


The garlic root-cutting test bench consists mainly of a clamping and conveying mechanism, motion control system, root-cutting knife system, pressure measurement and recording system, and test bench frame, as shown in Figure 2. The clamping and conveying mechanism use a linear slide module (FBL60E900135, FUYU, Chengdu, China) for conveying garlic seedlings, and the driving force for conveying is provided by a stepper motor (57CM18, Rtelligent, Shenzhen, China). The motion-controlled system senses the clamping and conveying position by proximity switch (TL-Q5MC1, OMCH, Wenzhou, China), the STM32F103 microcontroller realizes the motion control, and the human–machine interaction is realized by using the controller handle whose housing is printed by 3D. The root cutter system consists of a cutter module and a root cutter governor, and the root cutter governor can adjust the speed of the double-round blades. The pressure measurement and recording system consist of a pressure sensor (DYZ101, DAYANG SENSOR, Bengbu, China), a pressure transmitter (DY220, DAYANG SENSOR, Shenzhen, China), and a computer; it can complete pressure measurement to signal to process, and finally, finish the work of displaying and keeping data. The test stand frame is built from aluminum alloy profiles, the parts are processed after 3D modeling by computer in the early stage, and the parts are assembled after the processing is completed, which is called the test stand frame.




2.2. Cutter Module


The cutter module consists mainly of brushless direct current motor (BLDCM) (LA3620 KV50, Eaglepower, Zhongshan, China), lower fixing plate, upper fixing plate, motor mount, connecting shaft, bearing (6905RS, ZY Bearings, Shanghai, China), round blade, fastening shims, rear fixing plate, and cooling fan (AD0524HB-G70, ADDA CORP RATION, Beijing, China), as shown in Figure 3.



The lower fixing plate and upper fixing plate are made of carbon-fiber-reinforced organic composite material processed by a computer numerical control machine, which has the characteristics of high strength and lightweight. The motor mount and rear fixing plate are 3D-printed and made of polymer material with lightweight and high functional integration. The connecting shaft is made of aluminum alloy, which is lighter than steel and has better thermal conductivity and higher strength than plastic. After preliminary experiments, we decided to use a round blade with a disc and a round blade with two cutting angles as the research objects. The round inserts were custom-machined from 9CrSi alloy. The equipped cooling fan is used to dissipate heat for the BLDCM to avoid high-temperature damage and blow away the dust and residue attached to the BLDCM.



The BLDCM used in the study is an external rotor motor. The bottom of the BLDCM is bolted to the bottom plate of the motor mount. The connecting shaft is bolted to the top of the outer rotor of the BLDCM. The top of the motor mount is provided with bearing mounting holes. The shaft is rotated relative to the motor mount by the bearing. The bolts that press the upper fixing plate and the lower fixing plate pass through the bolt holes on the motor mount to fix the upper fixing plate, the lower fixing plate, the bearing, the motor mount, the connecting shaft, and the BLDCM together. At the same time, the bolts that press the upper fixing plate and lower fixing plate pass through the threaded holes on the rear fixing plate to fix the upper fixing plate, lower fixing plate, and rear fixing plate together. The heat dissipation fan is fixed to the rear fixing plate by bolts. The bolt through the fastening shims fixes the round blade to the top surface of the connecting shaft.



When the cutter module operates, the motor drive plate drives the BLDCM to rotate, and the connecting shaft driven by the BLDCM drives the round blade to rotate. The connecting shaft with bearings can run smoothly. The BLDCM is not subjected to radial force and overturning torque, and the radial force on the round blade is carried by the bearing.




2.3. Determination of Main Parameters


For purpose of comparing the cutting capacity, a double round blade was first selected for the study. The parameters of the double round blade root-cutting mechanism are divided into structural parameters and working parameters. The structural parameters include mainly the diameter of the round blade D, thickness h, edge angles φ1 and φ2, pre-processing thickness h0, etc., as shown in Figure 4. The working parameters are mainly the blade speed n, the overlap area width (the maximum overlap width of two blades) B, the overlap area length (the maximum overlap length of two blades) l, the center distance of the blade l0, etc.



The structural parameters and working parameters of the round blades directly determine the root-cutting effect of the cutter module, which should be as compact, low-energy-consuming, and reliable as possible while meeting the requirements of root-cutting capacity [37].



In the previous experiment, the maximum value of bulb diameter dmax measured on 200 garlic seedlings was 63.86 mm, the standard deviation of bulb diameter was 5.45, and the coefficient of variation was 0.11. The diameter of the fastening spacer dp was 28 mm for the bulb to pass smoothly between the two fastening spacers when cutting the roots, and the center distance l0 of the round blade should satisfy


    l   0   >   d   m a x   +   d   p    



(1)







The round blade center distance l0 should be greater than 91.86 mm, considering the error of aligning the root cutter module with the target when cutting the root, and the round blade center distance l0 should be enlarged appropriately. In addition, to make the root cutter module compact, the round blade center distance l0 should not be too large. The center distance of double round blades l0 = 100 mm is chosen.



