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Abstract

:

Tree peony is a deciduous shrub endemic to China, and peony seed oil (PSO) is an important plant oil resource. However, at present, pruning and fruits harvesting of oil tree peony are mainly completed by manual work, which has seriously affected production efficiency. By the need to develop efficient pruning and harvesting equipment for oil tree peony, this study investigated the effect of cutting tool geometric parameters and cutting speed on cutting force and energy. A cutting device was set up, and six cutting tools with different blade angle and sliding-cutting angle were prepared for this research. Stems in different growth stages (anthesis and fructescence) were collected for cutting experiments. In this paper, four blade angles (25°, 30°, 35°, and 40°), three sliding-cutting angles (0°, 10°, and 20°), and four cutting speeds (25 mm/min, 50 mm/min, 100 mm/min, and 200 mm/min) were considered in the experiments. The results showed that cutting force and energy are positively related to blade angle, and the minimum cutting force and energy are required in cutting with 25° blade angle. Compared to straight cutting (sliding-cutting angle is 0°), sliding cutting can obviously reduce the cutting force and energy. Furthermore, the best sliding-cutting angles of cutting tools have discrepancies dependent on the stems in different growth stages. In fructescence, 10° sliding cutting required the lowest cutting force and energy. In contrast, the best sliding-cutting angle of stems in anthesis was 20°. On the other hand, the cutting force and energy were obviously proportional to the cutting speed, which increased by the cutting speed increasing. Therefore, under the condition of ensuring the cutting efficiency, reducing the cutting speed can effectively reduce the power consumption. These results are an important basis for pruning and harvesting machine development for oil tree peony.
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1. Introduction


Tree Peony, which belongs to Paeoniaceae, genus Paeonia, and Sect. Moutan DC, is a woody deciduous shrub endemic to China, since the Eastern Jin Dynasty [1]. Its fruit contains dark oval seeds characterized by various unsaturated fatty acids (UFAs) and a high proportion of n-3 fatty acids [2]. Therefore, in addition to being an ornamental plant, peony is being widely promoted as an oil crop. Peony seed oil (PSO) was declared as a new resource food for its high level of α-linolenic acid (ALA) in China from 2011. In the past few years, tree peony has been considered as an economic plant, and some species (such as Paeonia rockii, and Paeonia ostii) are widely planted in China, with a potential annual seed production of 60,000 tons in the next decade [3,4]. The key to increase the output of PSO is to prune branches reasonably in the growing process and to harvest fruits in time during the fructescence. The major challenge for the industrialization development of PSO is the development of pruning machines and fruit harvesting machines [5,6]. Research and development of this equipment needs to be based on research of stem cutting mechanisms.



As a kind of perennial deciduous shrub, studies on peony stem are still very scarce, although recent research on the mechanical properties of wood materials has been relatively sufficient [7]. The planting and growth characteristics of deciduous shrub determine that the pruning and harvesting equipment are different from the general forestry machines [8]. At present, although there are few studies on the cutting of peony stems, the research on shrub cutting is widely used in biomass energy, such as Salix psammophila [9]. Research shows that the quality of shrub cutting directly affects the cost of biomass direct combustion power generation [10,11]. These researches investigated the influence of various factors such as tree species, cutting tool angles, and cutting speed on shrub cutting [9,12].



In general, plant and wood materials are viscoelastic; therefore, they possess no strictly defined relationship between stress and deformation [13]. Wood materials have different responses under dynamic or static loading and also under tensile or compressive force [14]. Cutting of the plant stem is a dynamic process containing multiple forms of tissue failure and deformation. During the cutting process, significant localized plastic deformation caused by initial knife penetration occurs in the contact part between the stem and the knife, followed by buckling and deformation as the knife advances [15]. As the cutting tool continues to advance, the fibers in the stem are deflected and eventually fail in tension [16].



Many studies have investigated the effect of cutting speed on cutting force and energy, and relevant studies are briefly summarized here. For maize stem cutting, Prasad and Gupta reported a distinct minimum energy requirement was found at a cutting velocity of 2.65 m/s [17]. This was not the case for forage grasses, where the cutting energy monotonically decreased with cutting speed [18]. The cutting energy required to cut sorghum stems showed a minimum at 2.9 m/s cutting speed and it increased as the cutting speed increased above 2.9 m/s [19]. O’Dogherty and Gale found that the critical cutting speed for grass was 25–30 m/s, and lower speed resulted in large stem deflections and higher stubble heights [20]. Dauda reported that for kenaf-stem, high cutting speeds as compared to impact cutting system at similar speeds required less cutting force and energy [21].



