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Abstract

:

Smart and precise agriculture has increasingly been developed in the last decade, and with that, the idea of optimizing the tools commonly used in this field. One way to improve these devices, particularly cutting tools conceived for harvesting purposes, is to measure the shear energy consumption required for a particular plant. The aim of this research is to establish both a design criterion for cutting grippers and a quantifiable way to evaluate and classify a harvesting tool for a specific crop. This design criterion could help to minimize energy consumption in future harvesting robots, making them more energy-efficient.
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1. Introduction


The world’s population is increasing rapidly. According to United Nations projections, the populations could reach 9.7 billion people in 2050 and 11.2 billion by 2100 [1]. Due to this situation, the primary sector, and more specifically, the agricultural sector, must undergo a transformation process that allows it to double productivity to meet the growing demand. In addition, the loss of farmers combined with their average age, makes clear the need for efficient increases in the manifold agricultural tasks [2,3,4,5].



One way to address this transformation process is to introduce technologies that have been traditionally used in industry into the primary sector. Currently, robotics and automation have achieved important advances that can contribute in this regard, including improved adaptation to different environmental conditions and high operating speeds. Nevertheless, aspects such as the reliability and cost of robots have to be solved to profitably introduce these technologies in the agricultural sector [6]. Given the aforementioned situation, the trend in the agricultural sector is to develop intelligent and efficient machines [7] that can assist humans in tough and mostly repetitive tasks and improve conventional agricultural productivity.



In the last 30 years, a large amount of research effort has focused on developing robots for automating harvesting processes. To achieve this goal, special emphasis has been placed on advancing general topics such as machine vision and detection systems [8,9,10,11], decision-making architectures [12,13,14], autonomous navigation [15] and dexterous manipulation [16]. In addition, some authors have focused on automating the harvesting of specific crops, which can be divided into three main groups according to the characteristics of the crop stalk. This first group are those that can be harvested by an indirect mechanical movement towards the fruit through a force applied to the plant itself, such as the harvesting of olives [17], almonds [18] and pistachio nuts [19], and this process does not include direct contact with the stalk of the same. The second group are those that, due to the fragile structure of the plant, cannot be shaken but need a mechanical force to be applied to the fruit itself; these actions are also known as plucking patterns (e.g., twisting, pulling and bending) actions and cause the fruits to be loosened from their peduncles [20]. Examples from this group are the harvesting of strawberries [20,21], apples [22,23,24,25] and tomatoes [26,27,28,29]. The final group are those that need a direct mechanical movement, or other type of cutting method, applied directly to the stalk, because due to their morphology, they are connected to the plant by a hard peduncle that must be cut, such as in the harvesting of aubergines [30], melons [31], oranges [32], cucumbers [33] and peppers [34,35,36]. The aim of this article is to propose a design criterion for tools used to harvest this last group of fruits and vegetables that require a cutting process.



Although different types of harvesting tools and cutting devices have been developed to collect fruit [29,30,32,35,36,37,38,39,40,41], their designs have been accomplished empirically in many cases without considering the optimal design as an objective in itself. On the other hand, there are a multitude of patented tools in the market aimed at cutting the stalks of a wide range of plants [42,43,44]. Nevertheless, due to the private development of these tools, it is not possible to find in the literature any type of study or test carried out for their designs that details the performance or optimization of the required cutting energy. To increase the efficiency of these tools, implement new technologies, and provide a significant improvement in the agricultural sector, several researchers [45] have advocated for conducting experiments related to measuring the energy required to cut plant stalks. In this way, with quantifiable data and reliable conclusions, it will be feasible to redesign cutting machines to reduce their energy costs and increase their potential applicability in autonomous tasks [46,47].



With all these facts in mind, this article presents a novel design criterion for robotic harvesting grippers based on an analysis of shear energy measurements and other mechanical properties of crop stalks, such as shear force and ultimate shear stress. The proposed criterion will enable not only the design of tools that will reduce the energy consumed in pursuit of increasing the autonomy of agricultural harvesting robots but also the testing and benchmarking of different harvesting tool designs.



To carry out this study, cutting tests are performed on aubergines, also known as eggplant or brinjal, whose production has experienced a significant increase in recent years, with Spain being the first exporting country in the European Union, although countries such as China and India stand out in their cultivation. This increase in production shows the importance of aubergines agriculturally and economically. In addition, vegetables such as aubergines need to be carefully harvested, and only a cutting method is valid since any plucking technique could damage the plant [48]. Finally, this particular crop was also chosen because there are few research studies on it [30,49,50], and therefore, it offers new opportunities for future work.



