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Abstract

:

In order to reduce the mechanical damage during the kiwifruit picking process, the fruit rate of the picked fruit should be improved. The mechanical properties of the epidermis and interior of the fruit during the harvesting process were studied, so as to analyze the damage principle of the fruit. Firstly, a three-dimensional model of kiwifruit was constructed by point cloud scanning, and the flesh and placenta were filled in order to become a complete kiwifruit model. The elastic modulus, failure stress, and density of the kiwifruit skin, flesh, and placenta were obtained experimentally, and the material properties of the kiwifruit model were endowed with properties. Secondly, the finite element method was used to analyze the epidermis and internal stress of the kiwifruit by simulating the two processes of grabbing kiwifruit and picking to fruit boxes. The results show that the relative error of the simulation and test of the simulated grasping of kiwifruit was 6.42%, and the simulation and test of picking to fruit box confirmed the existence of damage, and the reflectivity of the damaged point in the detection was 6.18% on average, and the hardness value decreased to 8.30   kg /   cm  2    on average. The results from this study can provide a reference for control strategies and damage avoidance during grasping.
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1. Introduction


China is the country with the largest kiwifruit planting area and production in the world, with more than two million tons in 2020 [1]. The kiwifruit planted in Shaanxi Province is about   5.3 ×   10  4    hectares, while production reaches   9.48 ×   10  5    tons, which is the highest yield [2]. Kiwifruit harvesting in this region mainly relies on manual picking, which is labor-intensive, time-consuming, and labor-expensive [3]. Population aging and rising labor costs have led to a decrease in the labor available for agricultural harvesting [4]. Therefore, the mechanization and automation of kiwifruit picking and harvesting can further improve picking efficiency and reduce labor costs [5]. How to reduce the damage to kiwifruit during picking and collection is one of the focuses of harvesting robot research. The damage to the fruit during the picking process is mainly caused by the harvesting robot during the grasping process [6]. Excessive gripping force will cause damage to the extruded flesh tissue of the fruit and reduce the quality of the fruit. Less force can cause shedding, causing slipping and falling injuries to the fruit during clamping [7]. During the collection process, the fruit enters the basket along the pipe from a certain height and is damaged by gravity [8]. Therefore, understanding the epidermal and internal forces of fruits in the process of grasping and collecting is of great significance to improve the flexibility and stability of kiwifruit harvesting robots.



In order to avoid damage to kiwifruit during harvesting, it is necessary to study the cause of the damage, namely the stress changes of kiwifruit and its distribution [6]. At the same time, the size of the stress on the kiwifruit often depends on the grasping force exerted by the mechanical claw. Considering the uncertainty of the handling process and the grasping environment, different forces were applied sequentially to determine the stress changes of kiwifruit. A large number of experiments have been carried out by scholars at home and abroad to link the size and distribution of stress on fruits with fruit damage, such as the pendulum impact test, compression test, and drop test [9,10], but the above test has a low accuracy, high cost, and it is difficult to observe the change in internal stress on the fruit [11]. At present, the finite element method, as an ideal method to obtain the stress and distribution of agricultural products through computers, has been widely used in the study of stress changes and distribution under compression on potatoes, pineapples, apples, and other crops [12,13,14]. However, finite element analysis requires accurate models, and the handling process has not been considered in such studies. Therefore, in order to improve the picking efficiency and realize the lossless grasping of kiwifruit, the damage mechanism of kiwifruit was revealed by analyzing the stress changes and distribution of kiwifruit during the grasping process, which laid a foundation for the study of non-destructive picking of kiwifruit.



In order to solve the problems existing in the harvesting process, scholars have carried out many studies considering damage analysis. The progress of computer technology has promoted the development and application of the research topic, such as the discrete element method (DEM) [15] and finite element method (FEM) [16]. In order to understand the stress and strain distribution patterns of pears, Salarikia used the finite element method to simulate the process of free fall of pears onto steel and wood panel surfaces in two different ways, horizontal and vertical [17]. Han used the finite element method to analyze the horizontal collision damage sensitivity of sweet cherries [18]. Liu established an extended finite element (XFEM) model to study the cracking susceptibility of fruit peel during fruit development and postharvest treatment, which provided a new method for quantitatively predicting the cracking susceptibility of tomato peel [19]. Du used finite element simulation and high-speed camera verification to study the deformation behavior of kiwifruit under the fall situation. By comparing the solution results of the kiwifruit finite element model with a high-speed camera screen, it was found that the finite element solution results of fruit deformation under drop conditions were consistent with the visual observation results [20].



