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Abstract

:

Sweet potato skin is prone to friction damage during mechanical harvesting. To reveal the friction damage mechanism of sweet potato skin, the impact friction process between a sweet potato and a rod was theoretically analyzed. The main factors affecting the impact friction force of the sweet potato skin include the sweet potato mass, drop height, distance from the center of the pendulum to the impact center of the sweet potato, maximum elastic displacement of the sweet potato, collision contact time, curvature radius of the sweet potato collision surface, material and roughness of the collision contact surface, etc. The mass, drop height, rod direction, rod state, and rod material of the sweet potato were used as the test factors, and the critical damage acceleration of the sweet potato skin was used as the test evaluation index. The results showed that the friction force caused by the collision between the sweet potato skin and rod increased with the increase in the sweet potato mass. The minimum friction is 3.5 N. The critical damage acceleration of the sweet potato skin decreased with the increase in the sweet potato mass, and the drop height had no significant effect on the critical damage acceleration of the sweet potato skin. Compared with the vertical placement, the critical damage acceleration of the sweet potato skin was smaller when the rod was placed horizontally, and the damage was more likely to occur. Under the same conditions, the critical damage acceleration of the sweet potato skin when the rod is rolling is greater than that when the rod is fixed. The critical damage acceleration of the impact friction between the sweet potato and 65Mn rod is the smallest, and the critical damage acceleration of the impact friction with the 65Mn–leather rod is the largest.
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1. Introduction


The broken skin of sweet potatoes is one of the main damage forms in the process of mechanized sweet potato harvesting [1,2,3,4]. The friction and collision between sweet potatoes and mechanical parts are the main causes of skin damage in the transmission process of the sweet potato excavator and the screening process of the potato soil separation device [5,6,7]. Sweet potato skin damage not only affects the appearance of sweet potatoes but also causes the overall quality of sweet potatoes to decline and affects the selling price of sweet potatoes. Due to the incomplete surface of the defect, it is easily attacked by bacteria, which accelerates the deterioration of sweet potato blocks and is not conducive to the storage of sweet potatoes [8,9,10].



At present, there is no report on the impact friction and damage of sweet potato skin which can be referred to in the relevant research on potatoes. Scholars at home and abroad have conducted a combined study on the damage of sweet potatoes and potato skin and the impact of damage on its internal tissues [11,12]. Geyer et al. [13] inserted an acceleration sensor into the potato and used the free-fall collision device to make the potato collide with the pressure sensor, and studied the effects of potato variety, mass, fall height, sensor installation position, etc. on the collision acceleration and collision contact force. Rady et al. [14] used a free-fall collision device to test the respiration rate, damage area, and damage volume of a potato ball after collision with a steel plate and rod. Daniel et al. [15] developed a computer-controlled pendulum impact device that can quickly detect the impact acceleration and force of potatoes. Thomson et al. [16] studied the effects of potato mass, temperature, and sorting acceleration on potato skin damage during potato seed sorting. The larger the potato mass, the lower the temperature, and when the sorting acceleration exceeds a certain value, the potato skin damage will be aggravated. Alexei et al. [17] used data recording balls instead of potatoes to study the stress and damage of potatoes during the operation of three different models of potato harvesters. Gao Guohua et al. [18] designed a mechanical properties test and drop impact test of sweet potatoes, established the mathematical model relationship between the drop height, impact force, and impact stress, and finally measured the firmness of the sweet potatoes as 1.3385 MPa and the critical damage impact force as 424.2 N. Xie Shengshi et al. [19] designed a potato collision test platform to solve the problem of mechanical damage to potatoes during harvest. Through orthogonal test analysis, it was found that the significant factors affecting potato damage volume were initial height, potato mass, potato temperature, and collision material in sequence. M. Bentini et al. [20] studied the damage to potatoes during harvest, proposed that the impact of the separating parts of the harvester was the main cause of the damage to the potatoes, and revealed the source of the impact from the perspectives of the advancing speed of the machine and soil moisture. Bajema et al. [21] carried out a static impact test of potatoes. The results showed that the failure stress, strain, and elastic modulus of the potato decreased with the increase in temperature. P. Azizi et al. [22] studied potato motion in Visual NASTRAN software. The device conducted field tests under different forward speeds, leaf angles, and rotational speeds, and obtained the best parameter combination to control the potato damage rate within 4%.