The rest of this article is organized as follows. Section 2 presents a literature overview referring to studies of shear energy consumption and methods that have been successfully applied to measure its properties. Section 3 describes the materials and the various systems used in the experimental tests. Having stated the technical aspects, the following sections focus on scientific findings. Thus, Section 4 describes the methodology of the cutting experiments as well as the mechanical cutting parameters obtained from the experiments. Section 5 discusses the main results obtained in the tests that were carried out. Section 6 describes the steps to obtain the parameters required to meet the proposed design criterion for cutting tools based on a reduction in the energy consumption. Finally, Section 7 summarizes the major conclusions.




2. Research Background


Achieving improvement in the efficiency of production processes by studying ways to minimize energy consumption is a decisive competitive factor in the industrial sector, particularly in the fields of manufacturing engineering and life cycle engineering [51]. Some expected outcomes of this improvement are target-oriented machine process design, increased flexibility in production, reductions in manufacturing costs and minimization of the environmental impact [52].



In the field of machining process and computer numerical control (CNC) machines, there are numerous studies with the aim of reducing cutting energy consumption by taking into consideration the different materials of the cutting mechanism, the angles involved between the cutting tool and the raw material, and the optimal route for the desired machining [53,54]. Some authors [53] classify the factors affecting the cutting energy into four groups:




	
Tool conditions: material, insert geometry and tool wear;



	
Workpiece material: hardness and machinability;



	
Cutting parameters: speed, feed, and depth of cut;



	
Cutting fluids: whether a coolant is used.








Following the idea mentioned in the introduction, where one way to improve the technologies used in the agricultural sector is to adapt solutions used in the industrial sector, some lessons have been learned from machining and CNC studies that can be applied for the design of tools in the agricultural sector. For instance, one lesson is that the energy consumption increases not only when machining is taking place but also in the electronics of the machine and other supports needed to perform the control of the various tasks [53,55]. Therefore, the goal is to measure not only the consumption of the cutting device (motor, blades, etc.) but also its support devices and control electronics. In fact, some authors emphasize that when the power consumption of a machine’s supporting elements is reduced to a small fraction of the overall consumption, this is when the cutting power becomes crucial [56]. Another lesson learned is the careful study that has to be conducted regarding the angles involved in the cutting process as well as the properties of the material to be cut.



In the agricultural context, the mechanical properties of different types of crop stalks have been investigated by performing laborious experiments [57,58,59,60,61,62]. What is known so far is that crop stalks, as a biological material, have complex structures and exhibit anisotropy (i.e., mechanical properties vary according to the direction of measurement), viscoelasticity (i.e., property of materials that exhibit both viscous and elastic characteristics when undergoing deformation), and other rheological parameters that differ substantially from other materials used in engineering [45]. In fact, some researchers [63,64,65,66,67,68] have shown that these mechanical properties vary depending on different maturity stages or different moisture contents, leading to different tensile, compressive, shear and bending behaviours. Therefore, the formulation of new material theories for modelling the mechanical properties of crop stalks is not only highly encouraged [45] but also of growing importance for the development of agricultural engineering.



For agricultural applications, a case of success, in terms of sugarcane harvesting, was the improvement of the machinery for stripping leaves from the stalks. In [57], it was demonstrated, through several experimental tests, that fracture by transversal stress is the most convenient way to facilitate the removal of sugarcane leaves. Other studies related to sugarcane, as reviewed by [69], involved the study of the blade cutting velocity [70], analysis of the effects of the different angles in the blade, discs involved in the harvest [71] and optimization of the blade shape [72,73,74].



Studies conducted to find the ideal cutting orientation for maize stalks [75] are also noteworthy. In this sense, authors have stressed that the orientation of the corn stem significantly affects the necessary mechanical strength, as well as the energy consumption and stress, and identified different stages in the cutting of this plant. Another study on corn plants was carried out by [76], in which the different phases of cutting in terms of mechanical properties were characterized according to the physical properties of the stem.