Although the above research has made great progress in fruit damage using the finite element method, there are not many analytical studies on kiwifruit damage. However, much progress has been made in determining the failure behavior of kiwi tissue (peel and flesh) when subjected to certain external forces. However, especially in terms of grasping harvest, there are few studies on kiwifruit damage under different grasping environmental conditions. Especially under the mechanical collection conditions of kiwifruit, there are few studies on grasping and collection. The reason for this is the lack of understanding of the kiwifruit picking environment and the difficulty in characterizing where kiwifruit is vulnerable to damage during the harvesting process. Secondly, in terms of finite element modeling, the establishment of the model is not perfect. The model established by Du has only two layers, peel and flesh, and does not distinguish between the peel, flesh, and placenta of kiwifruit. The overall model of kiwifruit is not accurate enough, which will lead to the inability to accurately observe the stress deformation inside the kiwifruit [20]. In view of this, in the study of kiwifruit picking damage analysis, these topics were studied: how to perform creep tests on the tissues of various parts of kiwifruit, how the tissue stress of each part of the kiwifruit changes during the process of kiwi grasping force, and whether there is damage during the collection of kiwifruit in the container and how it changes. Therefore, by establishing a three-dimensional model of kiwifruit, the epidermal and internal forces in the picking process and the harvesting process after picking were studied. The objectives of this study can be summarized as follows:




	
The finite element method was used to simulate the viscoelastic properties of kiwifruit samples.



	
Under different forces, we observed the stress–strain generated on different tissues of the sample.



	
During the packing process after picking, we observed the stress–strain generated on different tissues of the specimen.



	
Comparison of laboratory results with finite element simulation results.









2. Materials and Methods


2.1. Test Materials


The most common variety “Xu Xiang”, with a more standardized shape, was selected as the research object. The “Xu Xiang” kiwifruit picked from the kiwifruit orchard in Baoji Mei County, Shaanxi Province, was selected as the test sample. Its diameter was mostly concentrated between 58~75 mm, and the mass was usually between 0.08~0.13 kg.




2.2. Experimental Designs


The mechanical properties of each part of the kiwifruit were studied. In this study, a universal testing machine (Instron 68TM-50, Instron, Norwood, MA, USA) was used for compression and tensile testing. The kiwifruit to be tested was placed in a laboratory environment for 5 h in order to adapt to the test temperature and reduce the influence of the environment on the test results. Firstly, the fruit knife cut each part of the kiwifruit tissue into equally sized slices, and each part of the tissue section was separated into 20 samples [21]. We measured the length L, width W, and height (or thickness) H of each part of the tissue with a vernier caliper, and measured the mass m with an electronic scale. This is shown in Figure 1. We used Formulas (1) and (2) to find the density ρ of the tissue of each part.


  V = L × W × H  



(1)






ρ = m/V



(2)




where ρ is density, m is mass, V is volume, L is length, W is width, and H is height.



The tensile test was carried out by holding both ends of the peel with the fixture of the testing machine. During the test, the loading speed was set to 1 mm/min. We recorded the corresponding stress–strain curve and test data to observe the entire stretching process of the upper and lower chucks. The compression mode of the universal testing machine was then used to compress the flesh and placenta, separately. During the test, the loading speed was set to 1 mm/min. We recorded the corresponding stress–strain curves and tested the data of the flesh and placenta. Formula (3) was used to obtain the elastic modulus and failure stress of each part of the tissue.


         σ n  =    F n   S         ε n  =   Δ l    l 0          E =    σ n     ε n           



(3)




where    σ n    is the stress (Failure stress), MPa;    F n    is the test load, N;    ε n    is the strain;    l 0    is the length before the specimen; ∆l is the amount of change in specimen length, mm; and E is the modulus of elasticity, MPa.




2.3. Finite Element Modeling and Simulation


2.3.1. Kiwifruit Three-Dimensional Finite Element Model Establishment


First, the depth camera (Kinect 2.0) was used to scan the kiwifruit, measure a large amount of point cloud data on the surface of the kiwifruit, and reconstruct the generated kiwifruit point cloud data in three dimensions to form a three-dimensional model of the kiwifruit as a whole [22]. After importing the UG software, we filled and drew the internal structure of the kiwifruit according to the cut surface of the kiwifruit (as shown in Figure 2b). After the establishment of the three-dimensional model of the kiwifruit, the size of the kiwifruit (length × width × thickness) was 52.00*64.00*48.00 mm. Then, we converted the model format to .x_t format and imported it into Abaqus. This is shown in Figure 3.