According to the principle of a single pendulum impact scratch test, Deng Weigang made a theoretical analysis of the impact friction process of potato skin. The mathematical model of impact friction between potato and cylindrical rod is of great significance to this paper [23].



In this paper, a sweet potato skin impact friction test bench was built based on references to analyze the impact friction characteristics between sweet potatoes and the rod of the potato soil separation device and the relationship between the impact friction characteristics and the sweet potato skin damage and to obtain the relevant factors and rules affecting the impact friction acceleration of the sweet potatoes, so as to reveal the damage mechanism of sweet potato skin breaking and provide a basis for the low-damage optimization design of a mechanized sweet potato harvesting device.




2. Materials and Methods


2.1. Test Apparatus


When the sweet potato skin impinges on the rod, it is necessary to dynamically adjust the compression displacement of the contact site and the vertical direction between the sweet potato and the rod. For this reason, a single-pendulum impact friction test device was designed, as shown in Figure 1. The top of the support bracket of the test device and the end of the supporting shaft are each provided with a rectangular slot, and the two are connected by bolts. After loosening the adjusting nut, the support shaft can move back and forth in the horizontal direction and up and down in the vertical direction. The end of the support shaft is fitted with a rolling bearing and is fixed with a light pendulum rod. The sweet potato is held at the end of the light pendulum rod lifted to a certain height, and then released. When it swings to near the lowest position, it will collide with the rod.




2.2. Impact Friction Analysis


The pendulum impact friction diagram between sweet potato skin and cylindrical rod is shown in Figure 2. Point P is the farthest point from the sweet potato surface to point O1. When the sweet potato swings to the vertical position, point P moves to point A, and point A moves to point A′ due to elastic deformation caused by extrusion; the size of AA′ can be changed by adjusting the relative position of the sweet potato and the rod in the lowest position. The initial position of the collision between the sweet potato and the rod is P0. According to the shape characteristics of the sweet potato surface, it can be assumed that P0 and P1 are on a part of the arc near the lowest point P. During the collision between the sweet potato and rod, the arc surface of the P0P section is the elastic compression stage, and the elastic deformation of the sweet potato gradually increases from zero. When the P point is in contact with the rod, the elastic deformation increases to the maximum. The elastic recovery stage is when the arc surface of PP1 is in contact with the rod, and the P1 point is the contact point when the sweet potato and the rod are out of collision, and the elastic deformation of the sweet potato is zero.



In Figure 2, the single pendulum angle α corresponding to the initial collision contact point P0 is called the initial collision angle, the swing center of the single pendulum is O1, the center of the cylindrical rod is O2, and the center of curvature of the sweet potato surface at point P is O3. When ΔO1O2O3,


     O 1   O 2  = L +  R 1  − λ      O 1   O 3  = L −  R 2       O 2   O 3  =  R 1  +  R 2     



(1)




where L denotes the distance from the center of the pendulum to the lowest point O1P of the sweet potato, mm; R1 denotes the radius of curvature of the rod, mm; R2 denotes the radius of curvature of the sweet potato surface at point A, mm; λ denotes the maximum elastic deformation of sweet potato AA′, mm.



The initial angle of collision between the sweet potato and the rod can be solved according to the cosine law.


  α = arccos  [       (  L −  R 2   )   2  +    (  L +  R 1  − λ  )   2  −    (   R 1  +  R 2   )   2    2 ( L −  R 2  ) ( L +  R 1  − λ )    ]   



(2)




where α denotes the initial angle of collision between sweet potato and rod with the unit of rad.



According to the relationship between the angles of ΔO1O2O3 and ΔO3PP0,


   θ 1  =  1 2   (  ∠  O 1   O 2   O 3  − α  )  =  1 2   [  arcsin (   L −  R 2     R 1  +  R 2    sin α ) − α  ]   



(3)




where θ1 denotes the tilt angle between P0P and the horizontal direction when the collision contact point is P0 with the unit of rad.