On the other hand, four different devices that have presented in the literature to measure shear properties can be highlighted. The first is a double-shear device attached to a universal testing machine (UTM), used for measuring the force, tensile and shear stress, as well as the tensile and shear energy for different biomass stems [59]. This device consists of a pattern of machined holes, and some of its main advantages are that it can be adapted to stalks of different diameter and uses a UTM as a base. However, it has disadvantages such as: (i) the complexity of manufacturing the various parts that make up the head, as well as the need to make the hole with the exact diameter of the peduncle, since otherwise, the measurement may record deviations due to deformation, which are not desirable; (ii) it may also impose constraints in the selection of the samples, since they must be long enough to go through the whole system. The second device [77,78,79] uses an impact pendulum or a Charpy pendulum modified with a Blade. This device is useful to make measurements directly in the field, since it does not require any electronic elements. As a disadvantage, this system has to be manufactured expressly for the desired purpose and the acquisition of the shearing characteristics of the material is done indirectly, through the principle of energy conservation. The third device [61] is a cutting machine based on a lever mechanism. In this case, the shear characteristics of the material can be obtained directly, but its main disadvantage is that all its parts must be manufactured specifically for the required shear experiment. The last one, proposed by [75,80], is a modified Warner–Bratzler shear device [46]. A Warner–Bratzler test is traditionally used for typical soft food products, such as meat and its derivatives [81,82,83,84]. The original Warner–Bratzler device consists of a blade, which can be of two types: one for rectangular specimens that has a straight blunt blade and the second for cylindrical specimens that has a notched blunt blade. This device has been extensively covered in the literature and is the easiest to implement, as only the blades need to be manufactured. In addition, the system can be easily adapted to various diameters of peduncle by means of clamps and the measurements of the shear characteristics of the material can be obtained directly.



All these methods of cutting experiments are shown schematically in Figure 1.




3. Materials


Before the proposed methodology is explained, the various systems required for its implementation are described below. Figure 2 shows a schematic of the systems used, divided into two blocks: (i) a material testing machine that includes all the elements involved in the direct testing of a crop, comprising the load cell, the motor-encoder subgroup and the modified Warner–Bratzler blade; (ii) an acquisition module and processing data system, which comprise the hardware and software that is in charge of amplifying and conditioning the signal coming from the load cell, controlling the cut by means of the motor-encoder, and graphing and calculating all the information of the experiments.



3.1. Material Testing Machine


In the experiments, a custom-made testing machine that was based on a modified Warner–Bratzler shear device was used. However, in this modified Warner–Bratzler shear device, the blunt blades were sharpened to make them more suitable for cutting tough material. In addition, the machine was based on two columns with a spindle in the middle, and this design provided sufficient precision to perform the experiments. The movement of the base was produced by a motor with a gearbox. The motor position was read by a dual-channel encoder, which, through various reductions, provided the position of the mobile base. In particular, the mobile base could make upward and downward movements with 0.5 mm precision. The force exerted on the material to be examined was measured by a load cell housed in the upper part of the machine and attached to the modified Warner–Bratzler device, as shown in Figure 2.



3.1.1. Load Cell


The compression load cell that was selected was an Entran ELW-D1-500N, whose technical specifications are listed in Table 1.



The load cell assembly, shown in Figure 3, was previously developed for other projects where accurate force measurements were required [85]. The assembly consists of a spring and two plates that enclose the sensor. This setup acts as a preload mechanism for the sensor because in the first 10% of its full scale of operation, the sensor exhibits nonlinear behaviour. Therefore, with this simple mechanism, the operation of the sensor will always be in the linear region. Moreover, the load cell was selected on the basis of a first series of experimental stem cutting tests of the plant of interest. In these first experiments, it was detected that the crop of interest needed a shear force of approximately 90–200 N, so a 500 N load cell was selected. However, the design of the load cell housing allows it to be easily exchanged for one with a lower or higher value.




3.1.2. Modified Warner–Bratzler Device


All the experiments mentioned in the research background section are valid to obtain the shear characteristics of the materials, as long as they comply with the characteristics of accuracy, repeatability and reproducibility. However, the modified Warner–Bratzler method will be use due to its easy implementation and to the fact that it is treated extensively and in detail in the literature. In this modification, devised in [75,80], the blades were sharpened so that they could cut different plant materials. In this case, two types of blades were used: (i) a V-blade with an angle of 60 degrees, which, as described in the Warner–Bratzler experiment, was used for cylindrical materials and (ii) a straight blade, which was used to test the influence of the blade on the experiment. Both blades had a thickness of 0.002 m, were made of stainless steel and had an edge of 30 degrees, which produced energy-efficient cuts [60,86]. In addition, the blades were smooth and not serrated, as it has been shown in several experiments that this type of blade is better for cutting stalks containing high levels of moisture [87]. The blades are shown in Figure 4.




3.1.3. Motor-Encoder


The testing machine was powered by an Escap 35 NT motor, which included an Escap R40 with a 134:1 ratio gearbox. The position of the mobile base (see Figure 2) was obtained by converting the readings of the three high-resolution optical channels of the Escap E9-0500 encoder through the various gearboxes of the mechanical press and the motor gearbox.





