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            Abstract
          
        

        
          Agricultural robotics technology has greatly contributed to increasing productivity and reducing labor, with harvest automation being one of the key innovations in the agricultural sector. This study focuses on designing a miniaturized gripper for the efficient harvesting of horn peppers. The proposed gripper grasps the stem of the horn pepper without contacting surrounding crops and simplifies the harvesting process by allowing the stem to be cut through continued actuation after grasping. This minimizes crop damage during harvesting and enables simultaneous grasping and cutting with a single actuator. Additionally, instead of using mechanical components like springs, the gripper integrates EVA foam for a simple structure. Experiments demonstrated that the proposed gripper successfully grasps and cuts the stem of horn peppers. This study introduces a gripper that can contribute to the automation of agricultural harvesting, with potential applicability to a variety of pepper-like crops.
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      1. Introduction
      The advancement of robotic technology has significantly impacted various industries, including manufacturing, healthcare, logistics, and services. Among these, the agricultural sector has seen rapid changes with the introduction of robots, leading to increased productivity and reduced labor costs. In particular, the aging population and the growing labor shortage in agriculture have highlighted the necessity for automation through robotic solutions. Agricultural robots are now utilized for tasks such as seeding[1], weed control[2], harvesting[3], crop picking[4], irrigation[5], fertilizing[6], and crop monitoring[7].

      Among these tasks, harvesting automation stands out for its potential to enhance farmers’ productivity, which can have a broad positive impact on society[3,8]. Harvesting robots must be capable of recognizing crops in various environments and focus on harvesting them without causing damage. These robots are typically composed of a mobile platform capable of navigating through fields, an arm that can approach crops from the edges of the field, and a gripper designed to harvest crops. In some systems, additional devices are used to store harvested crops, or wire-based systems are employed to move along the field and carry out the harvesting process.

      A critical challenge in harvest automation is preventing crop damage during the harvesting process. Damage can directly affect the market value of the crops and threaten the sustainability of agricultural practices. Many crops have delicate surfaces, requiring smooth and gentle handling[9]. Existing harvesting grippers are generally categorized into two types: those that perform both cutting and gripping[10,11], and those that grip the crop without cutting and harvest by shaking or pulling[12]. Various studies have been conducted on these approaches for different crops.

      This study focuses on designing a gripper specifically for harvesting horn peppers, a crop that presents unique challenges. Since a single horn pepper plant produces multiple peppers, it is essential to avoid damaging nearby growing crops while harvesting only the ripe ones. Conventional grippers face challenges in this context, as they are prone to touching and damaging surrounding crops. Directly gripping the crop can cause further damage, and while soft grippers could be a solution, they are costly and more difficult to control than electric grippers. Moreover, grippers that harvest by shaking or pulling the crop risk damaging the stem, which can lead to water entering the crop during the cleaning process, thereby reducing its market value.

      To address these issues, this study proposes a compact gripper designed specifically for horn pepper harvesting, minimizing contact with surrounding crops and gripping only the stem of the target pepper. The gripper integrates both gripping and cutting functions into a single actuator, simplifying the harvesting process. By combining these functionalities, the proposed gripper aims to maintain the crop’s market value while simplifying control mechanisms.

      In the following sections, we review existing studies on harvest grippers and explain the design of the proposed gripper. Section 3 discuss the gripping and cutting mechanisms, Section 4 describe experiments conducted on horn pepper harvesting, and Section 5 present the conclusions and contributions of this research.

    

    

  
    
      2. Related Works
      Robotic grippers for harvest automation have been studied for various crops. In particular, soft grippers have been extensively researched to prevent damage to the surface of crops during the gripping process. These soft grippers have been implemented in various forms, such as three-finger[13], two-finger[9], and pneumatic systems that inflate materials to gently wrap around the fruit[14]. Other methods include using suction cups[15] and rigid grippers[16] that grip and cut the stem.

      Although grippers have been developed for a wide range of crops, this study focuses on the harvesting of horn pepper. There are various types of peppers, and many studies have been conducted on sweet pepper harvesting[17-19]. However, there are several challenges in applying sweet pepper grippers to horn peppers. Sweet peppers, like tomatoes, have a round shape, whereas horn peppers are thin and elongated. Moreover, horn peppers are smaller in size, increasing the risk of damaging surrounding crops when using conventional grippers. Additionally, research on horn pepper harvesting[20] shows that shaking the pepper after gripping can lead to crop damage.