2.2.1. Establishment of Collision Physical Model


According to the collision process between the sweet potato and the rod in Figure 2, it can be seen that the collision process starts from the contact point P0 and reaches the maximum elastic displacement λ at the point P. According to the principle of relative motion, it is assumed that the simple pendulum and the sweet potato are fixed in the vertical position, and the rod has impact friction with the surface of the sweet potato at a certain speed V. The camber P0P is simplified to a light rod P0P that can rotate around P0, and the maximum displacement of P point in the vertical direction is λ. The impact friction physical model established is shown in Figure 3, where k and c represent the stiffness coefficient and damping coefficient of the sweet potato in the vertical direction, respectively.



In the single-degree-of-freedom collision system shown in Figure 3, point P is between the displacement y in the vertical direction and the exciting force F in the vertical direction, satisfying the standard dynamic equation of the single-degree-of-freedom system.


  m  y ¨  + c  y ˙  + k y = F  



(4)




where m denotes the sweet potato mass with the unit of kg; c denotes the system damping; k denotes the system stiffness; F denotes the vertical excitation force with unit of N.



The collision process from point P0 to point P occurs in a very short time Δt, and the collision process satisfies the impulse theorem.


  m Δ V = F Δ t  



(5)




where ΔV denotes the change in vertical velocity of sweet potato during the collision with the unit of m/s; Δt denotes the collision contact time from P0 to P with the unit of s.




2.2.2. Solution of Friction Ff on the Collision Surface of Sweet Potato


The impulse theorem is applied in the vertical direction for the collision process from the beginning of the collision to the maximum elastic displacement λ [24].


  F =   m Δ V   Δ t   =   m   2 g H   sin  θ 1    Δ t   cos  2   θ 1     



(6)




where H denotes the height at which the sweet potato was raised before the collision began, m.



According to the collision physical model in Figure 3, ignoring the resistance caused by the slight movement of the light rod along the PP0 direction, the friction force Ff during the collision between the sweet potato and the rod is approximately equal to the magnitude of the component F2 of the excitation force F of point P in the vertical direction along the PP0 direction of the rod, as shown in Figure 4.



Therefore,


   F f  = F sin θ  



(7)




where θ denotes the tilt angle between P0P and the horizontal direction when the collision contact point is M with the unit of rad; the variation range of θ is between θ1 and θ2, θ2 is the tilt angle between rod P0P and the horizontal direction when the collision contact point is P with the unit of rad. Since θ1 to θ2 changes very little, use θ1 instead of the size of θ.



According to Formulas (6) and (7), the following can be obtained:


   F f  =   m   2 g H     Δ t     tan  2   θ 1   



(8)







According to the calculated expressions of α and θ1, the main factors affecting the magnitude of friction force Ff are the distance L from the lowest point of the sweet potato surface to the center of the pendulum, the radius of the cylindrical rod R1, the radius of curvature R2 at the lowest position of the sweet potato collision, the mass m of the sweet potato, the height of the drop H, the maximum elastic displacement λ and the collision contact time Δt from the beginning of the collision to the production of the maximum elastic displacement λ.





2.3. Test System


The sweet potato impact friction test system includes the impact friction test device shown in Figure 1 and the acceleration acquisition system shown in Figure 5. The acceleration acquisition system mainly includes a data acquisition and analyzer, a 12 g-mass acceleration sensor with an accuracy of ±10 mv/g and dimensions of Φ12 mm × 21 mm (ZC1001L; Yangzhou Ketu electronic Co., Yangzhou, China), a signal conditioner and a computer.



Before the test began, a knife was used to open a blind hole with a diameter of 12 mm and a depth of 25 mm on the surface of the sweet potato, and the sensor was wrapped with waterproof foam and inserted into the hole to fix it. The height between the top of the test stand and the surface of the test stand is 900 mm, and the height between the center of the support shaft and the top surface of the fixture is 700 mm. The distance A from the top of the test stand to the center of the support shaft, the distance B from the top surface of the fixture to the lowest position of the sweet potato, and the distance C from the surface of the test stand to the highest position of the rod were respectively measured, as shown in Figure 5. To make the potato and the rod produce mutual friction, the vertical position of the support axis was adjusted, so that the overlap distance between the sweet potato and the rod in the vertical direction was 1 mm~2 mm, and the parameters met the following formula.