3.2. Acquisition, Control and Data Processing


Data acquisition was performed by an electronic signal conditioning module and a data acquisition (DAQ) module, and the processing of the acquired data was carried out by means of mathematical software and control software. A diagram of the process is illustrated in Figure 5.



The data acquisition process begins with the initialization of the application software, which calls the control software and the USB data acquisition module. The control software initializes the motor continuously and reads its encoder. The number of turns given by the motor is then counted by the encoder and read by the control, which converts the number of turns of the motor into the real displacement of the base, taking into account the different mechanical reductions involved. This displacement information is sent from the control hardware to the software application; on the other hand, the data acquisition module reads the force sensor measurements and sends them to the software application. All this information is represented in quasi-real time by means of three graphs: position-time, force-time and force-position. Both the encoder and load cell readings end automatically when the blade passes completely through the diameter of the peduncle since the acquisition module detects when the blade presses the end stop (see Figure 2). Then, the acquisition module sends this information to the software application, which order to stop both readings, finishing the measurement process.





4. Empirical Modelling


4.1. Methodology


The material testing machine, the acquisition module and the processing data system generate the following graphs: force vs. time, position vs. time and force vs. position. These graphs correspond with the shear characteristics of the aubergine stalks, where several intrinsic factors, such as the moisture content and the average size, affect the shape of the curves. With the main purpose of describing a detailed profile of the shear mechanical properties of the aubergine stalks, the equations and the methods used are presented in detail below.



The goal is to find the maximum load, which determines the fracture of the peduncle; the ultimate shear stress; and the specific energy consumed for each peduncle.



First, the maximum load (  F  m a x   ) is indicated in the manifold force-position graphs of the tested peduncles. Given that a stalk is cut by a single blade in the press, the ultimate shear stress is then calculated by means of the following formula:


   τ u  =   F  m a x    A p   ,  



(1)




where   τ u   is the ultimate shear stress (Pa),   F  m a x    is the peak shear force (N), and   A p   is the cut cross-sectional area of the peduncle (m   2  ). Since   A p   can approach a circle, it is calculated as follows:


   A p  = π ·   d  p  2  4  ,  



(2)




where   d p   is the diameter of the peduncle (m).



The trapezoidal rule is then used to calculate the integral of the curve obtained in the force-position graph, thus obtaining the area equivalent to the total cutting energy (  E 1  ) of an aubergine peduncle (see Figure 6). Furthermore, in this same step, the energy consumed (  E 0  ) due to friction is calculated from the integral of the curve in the force-position graph, and this energy represents that of the press acting without any peduncle located in it. Consequently,


   E t  =  E 1  −  E 0  ,  



(3)






   E s  =   E t   A p   ,  



(4)




where:   E t   is the shear energy consumed (J) and   E s   is the specific energy consumed (  J  m 2   ).



The methods, rules, and postulates applied in the shear experiments, i.e., the methodology, was a compendium of those used in various articles devoted to this type of plant study [59,61,62]. First, aubergines were transported to a laboratory, where room conditions were maintained at a temperature of approximately 24    ∘  C and a relative humidity of approximately 60%. The samples were gradually desiccated during storage to resemble the processing conditions. The peduncle specimens were numbered and identified by the size and weight of the aubergines to which they belonged.



The experiments were carried out in four series of 11 samples, where healthy aubergines without any observable damage were selected. The first stalk of each series was subjected to a moisture test, where a KERN halogen moisture analyser was used in a 100    ∘  C process with a period of 10 min. The moisture content of the prepared peduncles ranged from 85 to 84% w.b. during the tests. The next 10 samples were used for the cutting experiment. Before cutting the peduncles, the entire aubergine, including the peduncle, was weighed, and then both were weighed separately. All the measurements were made using a KERN scale (accuracy   ± 0.05 ×  10  − 3     kg). After a whole series was weighed, the minor and major dimensions of the peduncle diameters were measured using a digital calliper (accuracy   ± 0.02 ×  10  − 3     m), and the samples were deposited on an identification sheet for further experimentation using the cutting machine.



The samples were attached to the press by means of a pair of clamps, although in some cases where the dimensions of their diameters were loose in the locking jaws, parts of other peduncles were also used for the fastening. The specimens were prepared in the press by tightening the locking jaws. They were tightened in such a way that the deformation effects were minimized since they are undesirable in this experiment [88]. The fastening of the samples is shown in Figure 7.