The second step is the geometric modeling and material property definition of the test system. First, Abaqus2020/CAE software (Dassault Systems Simulia Corp, Waltham, MA, USA) was used to build a 3D system geometric model for simulating grabbing and packing kiwifruits after picking (Figure 4a,b). Grabbing kiwifruit models were replaced by compression simulation and experimentation. The reason for this is that compression can accurately reflect the stress–strain of kiwifruit, and the verification test can also more accurately control the control of force and the measurement of deformation. The grabbing kiwifruit model consisted of two parts: a pressure plate and a kiwifruit. The rigidity property of the pressure plate was selected, and the diameter of the pressure plate was 100 mm. In subsequent simulations, the plate was in contact with the axial surface of the kiwifruit. The pick-and-pack kiwifruit model consisted of five parts: branches, fruit stems, kiwifruit, pipe, and fruit boxes. The size of the fruit basket was 580 × 410 × 315 mm, because the material of the fruit basket was hard, so the material was defined as rigid in the simulation. The pipe was made of PE. The distance from the branches to the bottom of the basket was 900 mm. Secondly, the structure of each part of the kiwifruit was defined according to the modulus of elasticity, stress strength, and density measured in Section 2.1. Kiwifruit is mainly composed of peel, flesh and placenta, due to the different mechanical properties of different tissues of kiwifruit, fruit, so the model of kiwifruit established consisted of these three parts. The structure of each part was defined as a linear elastic material, and the same tissue part belonged to the same substance, containing the same elastic modulus, Poisson’s ratio, stress strength, and density.



The third step involved defining the interactions between the system geometry models to limit the degrees of freedom between components (sub models). First, the elastic modulus of the kiwifruit peel was greater than the modulus of elasticity of the internal tissue, so the outer surface of the peel geometry was defined as the main surface and the inner surface was defined as the secondary surface. In the grasping kiwifruit model, the contact pair algorithm was used to define the contact between the lower surface of the pressure plate and the outer surface of the kiwifruit. The contact used node-to-surface contact, which allowed each node on the outer surface of the peel to effectively interact with the points on the lower surface of the plate. The contact interaction characteristics of the master–slave surface followed the normal “hard” contact behavior, ensuring that each constraint position could not penetrate the peel and that there was no limit to the amount of contact pressure that could be transmitted when the lower surface of the plate came into contact with the outer surface of the peel. The tangential behavior followed the Coulomb friction model by means of “penalty”, which allowed for some relative motion of the surface when adhering (“elastic slip”). When the surface was attached, the sliding amplitude was limited to this elastic slip, and this condition was enforced by constantly adjusting the size of the penalty constraint. Finally, the coefficient of friction between the pressure plate and the peel was defined as 0.4 [23]. In the pick-packed kiwifruit model, a cohesive unit-based cohesive damage model between branches and fruit stems was established to simulate the process of kiwifruit separation from fruit stem breakage.



A structured mesh generation technology based on the tetrahedral element type was used to obtain a high-quality fruit finite element model mesh, due to the irregular shape of the kiwifruit fruit skin and the tissue shape of each part. There was large tissue deformation and some contact phenomena in the compression process of the fruit, so the robustness of each part of the kiwifruit was required in the simulation. The tetrahedral unit (C3D10M) with a small global size was used to mesh the tissues, and the peel flesh placenta generated 74,042, 450,830, and 29,777 units, respectively. The pressure plate adopted R3D4 units, generating a total of 37 units. The fruit basket used C3D8R cells, generating a total of 566 units. Pipelines did not need to be meshed.




2.3.2. Kiwifruit Grabbing and Collection Simulation


In a kiwifruit grasping simulation, the force exerted on the fingers was written by Zhen Zhang on the gripping test [24]. In order to ensure the grasping stability and consider the instantaneous nature of contact, the loading force was 5, 25, 50, 100, 150, 180, and 250 N, separately, for the simulated loading test. In the container collection simulation, the actual picking method was simulated, and the simulation of the kiwifruit fruit falling to the kiwifruit basket below was obtained, as shown in Figure 4b. The simulation results were used to extract the strain parameters, internal changes of fruits, etc.





2.4. Kiwifruit Test Verification


In order to verify the accuracy of the finite element model of the 3D system of kiwifruit after grabbing and boxing, the test results of kiwifruit samples at room temperature were compared, such as the kiwifruit grabbing test and container collection test.



2.4.1. Kiwifruit Finite Element Model Validation Test


First, we verified the damage caused by the kiwifruit in actual grasping. As the mechanical claw could not monitor the grasping of force in real time, the compressive application of different forces by the universal testing machine simulated the actual situation of grasping, and the tissue stress–strain of each part of the kiwifruit fruit was analyzed, as shown in Figure 4c. We set seven groups of five kiwifruits in each group. The same force was applied to the simulation, the force value of different groups of kiwifruits gradually increased, the stable grasping lasted for about 10s, and the computer was used to calculate the shape variables of different clamping forces. In the pick-and-box test (Figure 4d), 10 kiwifruits were designed to be picked. To rule out the possibility of other injuries, sheared stems were used at the time of harvesting. We made sure that the quality of each kiwifruit was basically the same when dropped into the pipe. After falling into the fruit basket, the kiwifruit was allowed to stand at room temperature in the laboratory.