      Studies have also investigated ways to cut the stem without directly touching the crop[15,16]. Both studies used a single actuator to operate scissors and fingers simultaneously. However, in study[16], the lack of a pressing function for the fingers poses a risk of damaging the stem during the cutting process. In study[15], a spring and additional mechanical structures were required for pressing and returning functions, which resulted in a more complex structure. Moreover, the rigid gripper could cause damage when contacting the stem.

      Thus, this study proposes a gripper that uses Ethylene Vinyl Acetate (EVA) Foam to enable soft contact, with a simple structure that allows both gripping and cutting using a single actuator. This approach aims to minimize damage to surrounding crops, improve marketability by efficiently gripping and cutting the stem, and simplify control mechanisms.

    

    

  
    
      3. Gripper Mechanism Design
      This section presents the mechanism of a gripper designed to grasp and cut stems that are less related to the marketability of the crops. As explained in the previous section, the gripper is designed to grasp only the stem of the crop, which allows for a smaller gripping device and minimizes contact with surrounding crops. Additionally, the cutting mechanism is integrated with the gripping mechanism and operates using a single motor.

      First, the cutting mechanism for crop harvesting is described. [Fig. 1] shows the initial position of the cutting device and its state after the cutting action. The device mainly consists of a frame to hold the blades and the blades themselves. The blades used are replaceable blades (BA1P, NT Cutter) typically found in standard cutters. This design allows for easy blade replacement when they become dull. The blade thickness is 0.38 mm, and they are installed with a 0.1 mm offset between the top and bottom blades. Additionally, the cutting mechanism ensures cutting performance by allowing the two blades to intersect, as shown in [Fig. 1(b)].

      
        
        

        [Fig. 1] 
				
        

        
          Cutting device structure (a) at the initial position and (b) after cutting action is completed
        
        

        

      

      Next, the gripping function is explained. Previous studies have used spring and linkage structures or forced compression to achieve gripping. In the proposed design, as shown in [Fig. 2(a)], EVA foam is mounted on an aluminum block, and this structure is attached to the gripping device. The two pieces of EVA foam achieve gripping through compression of the object as illustrated in [Fig. 2(b)]. EVA foam is highly resilient and provides a soft contact surface, preventing damage to the stem of the crop being gripped. Additionally, the structure is mounted below the cutting device, allowing the lower part of the crop stem to be gripped while the upper part is cut. This enables simultaneous gripping and cutting.

      
        
        

        [Fig. 2] 
				
        

        
          (a) Structure of the grasping part with attached EVA foam and (b) object grasping with EVA foam during the cutting action
        
        

        

      

      The proposed cutting device integrating the gripping function, is designed to be driven by a single actuator for simplified control. [Fig. 3] illustrates the overall structure of the gripper. The gripper employs a one by one ratio spur gear to drive the two shafts of the cutting and gripping devices in opposite directions. Each gear is coupled with the shaft of the cutting device, allowing the end of the link to rotate by the same angle as the shaft. [Fig. 4] shows this linkage structure. Starting from the origin position, there is an input joint corresponding to the actuator, and the power is transmitted through three links. When the input rotates by θi for the cutting action from the initial position, the output shaft rotates by θo. Since Link1 and Link3 have the same length and are parallel, the two angles are equal.

      
        
        

        [Fig. 3] 
				
        

        
          Isometric view of proposed gripper
        
        

        

      

      
        
        

        [Fig. 4] 
				
        

        
          Kinematic diagram of gripper link mechanism
        
        

        

      

      The proposed gripper can perform both cutting and gripping functions for harvesting by operating a single motor. It is designed using readily available blades and EVA foam, which can be easily replaced, allowing for continuous use. Additionally, the size of the entire device can be adjusted by modifying the length of the cutting mechanism and the links, making it more adaptable for size variations compared to traditional tools.

    

    

  
    
      4. Experiment
      Before conducting the experiment, we compared the size of the gripper and horn peppers to determine whether the gripper touched non-target crops. This comparison helped predict whether the gripper would interfere with the surrounding crops when approaching to harvest the horn pepper. Next, experiments were conducted on the stems of ten horn peppers to test the gripper’s gripping and cutting functions. Through this process, the performance of the gripper was evaluated.

      The gripper used in the experiment is equipped with a servo motor (Robotis, XM430-W350-T), which is connected to the PC via a communication converter (Robotis, U2D2). Additionally, the motor’s power is supplied through a power supply unit.