Subsequently, a visual check of the press was performed, ensuring that the Warner–Bratzler blade was not damaged and that the press was in good condition. A no-load test was then performed, where the friction of the blade with the elements was measured by the force sensor.



An experiment began by adjusting the blade closer to the peduncle and moving the peduncle at a constant speed of 2.1 × 10    − 3    m/s. Similar speeds can be seen in shear experiments in the literature [75,89]. The various states observed during the cutting process were annotated, and the force-time graph was verified to check if it was in line with expectations. Throughout the experiments, the residues from the old specimens in the locking jaws and the blade were cleaned, and a visual inspection of the press and the cutter was performed after every five specimen cuts. The instructions outlined in this paragraph were repeated with the straight blade.




4.2. Sample Collection and Preparation


Among the technical characteristics of aubergine plants, the following can be highlighted. Aubergines grow into tall, widespread, bushy plants that can reach 0.5 to 2.5 m in height. The fruit has a shiny black colour that serves as an indicator of maturity and suitability for harvesting, with lengths ranging from 0.04 or 0.05 m to more than 0.30 m depending on the variety [48]. For these experiments, aubergines were collected from a field in Almeria (Spain) (36   ∘  44   ′  27.4    ″    N 2   ∘  49   ′  03.2    ″    W) in the first week of February. These specimens were cut with the entire stem and stored in a warehouse to reduce moisture loss. Two days after the cutting, the shear experiments were carried out for a whole day to avoid significant differences in the humidity of the samples between series. In this sense, the experiments were carried out in two groups: Group A involved measuring and weighing the peduncles and aubergines, and group B involved carrying out the cutting experiments. The start and end times and the peduncle humidity details of the series are shown in Table 2.



For the experiments, all peduncles were cut to a certain length, and a total of 40 samples were selected for testing. The specifications are described in Figure 8 and Table 3. A series of tested samples is shown in Figure 9c,d.



The morphology of aubergine peduncles, and more specifically, the Thelma variety (Figure 9a), is heterogeneous. As shown in Figure 9b, three large parts can be distinguished. First, the cortex represents approximately 15% of the peduncle section and is characterized by being rough to the touch and by the presence of some thorns. Second, an intermediate zone with a softer consistency represents approximately 45% of the peduncle section. Finally, a hard core with a fibrous sensation represents approximately 40% of the peduncle section.





5. Results and Discussion


5.1. Blade Effects in the Experimental Test


In [75,90], the authors described the various regions that can be observed when cutting fibrous biomass, as well as the deviations that can be produced by the material properties, the orientation with respect to the blade, the number of stems tested and the blade edge. Although these authors provided a description for forage plants, the sources of deviation cited can serve to explain cutting experiments in other types of plants.



During the cutting tests performed for the samples of aubergine peduncles, where the notched and straight blade geometries were used, it was possible to identify several distinct regions in the observed force-position curves (shown in Figure 10, Figure 11 and Figure 12), and these regions differed for each blade and explained the nature of the cutting process. Therefore, the actions performed and the results observed during the experiments with each blade are described below.



5.1.1. Cutting Experiments with the V-Notched Blade


First, the blade was brought closer to the peduncle and then compressed by the load distributed along the V-shaped edge of the blade to a level of failure (i.e., when the blade penetrates the stalk). The initial cut of the blade penetrates and makes the first cut perfectly fit the circular profile of the peduncle, cutting the crust and a few fibres in the first intermediate zone almost without force. This can be observed in the graphs in Figure 10 in the slope before the peak load. Just before the maximum load, it can be seen how the slope of the curve decreases because the outer skin of the core is being compressed. At that point, the peak load is reached and is almost constant through the core zone. Finally, in the second intermediate zone, the skin and several uncut core fibres were compressed and cut, and the end of the peduncle cut was reached. The decrease in the slope of the curve can be seen in Figure 10. As reported by other authors [75], the final stage ends with residual loads that correspond to the resistance offered by the combination of wedging, gripping, and rubbing of the cut stalk surfaces on the descending blade. These parasitic forces, which occur to a greater extent at the end of the cut, were partially eliminated because once the blade had cut the entire stem, the force sensor no longer provided a measurement. However, it is practically impossible to avoid these types of forces during cutting, so they were present throughout the cutting operation.




5.1.2. Cutting Experiments with the Straight Blade


First, the blade was brought closer to the peduncle, compressing it to the level of failure. In contrast to the previous case, the initial cut of the straight blade penetrates and makes the first cut by compressing the crust and some fibres in the first intermediate zone with remarkable force. This initial cut can be observed in the steepness of the slope at the beginning of the curve (shown in Figure 11).