  A + B + 700 + C − 900 = 1 ~ 2  



(9)








2.4. Test Scheme


The sweet potato impact friction test scheme is shown in Table 1. The experimental factors were sweet potato quality, initial height, rod direction, rod state, and rod material. The test index was the critical damage acceleration of sweet potato skin damage. The rod is 65Mn with a diameter of 10 mm, and the plastic and leather with a thickness of 2 mm adhere to the surface of the rod, respectively, to simulate the collision between the sweet potato and the rod with different materials. The experiment was repeated 10 times in each group, and the average value of the maximum acceleration of sweet potato skin damage was taken as the test result.





3. Results and Discussion


3.1. Impact Friction of Sweet Potato Skin


According to the test results of the five groups of tests No. 11–15, the collision friction force was calculated by selecting the two test data of sweet potato skin damage in each group, and the results are shown in Table 2. The collision friction force Ff was calculated from the previous Formula (8), and the collision time Δt was read from the signal collected by the acceleration sensor. The curvature radius of a sweet potato was mapped by marking the impact friction point between the sweet potato skin and rod with a marker and cutting it with a knife after the collision. The section outline of the cut part was printed on white paper with a pencil to obtain its outline curve, and then the center of the section outline curve was made by a geometric drawing to measure the curvature radius R2 of the collision contact area between the sweet potato and the rod. According to the formula of the friction force, the change in the friction force is mainly affected by the mass and collision time of the sweet potato. The difference in the surface curvature of the sweet potato with the same mass will lead to the difference in the collision time, and the friction force value will fluctuate greatly.



According to the results in Table 2, the minimum friction force causing skin damage to the sweet potato is 3.5 N, and the collision friction time Δt between the sweet potato and the rod is concentrated in the range of 2 ms–3 ms. The overall results showed that the friction force increased gradually with the increase in the mass of the sweet potato.




3.2. Analysis of Critical Damage Acceleration of Sweet Potato Skin


The critical damage acceleration curve of sweet potato skin was obtained by using the test system in Figure 2, as shown in Figure 6. At the beginning of the collision, the collision acceleration of the sweet potato increases continuously and reaches the maximum value when it reaches the maximum elastic displacement. Because the sweet potato is fixed by the metal clip, the slight displacement up and down along the normal direction of the contact surface occurs continuously during the collision friction, so the collision friction acceleration fluctuates continuously within a certain range. Towards the end of the collision, the acceleration decreases and decreases until it reaches zero. After the end of each group of tests, damage to the sweet potato skin was observed. After the end of each group of experiments, the peak value of the acceleration curve of the sweet potato with skin damage (Figure 7) was selected as the critical acceleration of the sweet potato skin damage. To ensure the accuracy of the test results, the results of multiple tests in the same group were taken to calculate the average value.



3.2.1. Effects of Sweet Potato Mass and Rod Direction on Critical Damage Acceleration of Sweet Potato Skin


According to the test scheme in Table 1 (test No. 1–5, 11–15), the impact friction test of the sweet potato skin was carried out, and the curve of the critical damage acceleration of the sweet potato and rod skin with the change in the sweet potato mass when the rod was fixed horizontally and vertically was drawn, as shown in Figure 8.



It can be seen from the figure that when the rod is fixed vertically or horizontally, the critical damage acceleration of the sweet potato skin decreases with the increase in mass. For the same mass of sweet potato, the collision of the sweet potato and rod in different directions has a great influence on the critical damage acceleration of the epidermis. The reason for this is that when the rod is placed horizontally, the collision area between the sweet potato and the rod is smaller, the collision time is longer, the friction force is smaller, and the acceleration is smaller. The fitting equations showed that the critical damage acceleration of the sweet potato skin was linearly related to the mass of the sweet potato when the rod was placed horizontally or vertically.