After determining the round blade center distance l0, further consideration of other structural parameters is required. Due to the bi-directional shear force, a better cutting effect can be achieved by using overlapping round blades. The overlapping area width B determines the size of the overlapping area length l. A smaller overlap area width B will result in insufficient overlap area length l, which will hurt the cutting result. A larger overlap area width B will reduce the cutting effect of the blade’s normal thrust at the beginning of the cut, which will also hurt the cutting effect. Therefore, after a preliminary test, the overlap area width B is determined to be 10 mm, and the round blade diameter D is 110 mm. Then, the overlap area length l is calculated as follows:


  l = 2 ×    ( D / 2 )   2   −     D / 2 − B / 2     2     



(2)







Substituting the data, the length of the overlapping area l = 45.8 mm can be calculated.




2.4. Analysis of the Effective Cutting Speed of Round Blades


Since the double-round blades rotate in the same plane, a single-round blade can be taken as the object of study when analyzing the motion trajectory of the cutting point on the round blade. The origin O of the coordinate system is set at the center of rotation of the round blade, the x-axis direction is the same as the clamping and conveying direction, and the y-axis direction is shown in Figure 5. The speed of clamping and conveying is vm, and the direction is shown in Figure 5. Suppose the cutting point is at A at a certain moment; after time t1, the cutting point changes from A to B, and θ is the angle of change of the cutting point. After time t2, the cutting point changes to C, and γ is the angle of change of the cutting point, at which time the linear velocity vc of the cutting point C is in the same direction as vm. After time t3, the cutting point changes to D, δ is the angle of change of the cutting point, and the linear velocity of each cutting point is shown in Figure 5.



Since the components of the cutting line velocity of the double round blade acting on the garlic root in the y-direction cancel each other, only the components of the line velocity of each cutting point in the x-axis direction are analyzed. Then, we have the following:


    v   A x   =   v   A   ·   sin  ⁡  β    



(3)






    v   B x   ( t ) =   v   B   ·   sin  ⁡    β + ω t      



(4)






    v   C x   =   v   C    



(5)






    v   D x   ( t ) =   v   D   ·   cos  ⁡    β + ω t − π / 2      



(6)






    v   A   =   v   B   =   v   C   =   v   D   =   π n D  /  60    



(7)






  σ =     v   x    /    v   m      



(8)




where vAx, vBx, vCx, and vDx are the components of the cutting line velocities vA, vB, vC, vD in the x-axis direction at the cutting points A, B, C, and D, respectively; β is the angle between the line connecting the cutting point A and the origin O of the coordinate system and the x-axis, rad; ω is the angular velocity of rotation of the round blade, rad/s; n is the rotational speed of the round blade, r/min; D is the diameter of the round blade, m; σ is the speed ratio coefficient; vm is the clamping transport speed, m/s; and vx represents the component of the cutting point speed in the x-axis direction.



According to Equations (3)–(5), it can be seen that during the change of the cutting point from A to C, the component of the line velocity of the cutting point in the x-axis direction gradually becomes larger, and the velocity component at the cutting point C achieves the maximum value vC; after the point, C, the component of the line velocity of the cutting point in the x-axis direction gradually decreases. The component of the line velocity of the cutting point in the x-axis direction is called the effective cutting velocity vx. Then, the effective cutting velocity vx shows a change process of increasing and then decreasing during the change from cutting point A to cutting point D.



The speed ratio coefficient σ indicates the matching relationship between the effective cutting speed and the clamping and conveying speed, and the vx/vm value is the key to evaluating the cutting quality. By investigating the indicators of garlic combined harvesting operation, the maximum value of clamping and conveying speed was determined to be 0.75 m/s [16]. Thus, it can be seen that the rotational speed of the round blade is an important parameter affecting the cutting quality. A rotation speed of the round blade that is too low will lead to a low relative speed between the round blade and the garlic root, and the root will not be cut and congested; a rotation speed that is too high will reduce safety and increase energy consumption.




2.5. Round Blade Speed and Thickness


Considering the working round blade as a flywheel with a certain amount of energy stored, the energy it has when it rotates is


  E = I   ω   2   K  



(9)






  I =   G   D   2     4 g    



(10)






  G =   π   4     D   2   h ρ  



(11)






  ω = 2 π n  



(12)







E is the energy of the round blade, J; I is the rotational inertia of the round blade, kg·m2; K is the speed fluctuation coefficient, taken as 0.64; G is the mass of the round blade, kg; and ρ is the density of the round blade (material is 9CrSi), kg/m3.