The second-highest peak load occurs when the blade passes through the first core layer and continues with almost the same force for a couple of millimetres, where the blade compresses the core zone fibres. Then, the first maximum load is reached. Finally, in this stage, a few deformations were observed in all the samples that were cut with the straight blade. These deformations affected the cutting of the second intermediate zone, the crust and several uncut core fibres until the end of the peduncle was reached. This can be observed in the downward slope of the curve in Figure 12. As experienced with the other blade, the final stage ends with residual loads that correspond to the resistance offered by the combination of wedging, gripping, and rubbing of the cut stalk surfaces on the descending blade.





5.2. Mechanical Cutting Parameters for Aubergine Stalks


In the experiments with the notched blade, there is a positive Pearson correlation coefficient of r = 0.7 for the maximum cutting force and of r = 0.8 for the relative cutting energy in front of the peduncle section. The coefficient of determination (  r 2  ), shown in Figure 13, is   r 2   = 0.69 for the V-notched blade and   r 2   = 0.43 for the straight blade. As reported by other research [46], the V-notched blade provides better correlations between values than the straight blade. The non-perfect   r 2   could be explained by factors such as the density of the core area of each peduncle and its diameter, rather than the total diameter, i.e., the sum of the core area, the intermediate part and the crust. It is also worth noting, however, that this coefficient can be affected by factors such as deformation, which was prevalent in the case of the flat blade.



For the notched and straight blades, the dimensional parameters of peduncles were almost the same, as shown in Figure 8. Although the peak force, cutting energy and stress parameters were similar between the two blades (see Table 4 and Table 5), the force-position characteristics varied for each blade. This variation is given by the fitting of the blade to the peduncle, with the V-shaped blade being the one that best distributes the force. This distribution can be seen in the smoothness of the force-position curve, shown in Figure 10. In contrast, in the straight blade curve, there are 2 peaks of maximum load, the last one due to deformation, as shown in Figure 12.



Of the 40 aubergine stems that were cut, the peak load values ranged from 87 N to 148 N with an average of 115 N, and these values are lower than the values reported for hemp stems (67–555 N) [87] and higher than those for maize stalks (23–80 N) [60], grasses (11.2–60 N) [91], and pyrethrum flowers (2.5–2.9 N) [92]. In terms of the ultimate shear stress (peak load/area), the mean values ranged from 1.0 to 1.8 MPa, and these values are close to those for corn stalks (2.01–2.11 MPa) [46] and for sunflower stalks (0.95–1.5 MPa) [93]. Regarding the specific cutting energy, the values ranged from 5.6 to 10.7 kJ/m   2   and are similar to the values reported for other crops such as cornstalks (11.3–23.5 kJ/m   2   for the internode and 8.6–14.0 kJ/m   2   for the node) [75], (15.7–43.1 kJ/m   2  ) [94], grasses and alfalfa (3.9–4.9 kJ/m   2  ) [91], and sunflower stalks (1.5–11.0 kJ/m   2  ) [93]. These results confirm that the obtained values are in line with the ranges reported in general. All values are shown the Table 4 for the notched blade and in Table 5 for the straight blade.



With these results, an estimation can be made of what the application of the proposed design criterion represents in the aubergine harvesting process. The average yield of an aubergine crop is in the range of 4 to 15 kg/m   2  , with a more frequent value of 10.50 kg/m   2   [95]. Assuming that the average weight of tested aubergines is 0.340 kg and the average cutting energy for each aubergine is 0.73 J for the V-notched blade, the estimated cutting energy is 0.225 MJ/ha. Assuming that the manual harvesting of aubergines involves 7161 h/ha and 14,036 MJ/ha, and that it represents the 5% of the total production energy [96], the proposed design criteria for robotic cutting gripper can contribute significantly to improve the efficient of the harvesting process. Furthermore, the proposed criterion can serve as a guide to evaluate the efficiency of these designs, and as a mechanism to standardize the measure of the key parameters that affect the cutting process within the harvesting operation.





6. Design of Robotic Harvesting Tools


For the cutting of peduncles, there are several techniques that can be classified into two groups: (i) techniques based on the bending characteristics of the stalk, such as the bending force, bending stress and Young’s modulus, and (ii) techniques based on the shear characteristics, such as the shear force, shear strength and shear energy.



