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Abstract: This study theoretically analyzed the cutting process of castor and determined the structural
parameters of the key component of the castor disc-cutting device, aiming to obtain the optimal
operation parameter combination and reduce the cutting resistance and power consumption during
the harvesting process. The effects of the cutting-disc thickness, cutting-disc rotational speed, feeding
speed, and edge angle on the cutting power consumption were studied using an orthogonal rotation
combination experiment. The response surface method was used to optimize the parameters, and
the mathematical relationship model between the cutting power consumption and each factor was
established to determine the optimal parameter combination for disc cutting. The simulation results
showed that the optimal combination of cutting parameters was cutting-disc thickness of 3 mm,
cutting-disc rotational speed of 550 r/min, feeding speed of 0.6 m/s, and edge angle of 20°. Under
these conditions, the cutting power consumption was 1.20375 J. The test results were basically
consistent with the model prediction results. Therefore, this study provided a theoretical basis and
reference for the design and improvement of castor harvesters.
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1. Introduction

Castor oil, as an important chemical and strategic raw material [1], is widely used
in the aviation industry, the chemical industry, automobiles, fragrances, and medicine.
Moreover, it is a kind of industrial vegetable oil source with comprehensive development
potential [2—4]. With the development of new technologies and processes in the petrochem-
ical industry, the demand for castor oil is expected to grow. Therefore, in order to expand
the planting areas for castor in China and improve the yield of castor, it is urgent to realize
the mechanization of the production of castor harvesting.

At present, there is no mature castor harvest equipment in castor production, and
castor harvesting is performed manually in China [5-7]. The current castor industry
urgently needs a castor harvester with low harvest loss and high work efficiency. Several
castor-harvesting machines have been developed by foreign companies. A full feeding
castor harvester was developed by the German CLAAS company [8]; it has a high degree of
mechanization, but also high rates of leakage and damage. The vibrating castor harvester
designed by DEERE Company [9] of the United States has a low net harvesting rate when
the water content is high. The comb-type castor-picking device was designed by Li et al. [10]
in China. It uses the clamping effect of two adjacent teeth to separate the castor from the
stalk under the rotating movement of the picker to complete the picking. However, it has
difficulty in picking dwarf castor with low panicle heights. The castor harvester developed
by Wu et al. [11] cuts the castor stalk with a cutting knife and then pulls the plant out of the
roller to complete the harvest of the castor. However, the net harvesting rate is only 67.1%,
and the harvest effect needs to be improved. The 4BZ-4 self-propelled castor harvester
developed by Wu et al. [12] uses the brush rollers to comb the castor capsule from the stem
to complete the harvest; nevertheless, it is mainly suitable for the harvest of tall stalk castor.
The castor harvester with double spring teeth was developed by Bai et al. [13] on the basis
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of an existing agricultural harvester. The mathematical models between the cutting speed,
and the forward speed effected on the cutting efficiency, were obtained, and a set of optimal
cutter operating parameters were determined.

Song et al. [14] explore the effect of the knife section structural parameters as well as
the operating parameters on the cutting efficiency rate of the cotton stalk reciprocating
cutter, and optimize the structural parameters of the knife section; the simulation test was
performed with ADAMS software. Guo et al. [15] established a logarithmic spiral equation
of blade line, designed a special equal sliding-cutting angle saw tooth blade for cane straw,
finished cutting tests on mature tomato and eggplant vines in different moisture contents,
and recorded the cutting power and times as the cutting time to analyze cutting power and
cutting efficiency. Chen et al. [16] studied the tensile and shearing characteristics of rind
of corn stalk via quadratic orthogonal rotatory combination design. The results of a data
analysis reveal that the shearing speed and moisture content are significant factors in the
shear strength of rind of corn stalk, while the sampling height is not significant.