The joint vertical can be derived from the thickness of the round blade as


  h =   4 g E     π   3     D   4     n   2   ρ K    



(13)







Since there are few studies on garlic root cutting, the reference energy required to cut off a unit area of carrot stem and leaves was 3.1 J [46]. The energy required to cut carrot stems and leaves was calculated as the energy required to cut garlic roots.



Then, the energy that the round blade has when the garlic root is cut is


  E = A ·   E   k    



(14)






  A =   1   12   π   D   2    



(15)




where Ek is the energy required to cut off the unit area of garlic root, J; and A is the average area of garlic root, cm2.



Too thick a round blade will lead to larger inertia and affect the safety of cutting the roots. According to the relationship between the blade speed n and the cutting line speed of the blade, the cutting line speed of the blade is 6.908 m/s. The thickness of the blade is 1 mm, and the blade speed is 1200 r/min.



Due to the high rotational speed of the round blade at work, a direct collision of the blades of a rotating round blade at high speed would be destructive. It is foreseeable that a direct collision between a pair of rotating blades will cause damage to the cutting edge and even cause the blades to fly out quickly. A rapidly flying blade will cause unimaginable damage to people and machine parts around it. Therefore, measures must be taken to prevent collisions between rotating blades.



From Figure 6, it can be seen that opening the edge of the round insert on one side can effectively avoid the collision of the knife edge. When processing the round insert, the blank is a round steel piece with a diameter of 110 mm and a thickness of 1 mm. First, the edge angle φ1 = 3.5° is polished, and the thickness of pre-treatment h0 = 0.2 mm; then, the edge angle φ2 = 17° is polished in the post-treatment.



With this processing method, the structural strength of the blade is ensured, and a sharp edge is obtained. At the same time, it can allow staggered installation of the upper and lower blades in the same plane due to the existence of blade bevel, which avoids the blade edge-to-edge collision, improves the safety, and always maintains the gap between the upper and lower blade edge at 1 mm. So far, the structural parameters of the double round blade root-cutting mechanism have been determined.




2.6. Analysis of Root-Cutting Force


The double round blade root-cutting machine is the core working part of the garlic root-cutting device. It determines the root-cutting effect and garlic clove damage of the garlic root-cutting device, and the root-cutting resistance and cutting speed should be considered for the smooth cutting of garlic root to be achieved.



The double-blade root-cutting mechanism consists of two blades that overlap each other (acting directly on the garlic root) and each rotates at the same speed in reverse. When the garlic plant is fed from the clamping and conveying mechanism into the double round blade root-cutting mechanism, the loose root beads are squeezed and tightly bound together to form root bundles. Since the study ensured that the stalk was perpendicular to the clamping and conveying direction, the root whisker bundle before root cutting was assumed to be perpendicular to the clamping and conveying direction. For analysis, it is assumed that the cross-section of the cut part of the root bundle is a positive circle or an ellipse. When the root bundle is normal to the plane in which the blade is located at the moment when the cutting is completed, the cutting cross-section is a positive circle; when the root bundle is normal to the plane in which the blade is located, the cutting cross-section is an ellipse.



When being cut, the root bundle is subjected to the normal thrust force N and tangential slip force F. Assuming that the normal thrust force N1 and N2 and the tangential slip force F1 and F2 are applied to the root bundle by the two blades, the root bundle is also subjected to the tension force Ft along the clamping delivery direction, and the force analysis is shown in Figure 7.



The root bundle moves in the direction of velocity v. For the garlic root bundle to enter the double round blade root-cutting mechanism and be cut off without slipping when it touches the blade, the combined force on the y-axis should be satisfied in the same direction as the velocity v, i.e., the following conditions should be satisfied:


    F   t   >   N   1     sin  ⁡  α   +   N   2     sin  ⁡  α   −   F   1     cos  ⁡  α   −   F   2     cos  ⁡  α    



(16)






  α =     cos   − 1    ⁡  [ a / ( D + d )   ]  



(17)




where α is the angle between the normal thrust of the round blade and the line connecting the center of the round blade, (°); a is the distance between the centers of the two round blades, mm; D is the diameter of the round blade, mm; and d is the diameter of the cutting part of the garlic root beard bundle, mm.