The protocol used in this article brings together the knowledge and methods used by other authors for the study of the shear characteristics in agricultural applications. Furthermore, this protocol provides a design guide for cutting tools based on energy consumption minimization. Additionally, the protocol can be used as a classification framework based on its suitability for the crop to be harvested and can contribute to the advancement of the state of art in achieving more energy-efficient devices and classification methods. To summarize, this methodology is shown in Figure 14 and listed as follows:




	
First, the process begins with the definition of the fruit to be harvested. In this part, there must be certainty that the fruit cannot be harvested by another of the methods mentioned above, such as the indirect movement of the fruit through the plant or the direct movement of the fruit by pulling, bending or twisting. It has to be the case that the crop can be harvested by the cutting method. In this case, apart from the energy criterion, other criteria, such as not damaging the fruit or a post-processing criterion to remove the stalk, must be taken into account [20].



	
Then, in the second step, relevant samples of the fruit peduncles are obtained, which must be collected and tested within a short period of time after they have been cut since it has been demonstrated that the moisture content directly affects the values obtained in the test, such as the peak load and the cutting energy [87].



	
In the third step, the experiment of cutting the peduncles is carried out, following the protocol detailed in this article, which includes the experiences learned by other authors.



	
In the fourth step, the maximum forces are obtained along with the shear energy, which can be estimated by applying the obtained measurements in the equations. After analysis of the data and verification of their homogeneity, a mathematical model can be found to fit the data obtained. Typically, the relationship between the shear energy and a section of the peduncle can provide an almost linear model. The task to select a design factor (k) applied to the minimum cutting energy (  E t  ) for the efficient design of the cutting tool will be left to the designer. An indicative criterion for the selection of this parameter is the one used in those plants in which the stems can be divided into nodes and internodes. In these cases, the design of the tool must be based on the maximum force (  F  m a x   ) required to cut the largest node portion of the plant. This approach is reported to work well for the entire stalk, as it already includes the variation arising from the material (internode) and the size [75].



	
Once the experimental model of the cutting gripper is obtained, the energy consumption of the harvesting gripper (  E  h g   ) is measured and compared with   E t   obtained from the performed cutting experiments; it is known that   E t   can never be reached because the harvesting tool will be affected by factors such as friction between parts, the efficiency of the mechanism, and the performance of the electric motor or other electronic elements used to control it. If   E  h g    is greater than   k ·  E t   , the cutting gripper must be redesigned, taking into account the factors mentioned above.



	
When a balance between the energy consumed and the cut-off energy determined by the design factor is achieved, the design stage based on the energy criteria is completed.









7. Conclusions


In industry, process optimization and energy efficiency are continuously improved. However, these types of improvement processes are rarely implemented in the primary sector, perhaps due to the inherent complexity of natural environments, which are unstructured and highly variable, as in agriculture, for example. This article has attempted to address the efficiency of the agricultural sector, and more specifically, the tasks of fruit harvesting. As already mentioned, numerous authors have promoted and researched problems of energy reduction in cutting tools in the agricultural sector, reporting several successful cases. For this reason, this article has incorporated this relatively recent knowledge to formulate a design proposal for cutting tools based on an energy criterion. In particular, this study has focused on the cutting tools that are implemented in harvesting robots since until now, there has been no design methodology for these types of tools. The proposed design criterion can be crucial for reducing the energy consumption of these tools and for increasing the efficiency of harvesting robots.



On the other hand, this study could be extended to achieve an enhanced implementation of a perception system. If more experiments are carried out with other plants, an artificial vision system could be trained through machine learning algorithms to realistically estimate the energy consumption required for the harvesting of each plant, taking into account the relationship between the weight of the aubergines, and the force and energy necessary for their harvest. Even the operation of the cutting gripper could be adapted to the energy requirements of each particular stalk, further reducing the energy consumption of the entire system. The proposed approach can also contribute to realistically estimating the environmental footprint. In the manufacturing sector, the environmental footprint is calculated based on average energy consumption and is reflected in environmental impact databases. As a result, these values are highly inaccurate and give distorted figures to life cycle assessment practitioners [53].