After the test, whether the kiwifruit itself was damaged needed to be further verified. Chrysanthi proposed that after mechanical damage to kiwifruit, the peel and internal tissues of kiwifruit will gradually secrete metabolites after 8 h, which will enhance fruit ripening through softening and ethylene exhalation [25]. Therefore, after the kiwifruit was damaged, a hardness test was carried out using a GY-4 fruit hardness tester (Edburg Instruments, Wenzhou, China) after standing for 72 h. At the same time, Guo et al. detected the hidden damage of kiwifruit through near-infrared [26], so a spectrometer (USB 4000-VIS–NIR, Ocean Optics, Orlando, FL, USA) was used for near-infrared detection to check the invisible damage suffered by kiwifruit. We determined the invisible damage suffered by kiwifruit and increased the verification effect of the test.




2.4.2. Statistical Analysis


MATLAB2021a was used to fit the data extracted from the simulation results. We used kiwifruit stress–strain as a potential indicator for assessing kiwifruit injury. The hardness value, the area of kiwifruit damage, and the refractive index difference of the near-infrared spectrum were used as the evaluation criteria for the simulation verification. The correlation coefficient was used to compare the correlation between kiwifruit simulation and deformation in the test.






3. Results


3.1. Kiwifruit Mechanical Parameters


Table 1 shows the parameters of the organization of each part of the kiwifruit. In this model, the elastic modulus, Poisson’s ratio, failure stress, and density of peel tissue were 11.2 MPa, 0.3, 1.51 MPa, and 0.551   g /   cm  3   , respectively. The elastic modulus, Poisson’s ratio, failure stress, and density of the flesh tissues were 2.22 MPa, 0.3, 0.45 MPa, and 1.122   g /   cm  3   , respectively. The elastic modulus, Poisson’s ratio, failure stress, and density of peel tissue were 4.17 MPa, 0.3, 1.60 MPa, and 1.063   g /   cm  3   , respectively.




3.2. Simulation and Results Analysis


3.2.1. Analysis of Grasping Kiwifruit Results


Figure 5 shows the nodal stress cloud of each part of the kiwifruit in each group. Although it was difficult to measure the area and volume of kiwifruit damage in actual grasping experiments, the stress–strain distribution can be clearly seen in the simulation.



It can be seen from Figure 5 that the compression set of each part of the kiwifruit gradually increased with the increase in force. At the same time, it can be seen from the figure that the force of kiwifruit was proportional to the strain. At 5 N, the kiwifruit was in the elastic stage, and the flesh and placental strain were much smaller than the peel. With the continuous increase in force, the maximum strain of the peel and its distribution range continued to expand, but the strain and strain range of the flesh part were wider than the deformation range of the peel under the same force. In Figure 6, the model simulates the damage state, and the bruises in the actual test are similar. Especially in the stress state of 180 N, the damaged part of kiwifruit spreads to other parts with the force point. The kiwifruit strain cloud was consistent with the test results. At the same time, the increase in force magnitude made the area of the maximum strain distribution of the kiwifruit flesh move towards the inside of the flesh. The stress situation could also be viewed in Abaqus, which was similar to the strain case, and the stress strain of each part of the kiwifruit was summarized as follows. The stress statistics of each part of the kiwifruit under different forces are shown in Table 2, and the strain statistics are shown in Table 3.



It can be seen from Table 2 that the tissue strain variables of each part of kiwifruit increased with the increase in force. The change in the maximum stress of the flesh of the kiwifruit peel with force (increase–decrease–increase) was different from the change trend of the minimum stress of the peel and flesh, while the maximum and minimum stress of the kiwifruit kernel gradually increased with the force until it gradually flattened. The changes in the maximum and minimum stresses with force in each part of the kiwifruit obtained by the above seven sets of simulation experiments are shown in Figure 7. Through the strain and stress analysis of kiwifruit, combined with the stress–strain distribution in the kiwifruit fruit, when the force reached more than 180 N, the kiwifruit fruit was broken, and the skin and flesh of the kiwifruit were damaged, so the stress showed a downward trend. In the kiwifruit compression test, it was observed that when the kiwifruit had a force above 180 N applied, fine cracks began to appear in the kiwifruit. By 250 N, a crack occurred and the kiwifruit was completely damaged.