Considering the different mechanical properties of root discs and root whiskers, they need to be analyzed separately. During the clamping and conveying process, the root disc does not oscillate significantly after the force is applied to the root disc because the root disc is a hard tissue after lignification. In the case that Equation (16) is satisfied, the root disc can be cut off smoothly by the double round blade root-cutting mechanism. However, the root bundle composed of root whiskers is soft and will oscillate with the force, and the amplitude of oscillation is positively correlated with the magnitude of the force within a certain range. Therefore, the combined forces on the root bundle during the cutting process are the normal thrust N1 and N2 of the root bundle, the tangential slip forces F1 and F2,, and the internal tissue linkage force, which satisfy the following relationship in the positive y-axis direction:


    F   k   =   F   1     cos  ⁡  α   +   F   2     cos  ⁡  α   −   N   1     sin  ⁡  α   −   N   2     sin  ⁡  α   −   F   n    



(18)




where Fk is the component force of the combined force on the root whisker bundle in the positive y-axis direction, and Fn is the component force of the internal tissue linkage force in the positive y-axis direction.



The internal tissue linkage force Fn varies depending on the root bundle and is difficult to quantify and analyze. Therefore, a tensile force sensor was applied in the study to quantify and visualize the whole root-cutting process.





3. Results


3.1. Double Round Blade Root-Cutting Test


The fingers installed on the test bench were of the same structure as those installed on existing garlic combine harvesters [47,48]. After the garlic plant was fixed on the clamping conveyor, the garlic stems were placed between the two fingers and the bulbs were placed against the two fingers, as shown in Figure 8. To be able to ensure that garlic stems of different thicknesses can enter between the two fingers, the distance between the two fingers is larger than the cross-sectional diameter of the garlic stem, which results in a gap between the stem and the fingers. Along the conveying direction, when the garlic stem squeezes finger A, the load cell is under pressure and the output value is negative; when the garlic stem squeezes finger B, the load cell is under tension and the output value is positive. Double round blades were used to cut the roots, and the rotation direction of the double round blades is shown in Figure 9. The conveying speed during cutting was set to 0.75 m/s [16]. The garlic plant after root cutting was performed by the double round blades as shown in Figure 8, and the minimum value of the remaining garlic root length was 1.93 mm.



3.1.1. Analysis of the Root-Cutting Process


The force curve of the load cell obtained by rooting with a double round blade is shown in Figure 9. The sampling time interval of the pressure signal is 15 ms, and the sampling duration of the root-cutting process is 2.07 s in total, with 139 sampling points. The cutting line speed of the round blade is 6.908 m/s, which is greater than the clamping and conveying speed. Therefore, the cutting action of the round blade will accelerate the garlic root in the same direction as the external force. It can be seen from Figure 9 that the force curve rises rapidly for the process from point p3 to point p4 and from point p6 to point p7, indicating that the process of cutting garlic root with the double round blades contains two cutting actions. From the values of the force curve, it can be seen that the first cutting action of the double round blade is stronger than the second cutting action. At the same time, it is known that the process from point p3 to point p7 is the process in which the double round blades interact with the garlic roots. In addition, the force curve quantitatively describes the whole root-cutting process, which provides a basis for in-depth analysis.



A key detail of the force profile of the finger will be discussed next to illustrate the important information. The force curve from point p1 to point p3 is the acceleration of the garlic plant from rest to the specified conveying speed by the clamping conveyor. The horizontal line segment before point p3 shows that the test stand has sufficient acceleration distance to reach the specified conveying speed. The force curve gradually decreases from point p1 to p2, indicating that the process corresponds to the acceleration of the garlic plant by force, where the garlic stem squeezes finger A, thus putting the load cell under pressure. After the acceleration, the squeezing pressure of the garlic stem on finger A gradually decreases. The p8 point is similar to the p2 point, where the garlic stem squeezes finger A and the squeezing pressure reaches a great value. As can be seen from the force curve graph, the process from point p8 to p9 is similar to that from point p2 to p3, indicating that the force of garlic stem squeezing finger A is gradually decreasing. Therefore, the process of cutting the roots on the test bench can be explained according to the change in the squeezing force of the garlic stem on the finger. Starting from point p1, the garlic stem accelerated under the force exerted by finger A. The acceleration of the garlic plant increases from point p1 to p2, reaching a maximum value at point p2, after which the acceleration decreases. The point p3 is where the plant moves at a constant speed according to the specified conveying speed. From p3 to p4 is the point where the cutting force of the double round blade acts on the cut of the garlic root, and the cutting force causes the garlic stem to squeeze finger B. The load cell is subjected to a pulling force and the output value is positive. After point p4, the squeezing pressure of the garlic stem on finger B decreased continuously. From p4 to p5, the squeezing pressure of the garlic stem on finger B decreased continuously until zero, and then the garlic stem started to squeeze finger A. During p5 to p6, the squeezing pressure of the garlic stem on finger A remained unchanged, indicating that the length of overlapping area L was set to meet the need for cutting roots. The reason why the garlic stem squeezed finger A during the cutting process of the double round blade was that the garlic plant needed the squeezing pressure to continue to move in the conveying direction. From p6 to p7, the squeezing pressure of the garlic stem on finger A decreased until zero, and then the garlic stem started to squeeze finger B. During p7 to p8, the squeezing pressure of the garlic stem on finger B decreased until zero, and then the garlic stem started to squeeze finger B. After p8, the squeezing pressure of the garlic stem on finger A decreases continuously.