Castor harvesting is the interaction between the key components of caster fruit-picking
equipment and the castor stalk. The harvesting process involves complex mechanisms and
mutual mechanics. Existing research mostly addresses the physical properties and mechan-
ical parameters of castor fruit; systematic research and optimization of the parameters of
the castor harvesting operation is rare. At the same time, there is less research on the key
components and the force analysis of the castor stalk in the process of castor harvesting.
Consequently, the lack of research of castor stalks and the key parameters of harvesting
operations has led to slow improvement in castor harvesting machinery, which has caused
a fatal blow to the development of the Chinese castor industry. Therefore, improvement of
the harvesting quality of the caster-picking device is an urgent issue.

Accordingly, a cutting-disc castor-picking device was designed according to the bio-
logical characteristics of low-growing castor in China. In order to improve the efficiency
and reduce the power consumption of the operation, and explore the influencing factors
of castor harvesting, a cutting-disc castor plant-picking test device was developed. The
key structural parameters and operating parameters of the cutting-disc castor-picking
mechanism were determined by combining theoretical analysis and experimental research.
In this study, an orthogonal rotation combination multi-factor test was used to analyze
the influences of the cutting-disc thickness, cutting-disc rotational speed, feeding speed,
and edge angle for the power consumption. The aim was to reduce the cutting resistance
and power consumption in the process of harvesting castor, based on the physical and me-
chanical characteristics of the stalk and the characteristics of the harvesting process [17-19],
through an orthogonal rotation combination test. To provide reference for the research and
optimization of the cutting castor-picking device, the structure and operation parameter
combination for the cutting disc (the key component of the cutting castor-picking device)
were optimized and verified by a bench test.

2. Materials and Methods
2.1. Mechanical Analysis of Cutting Process

The cutting process of a castor stalk is the result of the interaction between the stalk
and cutting disc. Studying the force mode during the cutting process and clarifying
the interaction relationship can provide a theoretical basis for analyzing the operation
mechanisms of the stalk cutting and the design of the mechanism [20-22]. The main force
for cutting the stalk is the cutting resistance. The force analysis is shown in Figure 1. The
horizontal and vertical directions of the balance equation are as follows:

{Fﬂ = F5+Fg+Ff1+Ff2'COS‘B (1)
Fb = Fd + FfZ sinﬁ

In the above, F, is the horizontal component of the reaction force on the stem to the
cutter head (N); F, is the vertical component of the reaction force on the stem to the cutter
head (N); F_ is the force of the stalk acting against the blade (N); F is the friction of the



Agriculture 2022, 12, 1535

3of 14

stalk against the blade (N); Fp, is the friction force of the stalk against the side edge of the
cutting disc (N); B is edge angle (°); Fy, is the vertical component of the reaction force on the
stem to the cutting disc (N); and F; is the reaction force of the blade against the pressure of
the stalk layer (N).
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Figure 1. Schematic of Collision force and velocity of stalk.

F. = Alo, ()

Here, A is the blade blunt width (m); [ is the blade cutting length (m); and o is the
yield strength during cutting (MPa).
The reaction force F acting on the blade surface of the cutting disc is as follows:

F=F,-sinf+F,-cosp ©)]

In the above, F is the reaction force on the edge of the cutting disc (N).
It can be obtained from a geometric relation, as follows:

F, =F-cosp (4)
The side edge of the cutting disc friction force Fp, is calculated as follows:
Fpp = uF = p(F.-sin B+ Fy- cos B) (5)

Here, u is the friction coefficient between the blade surface and stalk.
Its component force in the vertical direction is as follows:

Ffl = ]/led (6)

In the above, jiy, is the coefficient of friction in the stalk.