Many other studies examined the effect of blade angle and blade design on the stem cutting. The cutting force required for cutting sugarcane stem depended on the blade design, and a difference of 26% was reported between the two designs tested [22]. A study of corn stalk cutting showed that a cutting blade oriented parallel to a stalk (0°) compared to perpendicular (90°) resulted in a significant reduction in the specific cutting energy to one-tenth for internodes and about one-fifth for nodes [23]. A study of energy cane stems illustrated that a straight cut required more cutting force and energy than a 60° oblique cut [24]. Zhang reported that the cutting stress of millet stem was decreased with the increase of blade oblique angle, but the cutting energy was decreased firstly and then increased [25].



The analysis of literature surveyed indicates that cutting speed and tool geometric parameters play key roles in the tree peony stem cutting process. However, according to recent studies, the effects of these parameters on different plant material cutting are not uniform or regular. The effect of cutting speed on cutting force and energy could be opposite due to the different stems, and the best blade angle and sliding-cutting angle of different stems are not the same. Therefore, in order to provide basis for the design of pruning and harvesting machines, oil tree stems in anthesis and fructescence were collected for a cutting experiment. The objectives of this paper were to investigate the effect of blade angle, sliding-cutting angle, and cutting speed on the cutting force and energy required for stem cutting. This study will provide proofs of cutting tool and cutting parameters of oil tree peony and other similar shrubs cutting.




2. Materials and Methods


2.1. Preparation of Stem


The stems used for this study were collected from the same kind of tree oil peony plants (Paeonia rockii) that were planted in the same field in the peony garden of Jiufeng National Forest Park, Haidian District, Beijing. All these stems were collected from 15 oil peony plants with similar growth state. Stems with good growth and no mechanical damages were selected randomly from the plants and cut from about 50 cm below to the top. Then, leaves and side branches on the stem were removed, and each stem was cut into 12–15 cm.



For tree peony, pruning and harvesting are in different growth stages, so it is necessary to study the cutting performance of stem in different growth stages. Therefore, in this experiment, stems in anthesis and fructescence (in the same year) were collected and cut by the same cutting tools, which can be seen in Table 1.




2.2. Stem Cutting Experiment


2.2.1. Cutting Device and Cutting Tools


A cut device including the fixture base and the cutting tool was set up for this experiment and installed on an electronic universal testing machine (Figure 1). A tool carrier was linked on the loader of the testing machine that can install and freely replace different tools with different geometric parameters. During the cutting experiment, the impact force to the cutting tool was provided through the loader by the test machine and controlled on a computer.



Cutting tools with different geometric parameters, including blade angle and sliding-cutting angle, were designed for this experiment. Figure 2 shows the geometric parameters of tools in this paper (α = blade angle; β = sliding-cutting angle). Six cutting tools were manufactured for this research with different blade angles and sliding-cutting angles, which can be seen in Table 2.



For investigating the effect of blade angle and sliding-cutting angle of tools on cutting force and energy, 8 stems in each growth stage with very similar average diameter (about 5 cm) were cut by every tool in the experiment. Cutting speed was set to the same 25 mm/min and the average value of maximum cutting force of each stem was calculated after the test.




2.2.2. Cutting Speed


Relevant research shows that cutting speed has a significant effect on stem cutting. In some research, self-made cutting devices were used to study the dynamic mechanical properties of different materials and the influence of cutting speed on cutting force and energy. Other studies of the dynamic properties of woods under different strain rates by changing the test strain rate (for example, using separate Hopkinson bar [26]) showed that strain rate effect is the main reason for the change of material strength under different loading rates [27].



In this paper, cutting speed was considered as an important factor, and its specific effect on cutting force and energy of oil tree peony is not clear. For testing the effect of cutting speed, four speeds (25 mm/min, 50 mm/min, 100 mm/min, and 200 mm/min) were set in the experiments by using three different cutting tools, as shown in Table 3. In each group of tests, 8 stems in fructescence were cut and the average value of maximum cutting force was calculated.




2.2.3. Experiment Process


At the beginning of the cutting test, the stem was fixed on the fixture base and covered with fixing flat on the one side, and the length of the extension side should be 10 cm, as shown in Figure 3. During the experiment, cutting position of each stem should be consistent at 2 cm from the end of the extension side, which can be seen in Figure 3.