However, it can be seen from the graph of the force curve that the output values at points p5 and p6 are the same, and the output value at point p8 is smaller than that at points p5 and p6. The occurrence of such a situation indicates that the friction between the cutting surface of the garlic root and the surface of the blade during the cutting process of the double round blade hinders the movement of the garlic plant.



The analysis of the force curve revealed that the bulb and garlic stem were always in contact with the fingering during the cutting of the root, but the force relationship was changing. Due to the gap between the garlic stem and the finger, the movement speed of the bulb increased, then decreased, then increased, and then decreased in both cutting processes. The force curve output from the load cell was used to be able to describe the detailed information of the root-cutting process. Therefore, from the above analysis, it is known that during the cutting of garlic roots by the double round blades, the direction of the combined force on the roots is the same as the conveying direction when the force curve is positive, and the direction of the combined force on the roots is opposite to the conveying direction when the force curve is negative. In addition, after the cutting of the garlic root by the double round blades has occurred, the combined force on the garlic root will include the friction between the cutting surface of the garlic root and the surface of the blades, as follows:


    F   k   ′   =   F   1     cos  ⁡  α   +   F   2     cos  ⁡  α   −   N   1     sin  ⁡  α   −   N   2     sin  ⁡  α   −   F   n   −   F   μ    



(19)




where Fk′ is the component force of the combined force on the root bundle in the positive direction of the y-axis after cutting has occurred, and Fμ is the frictional force between the cutting surface of the garlic root and the blade surface.



Next, the most important process of cutting the root is discussed. In the process of cutting the garlic root by the double round blades, the combined force on the garlic root at point p3 is Fk, and the blade of the round blade starts to cut the garlic root; the combined force on the garlic root within point p3 to point p5 is Fk′, and the garlic root is subjected to the joint force of the blade and the surface of the blade. The double round blades complete the first cutting of the garlic root at point p5; the cutting surface of the garlic root crosses the surface of the round blade within point p5 to point p6, and since the garlic root is composed of soft root bundles, the action of the blade of the round blade on a single garlic beard is almost negligible. At point p6, the blade of the double round blade starts to cut the garlic root again; from point p6 to point p9, the double round blade completes the second cutting of the garlic root, after which the garlic root leaves the cutting range of the double round blade completely.



During the cutting of the garlic root by the double round blade, there are two points k1 and k2 on the force curve where the force values change from positive to negative. The analysis combined with the interaction between the double round blade and the garlic root shows that points k1 and k2 have completely different reasons for the change from positive to negative on the force curve. In points p3 to k1, the value of the combined force Fk′ is positive according to Equation (19), indicating that the garlic stem is squeezing finger B. However, in points k1 to p5, the garlic root is still within the range of action of the double round blade, and the value of the combined force Fk′ becomes negative, indicating that the force exerted by the double round blade on the garlic root to impede the movement of the garlic root in the conveying direction acts on finger A. Then, it is necessary to discuss how the force that hinders the movement of the garlic root in the conveying direction is generated.



Within points k1 to p5, the linear velocity of the edge of the round blade is faster than the velocity of the garlic root along the conveying direction, and the action of the edge of the round blade should be to drive the garlic root. However, the normal thrusts N1 and N2 of the double round blades on the root whisker bundle are divided in the opposite direction along the conveying direction, which will hinder the movement of the garlic root along the conveying direction. At the moment when the double round blade starts to cut the root bundle, the roots in contact with the double round blade are subjected to the thrust inside the root bundle and can complete the cutting successfully. However, as the double blades cut the roots, the number of uncut roots decreases, and the thrust inside the bundle decreases. The consequence is that the soft root bundles are continuously pushed away from the blades of the round blades while being cut. The result is that the cutting surface of the double round blade is beveled. When the double round blade cuts the root disc, the root disc is also pushed by the double round blade. The thrust of the double round blade still causes the cutting surface to bevel. Since the root plate is hard and not easily deformed, the thrust of the double round blade acting on the root plate results in a stronger squeezing effect on finger A.