Under different compression forces, the individual shape variables for each group of kiwifruits were measured and compared with the deformation in the simulation. Table 4 shows that when the loading force of the pressure plate increased from 0 to 250 N during the simulation, the deformation of kiwifruit increased from 0 to 11.63 mm. When the loading force increased from 0 to 250 N during the test, the deformation of the kiwifruit increased from 0 to 11.25 mm. The relative error between the experimental results and the simulation results was about 6.42%, and the correlation coefficient was 0.99, indicating that the simulation results were highly correlated. The deformation of kiwifruit had a large error within 50 N of force. The reason is that the deformation of kiwifruit was small when the force was small, and the simulation environment parameter setting and meshing led to a small deformation.



After standing for 24 h, the near−infrared spectrum of the kiwifruit was detected, as shown in Figure 8, and there were different degrees of gap in the spectral lines of the kiwifruit fruits above 25 N. The spectral lines at the stressed and non−stressed points had a very obvious shift, and the greater the force, the more obvious the shift. This indicates that invisible damage existed inside the kiwifruit.



As shown in Table 5, the reflectivity difference of the damaged point of the kiwifruit increased with the increase in force. When the force was 150 N, the difference value reached 9.84%, and obvious cracks appeared above 180 N, which were obvious damage. So, there was no point in measuring. The hardness test after 72 h is shown in Table 5. Through data analysis, it was found that the force hardness value of about 5 N did not change much, while the hardness of kiwifruit gradually decreased with the increase in force after 25 N. As the force degree of kiwifruit increased from 5 N to 250 N, the hardness value of kiwifruit decreased from 12.06 to about 5.86   kg /   cm  2   . It conformed to the cloud stress and strain distribution of kiwifruit in the kiwifruit compression simulation. The authenticity of the hidden injuries in the kiwifruit test detection was verified.



In summary, the simulation results of the grasping test were similar, and the injured part of the fruit was basically the same. Therefore, the finite element model for grabbing kiwifruit had a high simulation accuracy and could be used for the analysis of subsequent grasping kiwifruit damage.




3.2.2. Analysis of Kiwifruit Picking Results


In the kiwifruit picking and packing simulation, the kiwifruit was picked from the branches and dropped through the pipe into the fruit basket on the ground. Figure 9 is a stress–strain cloud plot of kiwifruit.



As can be seen from Figure 9, the top edge of the kiwifruit was hit the most severely when moving from the pipe to the fruit basket, reaching 0.053 MPa. It was equivalent to the force in the compression test of 50 N, and the damage formed was more obvious. In the corresponding verification test, the top of the kiwifruit was also damaged during the entry and receiving process. After removing the peel of the kiwifruit, bruises were found on the tip of the kiwifruit. Figure 10 shows the comparison chart between the simulation and test, and it can be seen that the injured part was consistent.



After the kiwifruit picking test, the kiwifruit in the fruit basket was removed and allowed to stand before near−infrared spectroscopy 24 h later. It can be seen from Figure 10 that the difference between the top of the kiwifruit and the impact point and the non−impact point of the fruit basket was obvious, so there was certain damage to the top of the kiwifruit fruit.



After standing for 24 h, the kiwifruit was detected by near−infrared spectroscopy, as shown in Figure 11. From Figure 11, it can be seen that there were different degrees of gap in the spectral lines of the kiwifruit fruits above 25 N. As the size of the kiwifruit was not exactly the same, the degree of injury caused by the collision between the top of the kiwifruit and the fruit basket would not be exactly the same. The spectral lines at the stressed and non−stressed points had a very obvious shift, and the greater the force, the more obvious the shift. This indicates that invisible damage existed inside the kiwifruit.



As shown in Table 6, the reflectivity difference of the damaged point of kiwifruit had different degrees of shift. In spectral detection, the reflectivity of the damaged points was as small as 3.81% and as high as 12.11%. The average reflectivity of the damage point was 6.18%, which was equivalent to the force of about 100 N in the grasping loss. The hardness test after 72 h is shown in Table 6. Through data analysis, it was found that the hardness of the top of the kiwifruit decreased to varying degrees. From the smallest hardness of 6.37 to the largest of 10.70   kg /   cm  2   , the average hardness used the cloud stress distribution of the kiwifruit stress–strain in the simulation to verify that the test conformed to the simulation. It was proven that the kiwifruit was damaged during the picking and packing process.