Cutting force was loaded by the testing machine and cutting process was controlled by computer. The cutting force and tool displacement during the process was measured by the sensor of the loader on the testing machine, and the cutting energy can be determined as:


  E =  ∫ a b   F c  d S  



(1)




where   E   = cutting energy (mJ); S = tool displacement (mm);    F c      = force applied by testing machine;   a   = tool displacement when contact with the stem at the first time (mm); and   b   = tool displacement when cut off the stem.






3. Results


3.1. Cutting Force


A force-displacement curve was recorded in each test, and Figure 4 shows an example. As can be seen, point O represents the beginning of the cutting and point D represents the displacement of the tool during the whole cutting process. The process can be divided into the following stages: (1) elastic deformation stage (OA), where cutting force is increasing slowly; (2) plastic deformation stage (AC), where the cutting tool penetrates the stem and results in localized plastic deformation, and the cutting force is increasing obviously; and (3) stem breaking stage (CD), where the stem has broken into two pieces, and the cutting force decreases immediately to near zero.



Figure 5a shows the average cutting force with different blade angle of the cutting tool. For stems in anthesis and fructescence, both the average cutting force increased with the increasing of blade angle. It is well pronounced that the smaller blade angle can reduce the cutting force when cutting the stem. In this experiment, cutting with 25 °  blade angle required the lowest average cutting force: 27.71 N in fructescence and 31.43 N in anthesis. For the discrepancy of growth stages of the stem, it can be found obviously that stems cut by the same tool in anthesis required higher cutting force.



The effect of sliding-cutting angle on cutting force is illustrated in Figure 5b. As can be seen, the cutting force can be reduced more obviously in sliding cutting than in straight cutting. For both the stems in anthesis and fructescence, the maximum cutting force was required for the straight cutting (0° sliding-cutting angle). It can also be concluded from the figure that stems in different growth stages have different cutting properties. For stems in anthesis, the least average cutting force was required when cutting with 20° sliding-cutting angle. However, for stems in fructescence, cutting with 10° sliding-cutting angle required the lowest cutting force.



The effect of cutting speed is shown in Figure 6. In general, as cutting speed increased more cutting force was required. The average cutting force of all three tools increased more than 30% as the cutting speed increased from 25 mm/min to 200 mm/min. The 30° straight cut at 200 mm/min required the highest cutting force. The result obviously showed that cutting with lower speed can reduce the required cutting force.




3.2. Cutting Energy


To calculate the cutting energy in the cutting experiment, the data in the force-displacement curve (Figure 4 shows an example) of every stem was used in Equation (1). An average value of each test was calculated, and the result are shown in Figure 7.



The effect of blade angle on cutting energy is shown in Figure 7a. Similar to cutting force, with the increase of blade angle, the average cutting energy increased significantly. For both the stems in anthesis and fructescence, cutting with the 25° blade angle required the lowest cutting energy: 32.26 mJ in anthesis and 29.93 mJ in fructescence. Moreover, it can be found from the figure that the average cutting energy of stems cutting in anthesis is significantly higher than that in fructescence. It can be concluded that cutting power consumption can be effectively reduced by reducing cutting edge angle.



The effect of sliding-cutting angle is shown in Figure 7b. As can be seen, it is well pronounced that sliding cutting required less cutting energy than straight cutting (0° sliding-cutting angle). As the same situation in cutting force test, cutting the stems in anthesis required higher cutting energy than stems in fructescence. Furthermore, both for the stems in anthesis and fructescence, 10° sliding cutting was the best parameter for energy saving.



The effect of cutting speed is shown in Figure 8. As can be seen, cutting energy is positively correlated with cutting speed. For all three tools, cutting with 10° sliding-cutting angle and 30° blade angle required the lowest average energy, and cutting with 25 mm/min required the lowest cutting energy. In general, increasing cutting speed will significantly increase cutting power consumption.





4. Discussion


4.1. Theoretical Analysis of Cutting Tool Geometric Parameters


In this study, two geometric parameters of tool were considered: blade angle and sliding-cutting angle. The results of cutting experiments showed these parameters have a significant influence in stem cutting. For the sliding-cutting angle of the cutting tool, as shown in Figure 9, the cutting process will become sliding cutting when the sliding-cutting angle is not 0° and straight cutting when the sliding-cutting angle is 0°.