Therefore, the first cutting process of the double round blade is the interaction of the inclined garlic root cutting surface with the round blade surface. As the contact area between the inclined garlic root cutting surface and the round blade surface increases, the resistance of the round blade surface to the movement of the garlic root increases. At point P5, the garlic root cutting surface is in complete contact with the round blade surface, thus causing the value of the force curve within points p5 to p6 to remain essentially constant. The test shows that the closer the cutting surface is to the root disk, the greater the force between the cutting surface and the surface of the round blade. This means that the frictional resistance between the root disc and the surface of the round blade is greater than that between the root whisker and the surface of the round blade. The force curve was in the range from point p5 to p6, and the minimum value of −0.032 kg was obtained at point p5. The comprehensive analysis shows that the double round blades cutting garlic roots have the problem of not cutting cleanly enough to ensure the neat cutting surface of garlic roots. In addition, the reason why the k2 point on the force curve changed from positive to negative was that the double round blade finished disengaging from the garlic root after completing the second cut. At the same time, the value of point p9 on the force curve is smaller than that of point p1, which indicates that the process of cutting the roots has changed the squeezing state of the bulb and the garlic stem on the paddle finger, and the squeezing pressure on finger A after the end of cutting the roots is greater than that before cutting the roots.




3.1.2. Round Blade Root-Cutting Test Results


As can be seen in Figure 10, the force curve of the load cell still shows a double peak with two cuts under the same test conditions. However, the cutting surface of the garlic roots showed a significant inclination due to the thrust of the double round blades. In Figure 10, the minimum lengths of the remaining garlic roots were 9.31 mm and 13.04 mm; as seen in the force curve, the valley between the two peaks during the two cuts did not stabilize in a negative state, which also proved that the soft root bundles could not transmit the thrust of the double round blades to the finger. In actual production, the inclined cutting surface would result in the ineffective removal of the garlic roots and the inability to accurately control the remaining length of the remaining garlic roots cannot be accurately controlled [49]. For precision agriculture, it is important to find a method that can effectively control the length of the remaining garlic roots.



This study also analyzed the root-cutting test with different rotations of the double round blades. The rotation direction of the double round blades is shown in Figure 11, and the component of the blade linear velocity of the two blades in the overlapping area in the conveying direction is opposite to the direction of the clamping conveying velocity. Garlic specimens of different sizes and shapes were selected for the root-cutting test, as shown in Figure 12. To test the cutting effect of different cutting heights, cutting heights of 2.97 mm, 10.57 mm, 12.44 mm, 6.93 mm, and 12.50 mm were taken for the test. The residual lengths of corresponding cutting heights were 1.47 mm, 8.23 mm, 11.35 mm, 5.03 mm, and 12.27 mm, respectively.



The curve in Figure 11 shows the force curve of the load cell obtained by conducting five tests. It can be seen that the force curve has changed significantly. The first trough in the force curve after the occurrence of cutting is negative, and the second peak is positive. The impact of cutting the garlic root was greater due to the increase in relative cutting speed, which resulted in a significant increase in the absolute value of the first trough. When the first cut occurred with the double round blade, the garlic root was subjected to the head-on impact of the double round blade, and the impact of the double round blade caused a rapid surge in the squeezing force on finger A. As the first cut proceeded, the squeezing pressure on finger A reached a peak and then began to gradually decrease. In between the two cuts, there is a state where the extrusion pressure on finger A and finger B is zero. After the start of the second cut, the squeezing force on finger B first increases and then decreases. The force curve stabilized around the zero value after fluctuation. The test results showed that the double round blade was rotated in the direction of Figure 11, and the squeezing force on finger A was greater (the maximum impact was 1.039 kg), which means that the impact generated was greater.



The test results are shown in Figure 12; the cutting effect was not satisfactory, and there was a large number of longer root whiskers that were not removed, which seriously affected the root cutting quality. Additionally, this verifies that the outward thrust of the double round blades on the garlic roots has an unfavorable influence on cutting the roots, and methods should be found to overcome this unfavorable influence.





3.2. Round Blade for Edge Grooving


By analyzing the root-cutting process of double round blades, it is clear that the outward thrust of double round blades on garlic roots has an unfavorable influence factor for cutting roots. Therefore, how to eliminate the outward thrust of the double round blades on the garlic roots is the focus of the research. On the basis of the verification of a large number of practice tests, we proposed slotted round blades. The use of double-slotted round blades for cutting roots and the use of tooth grooves to bring garlic roots into the overlapping area can effectively eliminate the adverse effect of the outward thrust of double round blades.