4. Discussion


In the process of grasping kiwifruit, according to the results of Table 2 and Table 3, it can be seen that the stress–strain situation of each part of the kiwifruit was directly related to the force size, which could provide a reference for the actual situation. However, according to Table 4, there were still certain errors in the test and simulation, and the relative error between the experimental results and the simulation results was 6.42%. The factors that had errors between the experiment and simulation were as follows: there as a gap between the kiwifruit model and the actual sample size parameters of the kiwifruit, and the meshing in the simulation. If the actual sample of kiwifruit was too large and the number of meshes was insufficient, the test deformation could be greater than the simulated quantity. Conversely, if the actual sample of kiwifruit was too small, it could cause the test deformation to be less than the simulated amount. The relative error of experiments and simulations could be reduced by selecting a sample size with a smaller margin of error and dividing by the appropriate number of meshes.



As can be seen from Figure 5, the maximum strain of the kiwifruit peel was concentrated near the contact surface between the pressure plate and the kiwifruit, while the minimum strain was concentrated in the untouched part. With the increase in force, the maximum strain of the peel and its distribution range continued to expand, and at the same time, when the pressure reached 25 N, the flesh of the kiwifruit was in the area where the pressure plate was in contact with the kiwifruit. The strain value of the untouched part began to increase significantly, and at the same time, the increase in force caused the area with the maximum strain distribution of the kiwi flesh to move toward the inside of the flesh. The magnitude of the strain change in the flesh started to be higher than that of the peel. When the force reached 100 N, the maximum strain distribution of the flesh began to diffuse to the non−stressed part. The maximum strain of the kiwi kernel was much smaller than the rest of the kiwifruit, but the minimum strain was the largest of the three parts of the kiwifruit. Similar to Ji [15] in the finite element analysis of apple grabbing, this was due to the limited contact area between the pressure plate and the kiwifruit during the grasping process, the force load applied by the pressure plate was concentrated near the contact surface, the kiwi kernel was located in the load concentration area, and the peel and flesh had parts far from the load concentration area.



According to the results of Table 5, it can be seen that kiwifruit had little influence in hardness value and spectral detection in the range of 0–5 N, and kiwifruit was basically in the elastic stage of the creep characteristics. The results show that the gripping force of the mechanical claw should be about 5 N when the kiwifruit picking robot implements mechanized picking, which lays a foundation for mechanized picking to reduce the damage to kiwifruit. When the force of kiwifruit was more than 25 N, the hardness of kiwifruit began to decrease significantly. In near−infrared spectrum detection, the wavelength difference of the force application point gradually increased. According to Figure 6, after the kiwi was peeled, the internal injury part of the kiwifruit was similar to the simulation results.



Therefore, in the process of grabbing kiwifruit, the force of grabbing kiwifruit should not be too large. Fu et al. [27] concluded in the basic test of kiwifruit that the minimum holding force of kiwifruit was 1 N, and the selection of 5 N could ensure that the grasping kiwifruit would not slip and would not cause excessive damage to the kiwifruit. Furthermore, it increased the fruit yield of kiwifruit.



During the kiwifruit picking process, according to Figure 9, the top of the kiwifruit was seriously injured when it fell into the fruit basket on the ground along the pipe after picking. The peel and pit were less damaged than the flesh tissue. The impact site of kiwifruit flesh was the most serious, with a maximum stress of 0.053 MPa, and this spread to the surrounding non−impact points. According to the simulated stress cloud results, the top of the kiwifruit was equivalent to a force of 50 N in the compression test. After the actual verification test, it could also be clearly observed that the impact site of kiwifruit was softer than the other parts. Unlike the free−fall motion studied by Du et al. [21], follow−up validation tests were added, which increased the reliability of simulation results. In the subsequent hardness value detection and near−infrared spectroscopy detection, the top injury was also confirmed, the hardness value was distributed in 6.37–10.70   kg /   cm  2   , and the average reflectance of the damaged point was 6.18%. As shown in the kiwi bruise in Figure 10, it was observed that the bruised part of the kiwi injury point spread around. It shows that the test results were highly correlated with the simulation results, and there was a certain degree of damage in the process of kiwifruit entering the fruit basket along the pipeline. However, different kiwifruit entered the fruit basket at the same height, and the difference in hardness value and reflectance difference in spectral detection was different, which could have been related to the quality of the kiwifruit samples. The greater the mass of the kiwifruit, the greater the gravitational potential energy falling into the fruit basket, resulting in a difference in the degree of injury to the top.



Therefore, during the kiwi picking process, the kiwifruit was damaged in the process of entering the fruit basket along the pipe. This paper provides a reference for how to design fruit baskets for the subsequent picking and packing process, and the same research ideas can be used to verify whether the improved picking process has any damage and thus further improve the fruit quality of kiwifruit.