Some research has reported that sliding cutting needs lower cutting force compared to straight cutting, which is mainly because the sliding cutting has smaller effective blade angle [28,29]. As shown in Figure 10, a cutting tool with the blade angle is  α  and the sliding cutting angle is  β , the effective blade angle (   α ′   ) in sliding cutting can be calculated as:


   tan    α ′   =   DE   AE   =   BC   AE   =    ACtan α    AE   =  cos β tan α   



(2)







It can be concluded from Equation (2) that    α ′    is smaller than  α  (0° to 90°), and the effective blade angle will decrease with the increasing of sliding cutting angle. During the sliding cutting process, although the actual blade angle (design blade angle) of the cutting tool is  α , the effective cutting blade angle becomes    α ′   , which is obviously less than  α . Therefore, in the cutting process, it is equivalent to cutting with a sharper cutting tool, which can significantly reduce the cutting force. However, too large sliding cutting angle will result in increasing of cutting force, which means it is necessary to find out the best angle for each specific material.



According to the researches of the analysis of cutting force during the cutting process, the test results [29] of blade angle in this paper can be explained as follows. For the cutting force analysis, as shown in Figure 11a, it is assumed that the object to be cut is homogeneous and the micro unevenness of the tool surface is ignored. When the cutting tool cuts in a constant speed, without concern of friction, the cutting force (F) can be calculated as:


  F =  Ncos α  =  Ttan α   



(3)




In Equation (3), T is the connecting force between the cutting surfaces (a force determined by the physical and mechanical properties of the object to prevent it from being cut off) [29], and N is the normal pressure on the cutting tool.



Concerning friction, assume the friction factor between the cutting tool and object is f and define the friction angle  φ  as   f =  tan φ   , which is equivalent to increasing the edge angle by a degree, as shown in Figure 11b. The cutting force (F) can be calculated as:


  F = T ·  tan φ  +  N   cos φ    sin  (  α + φ  )  = T ·  tan φ  +  T   cos φ    tan  (  α + φ  )   



(4)






  F − T ·  tan φ  =  T   cos φ    tan  (  α + φ  )   



(5)




Define variable K as:


  K = F − T ·  tan φ   



(6)




Then the Equation (5) can be changed into:


  T =    Kcos φ    tan  (  α + φ  )     



(7)




Because the value of T is only related to the properties of the material to be cut, the value under different blade angles (   α 1    and      α   2   ) can be described as Equation (8):


  T =    K   α 1     cos φ    tan  (   α 1  + φ  )    =    K   α 2     cos φ    tan  (   α 2  + φ  )     



(8)




From Equation (8) we can get:


     K   α 1       K   α 2      =   tan  (   α 1  + φ  )    tan  (   α 2  + φ  )     



(9)







It can be concluded from Equation (9) that the cutting force is positively related to the blade angle of the cutting tools. To reduce the cutting force, the blade angle should be as small as possible.




4.2. Cutting Tool Geometric Parameters in Shrub Cutting


It can be found that the results of experiments in this paper are consistent with the theoretical analysis results. In addition, research has reported the similar conclusion on geometric parameters of cutting tool in shrub cutting, such as salix psammophila [9] and chestnut logs [10]. From this paper and related studies [9,10,11,12], it can be concluded that, for shrub cutting, the geometric parameters of cutting tools have a significant effect on cutting force and cutting energy. Cutting with smaller blade angle can obviously reduce the required cutting force and energy consumption. Furthermore, in shrub stem cutting process, although the best sliding-cutting angle is different for different species, sliding cutting required the lower cutting force and energy than straight cutting. Sliding cutting can effectively reduce energy consumption in cutting process. Therefore, for shrub cutting, it is important to select the suitable blade angle and sliding cutting angle to improve efficiency and reduce power consumption.



In particular, for oil tree peony stem, based on the needs of pruning and harvesting operations, the different cutting mechanism of stems in different growth stages (anthesis and fructescence) should be considered in this study. The experiment results show that the best geometric parameters of cutting tools used for oil tree peony stem cutting are different for different growth stage of stems. For stems in anthesis, the best sliding-cutting angle is 20°, while the best sliding-cutting angle is 10° for stems in fructescence. Therefore, for pruning and harvesting machines, different cutters should be designed. Moreover, this study indicated the discrepancies of cutting properties of stems in different growth stages. These discrepancies are probably due to the changes of stem moisture content and microstructure in different growth stages. This should be considered in research of cutting mechanism of other shrubs and wood materials and needs further study.




4.3. About Cutting Speed


In this paper, cutting speed is considered to be an important factor affecting cutting force and energy of stem cutting. The result shows that the cutting force and energy are positively correlated with cutting speed. For cutting tools with different geometric parameters, the lowest cutting force and energy are required at the cutting speed of 25 mm/min, which should be the best cutting speed for saving energy. However, the lower cutting speed will reduce the production efficiency and the quality of the incision. Therefore, for cutting speed, it is important to reduce the cutting speed while ensuring the cutting efficiency to reduce the energy consumption.