The difference between a double-slotted round blade and a double round blade is only that the blade has an inclined V-shaped slot at the edge. After preliminary tests, the number of slanted V-grooves on the slotted round blade was determined to be 35, the depth of the grooves was 7 mm, and the angle of slanting was 35°, as shown in Figure 13. To investigate the root-cutting effect of different blades, slanted blades and straight blades were studied. The root beard bundle and the blade moved in the direction of the arrow in Figure 13. When the slotted round blade was used for root cutting, the slotted round blade was able to produce a downward thrust Fki on the garlic root in the gathering area of the garlic root. The direction of the downward thrust Fki was perpendicular to the blade of the slotted part, and the projection in the projection in direction of clamping and conveying is in the same direction as the clamping and conveying direction. The forward thrust on the root bundle is Fk′.


    F   k   ′   =   ∑  i   n      F   k i      



(20)




where Fki is the ith downward thrust, and the total number of downward thrusts is assumed to be n.



As the root bundle comes into contact with the double-slotted round blades, the bundle is gathered and brought into the overlapping area of the double blades by a downward thrust. As shown in Figure 13, the double-slotted round blades work together to apply shearing force to the garlic root, producing a shearing effect similar to that of scissors. At the same time, the shearing force exerted by the double-slotted round blades on the garlic root can produce a cutting effect in different directions, thus ensuring that the garlic root is not pushed away by the blades.



It was found through pre-testing that with the slotted round blade with an inclined V-groove, the blade cut the garlic root with a sliding cut instead of a straight cut. The sliding cut ensures that the garlic root is cut while requiring less cutting force. Since different garlic has different root bundles, the force on the garlic roots during root cutting with the double-slotted round blade is too complicated, so the force profile needs to be measured by load cells in the study. The data obtained by the load cell were analyzed quantitatively.



The test bench operation and parameter settings for the double-slotted round blade root cut test are the same as for the double round blade root cut test. The test still needs to be evaluated on the basis of the force curve and the root cut quality of the sample.



The slanted blade and straight blade were used for the root cutting test, and all the test parameters were identical for the slanted blade and straight blade. The results of the slanted blade and straight blade tests are shown in Figure 14. Simultaneously, the rotation direction of the slotted blade is shown in Figure 14.



Similarly, the root cutting test of the slanted blade and straight blade tested the cutting effect of different cutting heights. The residual lengths of the slanted blade were 4.26 mm, 10.70 mm, 1.35 mm, 5.50 mm, and 7.66 mm, respectively. The residual lengths of the straight blade were 5.70 mm, 2.23 mm, 8.28 mm, 2.52 mm, and 1.74 mm, respectively. The force curves of the slanted blade and straight blade were obtained by the test.



As can be seen from Figure 14, the force curves of the slanted blade and straight blade are similar to the force curves of double round blades, and both have two cutting processes. The force curves show a saddle shape, consisting of a higher crest and a lower crest as well as a trough between the two crests. The maximum value of the first cut on the finger B squeezing force is significantly larger than the maximum value of the second cut on the finger B squeezing force. It can also be seen from Figure 14 that the maximum values of the first cut on the finger B squeeze for the slanted blade are more dispersed, while the maximum values of the first cut on the finger B squeeze for the straight blade are concentrated at the larger values. The mean value of the maximum value of the first cut of the straight blade on the finger B pressure was 0.4446 kg, and the mean value of the first cut of the straight blade on the finger B pressure was 0.6414 kg. The troughs of the slanted blade have significant fluctuations, and the values of the troughs are small negative values.



According to the previous analysis, the saddle-shaped trough of the force curve can indicate whether the cutting surface of the root is neat or not, which is an important characteristic to measure the quality of the root cut. Therefore, the force curves of the slanted blade and straight blade show that the slanted blade has less cutting force than the straight blade, and the cutting surface is straighter and neater. The slanted blade is less forceful than the straight blade, and the slanted blade produces a neater cut. This result is in line with common sense and shows that the analysis of the force curve is realistic. From the point of view of the cutting effect, a slanted blade is better than a straight blade.



Figure 15 shows the root-cutting test with a double-slotted round blade or slanted blade. Different sizes and shapes of garlic were used for the root-cutting test. To test the cutting effect of different cutting heights, the cutting heights were 4.16 mm, 7.89 mm, 3.31 mm, 4.76 mm, and 5.24 mm, respectively, and the remaining root lengths corresponding to the cutting heights were 4.26 mm, 10.70 mm, 1.35 mm, 5.50 mm, and 7.66 mm, respectively. The root whiskers and the cut were straight. At the same time, the remaining root whiskers were plucked and presented in the same direction as the clamping and conveying direction, which also verified that the thrust of the round blade on the garlic root with the double slotting facilitated the removal of the garlic root. The test results indicate that the double-slotted round blade cuts better than the double-rounded blade.