To analyze the relationship between F, and Fy, it is necessary to discuss the element
force on the blade surface. When the crop stalk group is squeezed, its stress and strain
conform to Hooke’s law; therefore, the stress—strain relationship of the stem squeezed by
the outer edge is as follows:

£E= — = = (7)
Here, ¢ is the castor stalk cutting strain; /. is the pressed thickness of castor stalks by

the cutting edge (m);  is the cutting depth of the castor stalks (m); o is the crushing stress
(Pa); and E is the elastic modulus of the castor stalk (MPa);
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When the depth of the blade deep into the stalk increases, the compression surface of
the cutting disc increases as follows:

dFy = ldh,-tan 8)
According to Reznik hypothesized, a calculation can be made as follows:
c=F/F )

Then, the unit force acting on the plane of dx of unit length L can be obtained using
Equations (7) and (9).

dF, = odx = Eedx = Eedh,-tan = E%dhe~ tan (10)

This is obtained by integrating the element forces, as follows:

o /h"hdh = Ly (11)
e =7 an 8 , e Q—Zheanﬁ
In combination with Equations (1)-(6) and (11), the cutting force F, on the length of

the unit blade is as follows:

F, = Ao + [tanﬁ + 2usin® B+ py (1 — 2usin® B- tan ﬁ)} %hg (12)

According to the above theoretical analysis, the cutting resistance of the blade is related

to the physical characteristics of the stalk, such as its elastic modulus and friction coeffi-

cient. Additionally, it is also related to the cutting-disc thickness, cutting-disc rotational

speed, feeding speed, and edge angle. The cutting resistance and energy consumption of

the cutting disc in the cutting process are the main parameters for power matching and

optimization design of cutting-disc structure. In the cutting process of the cutting disc,

suitable factors can be selected according to the theoretical analysis model to reduce cutting
resistance and power consumption.

2.2. Test Materials

In this study, the castor cultivar was Israel Kaifeng No. 5 planted in Erlindai Village,
Tumed Left Banner, Hohhot City, Inner Mongolia Autonomous Region. The seeds were
sown by air suction planter in mid-April 2021.

In the middle of October 2021, physical characteristic parameters of mature castor
plants were measured. The field sampling was conducted using the five-point method.
Thirty castor plants were selected from each sampling point, and the parameter results
were averaged. The main parameters of plants and field planting conditions are shown in
Table 1. The main stalk diameter was the diameter at 15 mm above the ground, the average
diameter of the main stalk was 21.4 mm, and the average height of the plant was 993.7 mm,
as shown in Figure 2.

Table 1. Planting and plant characteristic parameters of castor.

Parameters Values
Plant height/mm 890~1260
Yield/ (kg-hm~?2) 3187.5
Line spacing/mm 700
Row spacing/mm 550
Capsule number per plant 89~176
Minimum ear height/mm 211~459
Main stalk diameter/mm 19.8~24.9

Capsule diameter/mm 15.9~18.4
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Figure 2. Castor stalk sample.

After the cutting test, the cut stalks were sealed and labeled with plastic wrap imme-
diately. In accordance with EN ISO 6540-2010, a drying method was used to determine
the moisture content of the test branches, and the sample mass was measured before
drying (accurate to 0.001 g). After drying at 103 & 2 °C for 8 h, the mass was measured
again. Subsequently, it was measured every 2 h; when the mass difference between the
two measurements before and after did not exceed 0.002 g, the drying was regarded as
completed, and the moisture content was to be calculated. The moisture content of the stalk
was 12.5~20.8% during the experiment.

2.3. Test Equipment
2.3.1. Cutting Structure Parameters

In accordance with the cutting type, the cutter was mainly divided into reciprocating
and rotating. Based on the physical characteristics of the castor stalk, the cutting disc was
selected to reduce the cutting resistance and reduce the loss rate caused by vibration. The
cutting disc was divided into single disc and double disc according to the disk configuration.
The feeding ability of the single cutting disc was poor, and it is generally only used in the
harvester with clamping conveying and feeding. Therefore, the test bench designed in this
study adopts the double cutting-disc mechanism.