The protocol formulated in this article is intended to be a guide for the designers of robotic cutting end-effectors and cutting tools for harvesting, as well as a way to determine the suitability of the cutting tools for the plants to be harvested. Since there is a need to increase studies in this field for the diverse plants that can be harvested by a peduncle cutting method, this article describes in detail the experiments carried out on aubergines, as well as a compilation of the methods used by other authors, so that these experiments can be replicated for other types of plants to characterize them for optimal harvesting. In future work, we will also consider the study of the shear energy with different moisture content of the peduncles.
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Figure 1. Types of cutting experiments found in the literature. 
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Figure 2. Diagram of the shear test devices. 
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Figure 3. Detailed drawing of the custom-made load cell installation. 
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Figure 4. (a) Modified Warner–Bratzler straight blade. (b) Modified Warner–Bratzler V-notched blade. All dimensions are in mm. 
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Figure 5. Diagram of the main components of the cutting test-bed. 
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Figure 6. Cutting Energy E1. 
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Figure 7. Both blades with a peduncle in a half-mounted clamp. (a) Notched blade; (b) straight blade. 
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Figure 8. Characterization of the peduncles based on the section and total weight of the aubergine. The peduncles are also divided according to the type of blade with which the shear test was performed. 
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Figure 9. Aubergine cutting experiment. (a) Aubergines. (b) Peduncle transverse section view. (c) Series before the cutting experiment. (d) Series after the cutting experiment. 
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Figure 10. Position-load for a notched blade. Graphs are ordered from lower to higher diameter sizes and P indicates the sample number. (a) First quarter of peduncles tested. Sample diameters ranging from 8.56 to 9.95 mm. (b) Second quarter of peduncles tested. Sample diameters ranging from 10.11 to 10.94 mm. (c) Third quarter of peduncles tested. Sample diameters ranging from 10.96 to 11.42 mm. (d) Fourth quarter of peduncles tested. Sample diameters ranging from 11.55 to 12.37 mm. 
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Figure 11. Difference in steepness of the slope between the V-notched and straight blades. 
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Figure 12. Position-load for a straight blade. Graphs are ordered from lower to higher diameter sizes and P indicates the sample number. (a) First quarter of peduncles tested . Sample diameters ranging from 9.82 to 10.34 mm. (b) Second quarter of peduncles tested. Sample diameters ranging from 10.58 to 10.96 mm. (c) Third quarter of peduncles tested. Sample diameters ranging from 11.07 to 11.27 mm. (d) Fourth quarter of peduncles tested. Sample diameters ranging from 11.35 to 12.05 mm. 
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Figure 13. Cutting energy for the notched and straight blades. 
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Figure 14. Procedure for parameter selection. 
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Table 1. Main technical specifications of the compression load cell.
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	Non-linearity
	±1%



	Hysteresis
	±1%



	Thermal Zero Shift
	±2.5 mV/50     ∘   C



	Thermal Sensitivity Shif
	±2.5%/50     ∘   C



	Deflection at “FS”
	<0.013 mm nom.



	Operating Temperature
	(−40 to 120)     ∘   C



	Thickness
	3.81 mm



	Diameter
	25.4 mm
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Table 2. Specifications of cutting experiments.
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	Experiment Statistics
	Series 1
	Series 2
	Series 3
	Series 4





	Start time
	9:13
	10:14
	14:47
	15:24



	End time
	10:40
	11:41
	15:46
	16:47



	Humidity (%)
	85.43
	84.62
	84.47
	84.16
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Table 3. Specifications of the 40 aubergine peduncles tested.
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	Statistics
	Major Diameter (mm)
	Minor Diameter (mm)
	Sectional Area (×10     − 5    m    2   )





	Mean
	11.14
	10.47
	9.21



	Maximum
	12.44
	12.34
	12.01



	Minimum
	8.86
	8.26
	5.75



	SD
	0.87
	0.87
	1.43



	CV(%)
	7.83
	8.31
	15.50
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Table 4. Results for 20 aubergine peduncles tested with the notched blade.






Table 4. Results for 20 aubergine peduncles tested with the notched blade.





	Statistics
	Peak Load (N)
	Ultimate Shear Stress (MPa)
	Shear Energy (J)
	Specific Shear Energy (J/m    2   )





	Mean
	114.14
	1.29
	0.73
	8135.92



	Maximum
	148.69
	1.78
	1.051
	10,671.19



	Minimum
	92.045
	1.01
	0.433
	5586.14



	SD
	16.39
	0.20
	0.19
	1261.08



	CV (%)
	14.36
	15.31
	26.07
	15.50
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Table 5. Results for 20 aubergine peduncles tested with the straight blade.






Table 5. Results for 20 aubergine peduncles tested with the straight blade.





	Statistics
	Peak Load (N)
	Ultimate Shear Stress (MPa)
	Shear Energy (J)
	Specific Shear Energy (J/m    2   )





	Mean
	117.00
	1.25
	0.678
	7226.91



	Maximum
	139.98
	1.64
	0.905
	8814.99



	Minimum
	87.44
	0.99
	0.491
	5590.92



	SD
	11.50
	0.16
	0.11
	891.77



	CV (%)
	9.83
	12.65
	15.79
	12.34
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