4. Discussion


Automated root cutting of garlic is the key technology that restricts the full mechanization of the garlic industry. Chen et al. [50] designed a linkage occlusion cutting mechanism, performed a garlic disk cutting force test, quantified and analyzed the cutting process using pressure sensors, and plotted the cutting force curve to obtain the optimal tool parameters. Barman et al. [51] developed garlic stem cutting equipment for replacing manual labor, which can perform feeding, clamping, cutting, and collecting operations, effectively improving work efficiency, but did not analyze the cutting process. Tang et al. [52] carried out bionic optimization of the carrot stem and leaf cutting cutter disc on a carrot combine harvester, established kinematic and kinetic models of the cutter, stem, and leaf, and verified the optimization effect by field harvesting tests. Levshin et al. [53] studied the cutting mechanism of potato shoots using a disc knife and showed that cutting separation was better under supported conditions. Momin et al. [54] studied the quality of sugarcane stem cutting by comparing various disc knives to obtain the optimal blade configuration parameters. Currently, the cutting of tough objects, such as stalks, has been studied more thoroughly, but less research has been conducted on the cutting of flexible objects, such as the roots of garlic. This paper not only analyzes the force of the root-cutting process but also quantifies the force variation of the cutting process with the help of pressure sensors. An effective method for analyzing the cutting process of agricultural products is provided, and the whole cutting process of garlic roots by double round blades is clarified.



The present study provides experimental innovations, but there are some limitations. Due to the limitations of objective factors such as time and conditions, experimental studies on different varieties of garlic are lacking. Secondly, this study was conducted only on samples treated with preservation; however, the physical properties of garlic roots with different moisture contents varied greatly. Therefore, the adaptability of the method needs to be verified for samples of different varieties and water contents in subsequent studies. In addition, this paper is an experimental study based on a test bench and does not consider the effect of actual field operating conditions on the cutting effect. In the next study, the cutting effect under combined harvesting operation conditions of garlic will be further investigated.




5. Conclusions


The structural parameters of garlic cutting blades were designed and optimized in this study to improve the cutting effect of cutting round blades when cutting roots of garlic. To address the problem that the force relationship between the garlic root bundle and the cutting blade is difficult to study scientifically, this paper proposes a research method based on continuous force feedback and conducts practical experimental research on different blade forms, different rotation methods, and different edge angles. The pressure sensor is used to sense the change of force on the garlic root and plot the curve to quantify and analyze the force problem which is difficult to study scientifically. Moreover, the theory of using force curves to evaluate the cutting effect proposed in the study was verified by practical experiments.



The analysis of the force curve showed that the saddle-like trough of the force curve is the key area to measure the cutting effect, and the double-slotted round blade with a slanted blade cut better than the double-slotted round blade with a straight blade and the double round blade. The diameter of the round blade was 110 mm, and the speed was 1200 r/min. The mean value of the maximum value of the force curve of the double-slotted round blade of the slanted blade was 0.4446 kg. The double-slotted round blade of the slanted blade had a thrust force that facilitated cutting during the root-cutting process. Using the force sensor with continuous feedback, this research process can provide a reference for force analysis of cutting different agricultural products.
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Figure 1. Garlic plant in a field. The garlic cloves form the bulb of garlic. The garlic root includes the rooting site and the root whiskers. 






Figure 1. Garlic plant in a field. The garlic cloves form the bulb of garlic. The garlic root includes the rooting site and the root whiskers.



[image: Agronomy 13 00835 g001]







[image: Agronomy 13 00835 g002 550] 





Figure 2. Schematic diagram of the test bench structure. 
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Figure 3. Schematic diagram of the structure of the cutter module. 
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Figure 4. Parameters of the double round blade. 
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Figure 5. Analysis of the effective cutting speed of round blades. 
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Figure 6. Parameters of the overlapping area of the double round blades. 
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Figure 7. Schematic diagram of the force analysis of the garlic root. 
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Figure 8. Fingers and the effect of root cutting on the test bench. 






Figure 8. Fingers and the effect of root cutting on the test bench.



[image: Agronomy 13 00835 g008]







[image: Agronomy 13 00835 g009 550] 





Figure 9. Double round blade root-cutting force curve. 






Figure 9. Double round blade root-cutting force curve.



[image: Agronomy 13 00835 g009]







[image: Agronomy 13 00835 g010 550] 





Figure 10. Root-cutting force curve and cutting effect of double round blades. 
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Figure 11. Cutting force curve of double round blades at different cutting heights. 
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Figure 12. Comparison of cutting effect of double round blades. 
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Figure 13. Edge grooving of the round blade root-cutting force. 
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Figure 14. Comparison of force curves for cutting roots with different edges of round blades with grooved edges. 
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Figure 15. Comparison of cutting effect of a double round blade with edge grooving. 
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