5. Conclusions


The goal of this study was to reveal the damage mechanism of kiwifruit during picking and harvesting to containers. Firstly, the relevant mechanical parameters of the kiwifruit peel, flesh, and pit were obtained through experiments. Secondly, a three−dimensional model of the fruit was established, and a finite element model of the kiwifruit picking and kiwifruit receiving container was established in Abaqus, and the damage mechanism of kiwifruit in the two processes was obtained by combining the solution results with the failure stress that caused kiwifruit damage. Finally, the corresponding research results were verified through experiments. The results show that the relative error of the simulation and test of simulated grasping of kiwifruit was 6.42%, and the simulation and test of picking to the fruit box confirmed the existence of damage, and the reflectivity of the damaged point in the detection was 6.18% on average, and the hardness value decreased to 8.30   kg /   cm  2    on average. The experimental results have proven the accuracy of kiwifruit in the process of picking and collecting in containers, its finite element model, and the feasibility of the finite element method for damage analysis. At the same time, the near−infrared spectroscopy detection of hidden damage of kiwifruit was carried out, and the detection test of kiwifruit hardness was also carried out. We proved the authenticity of damage in the simulation by multiple means.



Through the combination of theory and experiment, this paper provides a certain reference for the design and improvement for the end effector and the improvement to the fruit basket collection device. The test results have proven the accuracy of kiwifruit in the process of picking and collecting containers, the accuracy of its finite element model, and the feasibility of the finite element method for damage analysis, but the designed test was limited by the existing equipment and was not precise and rigorous. From the research point of view, the following three points could be further studied in depth: (1) There are many types of kiwifruits, and different types of kiwifruits correspond to different viscoelastic model parameter values. Therefore, subsequent work can perform compression tests on a variety of kiwifruit. The corresponding mechanical model was obtained, and the damage of different species of kiwifruit was analyzed using the same method. (2) The hierarchical geometric model of kiwifruit was established according to the selected kiwi equal scale. However, the size of kiwifruit is different, the shape is different, and the thickness of the peel is also inconsistent, which is bound to affect the finite element solution results. So, follow−up work needs to establish a more accurate kiwifruit geometric model; establish and solve the finite element model for kiwifruit of different sizes and shapes; and analyze the influence of uncertain factors such as fruit shape, size, and peel thickness on the solution results. (3) Although the designed test simply verified the damage of the simulation model, it was still limited by the test instrument. First of all, only the accuracy of the finite element model for deformation solving was verified, and the maximum stress of each part of the kiwifruit during the gripping process was not verified in this article. The magnitude and distribution of stress need to be measured by special instruments such as pressure−sensitive film. Secondly, the observation of kiwifruit damage after grasping was relatively primitive and inaccurate. A next step could be to study the observation of kiwifruit damage by means of image processing.
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Figure 1. Schematic diagram of the parameters being obtained. 
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Figure 2. The kiwifruit three-dimensional model. (a) Model building process; (b) Cross-sectional view of kiwifruit. 
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Figure 3. Organization of each part of the kiwifruit three-dimensional model. (a) Placenta; (b) Flesh; (c) Peel. 
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Figure 4. Kiwifruit grabbing and collection test and simulation. (a) Grab Kiwifruit simulation; (b) Container collection simulation; (c) Grab the kiwifruit test; (d) Container collection test. 
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Figure 5. Kiwifruit deformation diagram under different forces. (a) 5 N Stressed; (b) 25 N Stressed; (c) 50 N Stressed; (d) 100 N Stressed; (e) 150 N Stressed; (f) 180 N Stressed; (g) 250 N Stressed. 
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Figure 6. Kiwifruit bruises from different forces. (a)25 N; (b)180 N. Note: The red circle is the bruise. 
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Figure 7. Maximum stress fitting curve of the kiwifruit. (a) peel; (b) flesh; (c) placenta. Note: The dark dots represent the stress values of different forces. 
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Figure 8. Statistics of different stressed kiwi spectrum tests. (a) 5 N; (b) 150 N. 
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Figure 9. Stress cloud diagram of kiwifruit picking and packing. (a) peel; (b) flesh; (c) placenta. 
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Figure 10. Kiwifruit fall bruise diagram. (a) Actual fall; (b) Simulated falls. Note: The red circle is the bruise. 
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Figure 11. Kiwifruit spectrum test statistics. 
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Table 1. Kiwifruit mechanical parameters.
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	Density

   /    g  /  c    m  3      
	Elastic Modulus

/(MPa)
	Breaking Stress

/(MPa)
	Poisson’s Ratio





	Peel
	0.551 ± 0.050
	11.20 ± 0.50
	1.51 ± 0.21
	0.30



	Flesh
	1.122 ± 0.020
	2.22 ± 0.30
	0.45 ± 0.08
	0.30



	Placenta
	1.063 ± 0.040
	4.17 ± 0.20
	1.60 ± 0.15
	0.30
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Table 2. Stress statistics table for each part of the kiwifruit.
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Stressed