3.2.2. Effect of Initial Height on Critical Damage Acceleration of Sweet Potato Skin


According to the test scheme in Table 1 (test No. 6–10), a sweet potato skin impact friction test was conducted, and the influence curve of the initial height on the friction acceleration of the sweet potato skin damage was drawn, as shown in Figure 9. It can be seen that when the rod is fixed horizontally, the correlation coefficient between the damage friction acceleration and the height is 0.192, indicating that there is no obvious correlation between the two, and the height has no significant effect on the critical damage acceleration of the sweet potato skin. The greater the initial height, the greater the initial velocity of the impact friction between the potato and rod, and the greater the impulse of the collision process. So the acceleration of the collision will be greater. The researchers analyzed the maximum impact of the potato on the rod. Similar conclusions are also obtained when considering the characteristics of velocity variation [14,25].




3.2.3. Influence of Rod State on Critical Damage Acceleration of Sweet Potato Skin


According to the test scheme in Table 1 (test No. 11–20), the impact friction test of the sweet potato skin was carried out, and the curve of the influence of the sweet potato mass on the friction acceleration of the skin damage when the rod was fixed and rolled was obtained, as shown in Figure 10. For the same quality sweet potato, the critical damage acceleration of the skin when the rod was fixed was greater than that when the rod was rolled. The fitting equations showed that the critical damage acceleration was linearly related to the mass of the sweet potato in both rod conditions.



When the sweet potato is in contact with the rod, the friction force will make the rod display a relative movement trend. When the rod is fixed, there is sliding friction between the sweet potato and the rod. When the two ends of the rod are fixed through the bearing seat, the rod is rotated around the rod axis by tangential force along the collision contact surface during the collision, and the friction between the sweet potato and the rod changes from sliding friction to rolling friction. Under the same condition as other collision conditions, the rolling friction force is less than the sliding friction force, so the critical damage acceleration of the skin when the rod is rolling is less than that when it is fixed.




3.2.4. Influence of Rod Material on Critical Damage Friction Acceleration of Sweet Potato Skin


According to the test scheme in Table 1 (test No. 11–15, 21–30), when the rod was fixed vertically, the influence curve of the rod material on the critical damage acceleration of the sweet potato skin was shown in Figure 11. The fitting equations showed that the three materials were consistent with the linear relationship between mass and critical damage acceleration, and the critical damage acceleration decreased with the increase in the mass of the sweet potato. When the sweet potato collided with a 65Mn–leather rod, the epidermal damage acceleration was the highest, followed by the collision with a 65Mn–plastic rod, and the damage acceleration with the 65Mn rod was the least. Xie Shengshi et al. [19] found that compared with the 65Mn and 65Mn–plastic, the damage area of the potato and 65Mn–rubber collision was the smallest, but the collision acceleration was the largest. This research result is similar to the analysis conclusion in this section.





3.3. Regression Analysis of Test Factors and Critical Damage Friction Acceleration of Sweet Potato Skin


According to the results of the test scheme in Table 1, linear regression analysis was performed on each test factor and the critical damage acceleration at of the sweet potato skin is shown in Table 3. The results of the regression analysis showed that there was a significant linear negative correlation between the mass of the sweet potato and the critical damage acceleration of the sweet potato skin, and the correlation coefficient was above 0.9. The drop height had no significant effect on the critical injury acceleration of the sweet potato epidermis. The linear regression equation provides an effective prediction model for the acceleration of skin damage in the process of impact friction between sweet potatoes and different rods.





4. Conclusions


The test results show that the friction force of the breakage between the sweet potato and rod increases gradually with the increase in the mass of the sweet potato. The effects of the different rod states on the critical damage acceleration of the sweet potatoes were compared and analyzed. When the rod was fixed horizontally and vertically, the critical damage friction acceleration decreased with the increase in the mass of the sweet potato. Under the same conditions, the critical damage friction acceleration when the rod is fixed in the horizontal direction is significantly smaller than that in the vertical direction, the critical damage friction acceleration when the rod is rolling is smaller than that when the rod is fixed, the critical damage friction acceleration when the sweet potato collides with the 65Mn rod is the smallest, and the critical damage friction acceleration when the sweet potato collides with the 65Mn–leather rod is the largest. The initial drop height had no significant effect on the critical acceleration of skin damage of sweet potatoes. In conclusion, this study can provide a reference for the design of a chain rod sweet potato harvester to reduce the friction damage between sweet potatoes and rods during harvesting. In the future, the energy loss during the impact friction between the sweet potato and rod should be further studied.
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Figure 1. Sweet potato skin and cylindrical rod impact friction test equipment. 
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Figure 2. Schematic diagram of impact friction between sweet potato skin and cylindrical rod. 1. Local surface of sweet potato; 2. collision rod. 