      First, before comparing the gripper size to that of the horn pepper, the actual harvesting environment is examined. [Fig. 5] shows the real harvesting environment of red horn peppers. In [Fig. 5(a)], it can be observed that even though the peppers are densely packed, they are still distinctly separated from each other. The goal is to cut the section marked by the yellow rectangle for the harvest of such peppers. [Fig. 5(b)] shows a more densely packed arrangement of peppers compared to [Fig. 5(a)], where some peppers are in direct contact with one another. Even when the peppers are touching, they are not perfectly parallel, meaning the required width of the gripper fingers may vary depending on the approach angle. In this study, commercially available green peppers were purchased, and it was determined that if the gripper finger width is smaller than the average diameter of these peppers, the gripper is deemed suitable for the task.

      
        
        

        [Fig. 5] 
				
        

        
          Crop harvesting environment (a) horn peppers spaced apart, (b) Densely Packed
        
        

        

      

      The experiment utilized a total of 60 horn peppers, each varying in size. [Fig. 6] presents the data on the dimensions of these 60 horn peppers. In the graph, the x-axis represents the maximum thickness of the flesh portion, while the y-axis represents the maximum thickness at the position where the gripper’s foam can be placed without grasping the flesh. The average thickness of the flesh is 18.17 mm, and the average thickness of the stem is 3.41 mm. The thickness of the flesh ranges from 12.7 mm to 29.58 mm, while the thickness of the stem ranges from 2.12 mm to 5.03 mm. [Fig. 7] illustrates an example where the thickest parts of two peppers are tied together to check whether the gripper can fit between the stems. This experiment confirmed that the gripper can indeed enter between the pepper stems.

      
        
        

        [Fig. 6] 
				
        

        
          Scatter data of the sizes of 60-horn peppers used in the experiment
        
        

        

      

      
        
        

        [Fig. 7] 
				
        

        
          The gripper finger insertion between close pepper stems
        
        

        

      

      Next, to validate the performance of the gripper, a grasping and cutting experiment was conducted. For this performance validation, the gripper was fixed in place while the horn peppers were brought to the gripper, which was then activated to check its functionality. [Fig. 8] illustrates the process of the gripper performing grasping and cutting simultaneously. The opening distance of the gripper was set so that the gap between the blade tips matched the average thickness of the pepper flesh. This procedure was followed consistently throughout the experiment.

      
        
        

        [Fig. 8] 
				
        

        
          Grasping and cutting action of the gripper
        
        

        

      

      [Fig. 9] shows the images of the horn peppers before and after cutting, following the process described in [Fig. 8]. [Fig. 9(a)] presents an image taken before the experiment, while [Fig. 9(b)] shows the result after the experiment. From the results of all 60 peppers, it can be observed that the cutting edges were cleanly severed. Also, the time required for the gripper to complete grasping was measured in 50 ms increments, and in all cases, the process was completed within 150 ms.

      
        
        

        [Fig. 9] 
				
        

        
          Images of the horn pepper (a) before and (b) after the gripper experiment
        
        

        

      

      The experimental results identified two key requirements for the gripper to successfully harvest horn peppers. First, as mentioned in [Fig. 7], the minimum dimension required for the gripper to pass between the stems of the peppers is described. Based on this standard, the functionality of the gripper was validated through experiments. Additionally, the harvesting range determined by the experimental results was confirmed to be up to 5.03 mm, based on the stem dimensions.

    

    

  
    
      5. Conclusion
      In this study, we propose a method to replace existing grippers by utilizing the characteristics required for a gripper specifically designed for harvesting horn peppers. To prevent the gripper from touching non-target crops, the gripper grasps and cuts the stem of less market-relevant crops. Additionally, by integrating the grasping and cutting functions into a single actuator, the gripper simplifies operations, allowing for unified task execution and easier control.

      The proposed gripper can be extended not only to horn peppers but also to similar crops. For instance, in the case of bell peppers, it can be applied by adjusting the gripping force to accommodate the weight of the crop, ensuring no issues with gripping. Furthermore, by adjusting the gripping force and cutting function, the gripper can harvest crops without directly grasping areas related to market value. This versatility allows for application to a wide range of crops, contributing to the automation of agricultural harvesting.

      In this study, the gripper fingers were designed to minimize contact with surrounding peppers during the harvesting process by ensuring they could fit between the stems. The gripper size was compared using the diameters of commercially available peppers, and its performance was validated through experiments on gripping and cutting the actual pepper stems. Additionally, the cut surfaces of the stems were presented to demonstrate the cutting performance of the gripper.
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