	
Peel/(MPa)

	
Flesh/(MPa)

	
Placenta/(MPa)




	
Max

	
Min

	
Max

	
Min

	
Max

	
Min






	
5

	
0.36

	
1.86 × 10−3

	
7.29 × 10−2

	
3.02 × 10−4

	
1.36 × 10−2

	
1.38 × 10−4




	
25

	
1.72

	
7.08 × 10−3

	
0.22

	
1.65 × 10−3

	
9.97 × 10−2

	
6.75 × 10−4




	
50

	
3.27

	
1.96 × 10−2

	
0.56

	
9.65 × 10−4

	
0.56

	
9.65 × 10−4




	
100

	
4.26

	
3.08 × 10−2

	
0.89

	
4.40 × 10−3

	
0.71

	
2.04 × 10−3




	
150

	
4.38

	
5.41 × 10−2

	
0.69

	
6.85 × 10−3

	
1.17

	
3.39 × 10−3




	
180

	
4.21

	
6.88 × 10−2

	
0.92

	
1.29 × 10−2

	
1.19

	
5.24 × 10−3




	
250

	
4.33

	
8.54 × 10−2

	
0.93

	
1.55 × 10−2

	
1.27

	
6.80 × 10−2
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Table 3. Strain statistics table for each part of the kiwifruit.
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Stressed

	
Peel/(mm)

	
Flesh/(mm)

	
Placenta/(mm)




	
Max

	
Min

	
Max

	
Min

	
Max

	
Min






	
5

	
0.31

	
0.00

	
0.56

	
8.22 × 10−3

	
0.29

	
1.34 × 10−2




	
25

	
1.47

	
0.00

	
1.62

	
4.04 × 10−2

	
0.93

	
0.54




	
50

	
2.89

	
0.00

	
3.01

	
8.52 × 10−2

	
1.74

	
1.17




	
100

	
5.51

	
0.00

	
5.58

	
6.40 × 10−2

	
3.41

	
2.37




	
150

	
7.70

	
0.00

	
7.75

	
4.35 × 10−2

	
5.09

	
3.39




	
180

	
8.92

	
0.00

	
8.97

	
4.79 × 10−2

	
6.10

	
3.97




	
250

	
11.54

	
0.00

	
11.63

	
4.37 × 10−2

	
8.27

	
5.44
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Table 4. Comparative analysis of the compression test and simulation test.
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No.

	
Force

/N

	
Simulate

Deformation

/mm

	
Test

Deformation

/mm

	
Error Rate

/%

	
Correlation

Coefficient

r






	
1

	
5.00

	
0.56

	
0.62

	
9.68%

	
0.99




	
2

	
25.00

	
1.62

	
1.45

	
−11.72%




	
3

	
50.00

	
3.01

	
3.46

	
13.01%




	
4

	
100.00

	
5.58

	
5.90

	
5.42%




	
5

	
150.00

	
7.75

	
7.76

	
0.13%




	
6

	
180.00

	
8.97

	
8.83

	
−1.59%




	
7

	
250.00

	
11.63

	
11.25

	
−3.38%
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Table 5. Kiwifruit hardness test statistics table.
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	Force/N
	0
	5
	25
	50
	100
	150
	180
	250





	Hardness value

  / kg /   cm  2   
	12.73
	12.06
	10.19
	9.55
	8.91
	8.53
	6.37
	5.86



	∆x/%
	/
	1.80
	2.18
	3.77
	5.48
	9.84
	/
	/



	   λ 1   /nm
	/
	346.301
	424.257
	503.746
	916.089
	891.24
	/
	/







Note: ∆x is the maximum difference of reflectance damage point in the near−infrared spectrum detection of kiwifruit;    λ 1    is the wavelength at the maximum difference of the reflectance damage point.
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Table 6. Kiwifruit hardness test statistics table.
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	No.
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10





	Hardness value   / kg /   cm  2   
	9.42
	8.66
	6.37
	6.49
	10.70
	7.56
	8.62
	9.15
	7.88
	8.16



	∆x/%
	4.15
	5.21
	6.73
	12.11
	3.81
	6.33
	6.12
	4.57
	6.91
	5.88



	   λ 1   /nm
	735.59
	913.90
	687.42
	909.52
	197.72
	691.29
	678.35
	712.45
	192.81
	921.67







Note: ∆x is the maximum difference of reflectance damage point in the near−infrared spectrum detection of kiwifruit;    λ 1    is the wavelength at the maximum difference of the reflectance damage point.
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