Figure 2. Schematic diagram of impact friction between sweet potato skin and cylindrical rod. 1. Local surface of sweet potato; 2. collision rod.



[image: Agriculture 14 00093 g002]







[image: Agriculture 14 00093 g003] 





Figure 3. Physical model of impact friction between sweet potato and rod. 
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Figure 4. Force analysis between sweet potato and rod collision process. ω′ (rad/s), the instantaneous angular velocity of light rod P0P; Ft (N), the collision force of the collision contact point along the vertical direction of P0P; Ff (N), the friction force of collision between sweet potato and rod; F (N), the vertical excitation force at point P; F1 (N), the component of the exciting force F along the vertical rod PP0 direction; F2 (N), the component of the exciting force F along the PP0 direction of the rod. 






Figure 4. Force analysis between sweet potato and rod collision process. ω′ (rad/s), the instantaneous angular velocity of light rod P0P; Ft (N), the collision force of the collision contact point along the vertical direction of P0P; Ff (N), the friction force of collision between sweet potato and rod; F (N), the vertical excitation force at point P; F1 (N), the component of the exciting force F along the vertical rod PP0 direction; F2 (N), the component of the exciting force F along the PP0 direction of the rod.
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Figure 5. Sweet potato impact friction acceleration acquisition system. 1. Computer; 2. signal conditioner; 3. date acquisition card; 4. testbed; 5. acceleration sensor. 
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Figure 6. Critical damage acceleration curve of sweet potato skin. 
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Figure 7. Sweet potato skin damage. 






Figure 7. Sweet potato skin damage.
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Figure 8. Relationship between critical damage acceleration of sweet potato skin and sweet potato mass. 
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Figure 9. Relationship between critical damage acceleration and initial height of sweet potato skin. 
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Figure 10. Relationship curves between critical damage acceleration and mass of sweet potato under different rod states. 
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Figure 11. Influence curve of rod material on critical damage acceleration of skin. 
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Table 1. Impact friction test scheme of sweet potato.






Table 1. Impact friction test scheme of sweet potato.













	Number
	Sweet Potato Mass (g)
	Initial Altitude (mm)
	Rod Direction
	Rod Condition
	Rod Material





	1
	100
	
	
	
	



	2
	200
	
	
	
	



	3
	300
	80
	Horizontal
	Static
	65Mn



	4
	400
	
	
	
	



	5
	500
	
	
	
	



	6
	
	30
	
	
	



	7
	
	40
	
	
	



	8
	250
	50
	Horizontal
	Static
	65Mn



	9
	
	60
	
	
	



	10
	
	70
	
	
	



	11
	100
	
	
	
	



	12
	200
	
	
	
	



	13
	300
	80
	Vertical
	Static
	65Mn



	14
	400
	
	
	
	



	15
	500
	
	
	
	



	16
	100
	
	
	
	



	17
	200
	
	
	
	



	18
	300
	80
	Vertical
	Rolling
	65Mn



	19
	400
	
	
	
	



	20
	500
	
	
	
	



	21
	100
	
	
	
	



	22
	200
	
	
	
	



	23
	300
	80
	Vertical
	Static
	65Mn–leather



	24
	400
	
	
	
	



	25
	500
	
	
	
	



	26
	100
	
	
	
	



	27
	200
	
	
	
	



	28
	300
	80
	Vertical
	Static
	65Mn–plastic



	29
	400
	
	
	
	



	30
	500
	
	
	
	










 





Table 2. Calculation results of skin impact friction of sweet potato.






Table 2. Calculation results of skin impact friction of sweet potato.





	
Number

	
Rod

Radius

	
The Sweet Potato Curvature Radius

	
Maximum Elastic Displacement

	
Pivot to Sweet Potato Lowest Point

	
Drop Height

	
Sweet

Potato Mass

	
Test Value

	
Friction Force




	
R1 (mm)

	
R2 (mm)

	
λ (mm)

	
L (mm)

	
H (mm)

	
m (g)

	
Δt (ms)

	
Ff (N)