Furthermore, the mechanism of the effect of cutting speed on cutting force and energy still lacks clear explanation, and some studies even showed the opposite effect of cutting speed on different plant stems. The further study found the microstructure of oil tree peony stem belongs to a typical porous cellular structure in terms of the form of tissue arrangement, and wood materials with the same microstructure have an obvious strain rate effect under dynamic loading. The study on spruce shows that the micro morphology of porous cell structure leads to the relationship between the macro dynamic mechanical properties and loading rate [30]. These studies indicated strain rate effect is the main reason for the increase of ultimate strength of materials with the increase of loading rate and that is considered the influence mechanism of cutting speed in shrub cutting and should be further studied.





5. Conclusions


The aim of this study was to examine the cutting mechanism of oil tree peony stems, which is the most important basis for pruning and harvesting machine development. Then, a cutting device was set up and used for oil tree peony stem cutting experiments. On the one hand, the result shows that the blade angle and sliding-cutting angle of cutting tool have an obvious effect on stem cutting. The experiment results showed cutting with 25° blade angle required lowest cutting force and energy. For stem cutting of shrubs like tree peony, both the cutting force and energy are positively related to blade angle. On the other hand, sliding cutting can effectively improve cutting efficiency and reduce power consumption. Moreover, especially for oil tree peony, the cutting properties show discrepancies in different growth stages. In general, cutting stems in anthesis required more cutting force and energy than in fructescence. For peony stems in anthesis, cutting with 25° blade angle and 20° sliding-cutting angle requires the lowest cutting force and energy. For stems in fructescence, cutting with 25° blade angle and 10° sliding-cutting angle requires the lowest cutting force and energy. These should be considered in cutting tool design for pruning and harvesting machines.



On the other hand, cutting speed has a significant effect on cutting force and energy, which were increased by the cutting speed increasing. In this paper, with the same cutting tool, cutting with 200 mm/min required the highest energy consumption. This characteristic is related to the strain rate effect and dynamic response in the process of plastic deformation of wood. The findings demonstrate that reducing cutting speed as possible will result in cutting energy savings under the premise of ensuring work efficiency. This study also further indicates the need to study the effect of internal factors, whether it is the same species or not, such as stem moisture content and microstructure on cutting properties.
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Figure 1. Shear device set up for the experiment. 
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Figure 2. Geometric parameters of cutting tool (α = blade angle; β = sliding-cutting angle). 
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Figure 3. Schematic diagram of stem fixing in the cutting experiment. 
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Figure 4. Force-displacement curve of stem cutting. 
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Figure 5. Effect of cutting tool geometric parameters on cutting force: (a) effect of blade angle; (b) effect of sliding-cutting angle. 
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Figure 6. Effect of cutting speed on cutting force. 
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Figure 7. Effect of cutting tool geometric parameters on cutting energy: (a) effect of blade angle; (b) effect of sliding-cutting angle. 
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Figure 8. Effect of cutting speed on cutting energy. 
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Figure 9. Sliding cutting and straight cutting. 
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Figure 10. Sliding cutting and straight cutting. 
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Figure 11. Analysis of cutting force. (a) situation that ignored friction; (b) situation that considered friction. 
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Table 1. Preparation of oil tree peony stem.






Table 1. Preparation of oil tree peony stem.





	Collecting Date
	Numbers of Stems
	Growth Stage





	20 April 2018
	10
	Anthesis



	19 August 2018
	10
	Fructescence
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Table 2. Geometric parameters of cutting tool.






Table 2. Geometric parameters of cutting tool.





	Tool Number
	Blade Angle (deg)
	Sliding-Cutting Angle (deg)





	1
	25
	0



	2
	30
	0



	3
	35
	0



	4
	40
	0



	5
	30
	10



	6
	30
	20










[image: Table] 





Table 3. Cutting experiment with different cutting speed and cutting tool.






Table 3. Cutting experiment with different cutting speed and cutting tool.





	
Cutting Speed (mm/min)

	
Cutting Tool






	
25

	
Tool No.1

(25° blade angle, 0° sliding-cutting angle)




	
50




	
100




	
200




	
25

	
Tool No.2

(30° blade angle, 0°sliding-cutting angle)




	
50




	
100




	
200




	
25

	
Tool No.5

(30° blade angle, 10°sliding-cutting angle)




	
50




	
100




	
200
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