In general, the structural parameters of the cutting disc were one of the key components
affecting the cutting effect [23-25], and their structural parameters were mainly related
to the physical parameters of the castor stalk. The structure of the cutting disc had an
important influence on the cutting resistance, which was related to the shape and the
effective arc length of the cutting edge. In order to increase the effective arc length and
reduce the cutting resistance, this study designed a waved-type cutting disc in the early
stage based on a preliminary test [26]. The diameter of the cutting disc was designed
as 90 mm, and the horizontal distance of the center of the cutting disc was 10 mm. It is
necessary to design the structural parameters of the waved-type cutting disc according to
the physical characteristics of castor stalk. The structural parameters of the waved-type
cutting disc are determined by the sliding angle in accordance with the calculation formula
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of the distance between two points in the polar coordinate system (as shown in Figure 3).
The polar equation of point m at the outer end of the cutting disc is as follows:

0 —2ppo cos(6 — 6p) + p§ = 1* (13)

where (pg, 8p) is the center polar coordinates of an arc (mm,°); r is the radius of the waved
arc (mm). 0 is the polar angle when the polar diameter is ¢ (°).

@
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Figure 3. Structure of waved-type cutting disc. Point m is the cutting point of the stalk; vp, is the
forward speed of the harvester (m-s~1); w is the cutting disc angular speed (rad-min~1).

This can be obtained from Equation (13):

0 = pocos(6 —6y) + \/1’2 — p3sin(6 — 60)° (14)
According to the geometrical relationship:
tana = p/p’ (15)

Here, « is the sliding cutting angle (°)

dp
L —_
Take the derivative of Equation (13):
sin(6 — 6
p/ _ ppO ( 0) (1 7)

~ pocos(8—6p) —p

In accordance with Equations (15) and (17), the sliding cutting angle can be obtained

as follows:

_ p _ —0) — P
fana = sy~ OO 0) o ey (1%
po cos(6—bp)—p

Substitute Equation (14) into Equation (18):

\/r2 — p2sin(6 — 6p)*

—pP0 sin(9 — 90) (19)

« = arctan
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Due to maximum cutting resistance appearing after the cutting disc contacts the stalk,
the polar angle 6 = 41.63° was calculated according to the geometric relationship. The
smaller the arc radius, the smaller the sliding angle. However, if arc radius was too small,
the machining cost was high and the friction resistance would increase. When the sliding
cutting angle was 20°~55°, it was beneficial to reduce the cutting power consumption.
When the sliding cutting angle was 41.52°, it could be determined according to the actual
situation and equation (19). The arc of the cutting disc was as follows: 14 sections of arc
edge curves were arranged around the circumference, the radius of the arc was 10 mm, and
the polar coordinates of the center of the arc were (80 mm, 47°). The waved-type cutting
disc designed based on the material characteristics of a castor stalk can give full play to
the function of sliding cutting and clamping. The shear angle of the cutting disc was in
dynamic change, and is not to be used as a factor for quantitative analysis.

According to the experimental statistics method: when the two-piece cutting-disc
thickness was 2 mm, the edge angle was 25°; when the two-piece cutting-disc thickness
was 3 mm, the edge angle was 20°; when the two-piece cutting-disc thickness was 3 mm,
the edge angle was 30°; when the two-piece cutting-disc thickness was 4 mm, the edge
angle was 15°; when the two-piece cutting-disc thickness was 4 mm, the edge angle was
25°; when the two-piece cutting-disc thickness was 4 mm, the edge angle was 35°; when
the two-piece cutting-disc thickness was 5 mm, the edge angle was 20°; when the two-piece
cutting-disc thickness was 5 mm, the edge angle was 30°; and when two-piece cutting-disc
thickness was 6 mm, the edge angle was 25°; a total of nine groups were produced. The
cutting-disc material was 65 Mn. In the test, the factors of cutting-disc structure parameters
were changed by changing different cutting-disc groups.

2.3.2. Test Bench Parameters

To test the actual operational performance of the double-disc cutting device, a castor
stalk-cutting test bench was conducted at the Nanjing Institute of Agricultural Mechaniza-
tion of the Ministry of Agriculture and Rural Affairs in July 2022, as shown in Figure 4.

Figure 4. Castor disc-cutting device. (1) Measuring and controlling system. (2) Cutting system.
(3) Feeding system. (4) Power system.

In this test, two motors (driven by frequency conversion, modulating the rotational
speed from 1 to 2000 r/min, rated power of 1.2 kW) provided power for the upper cutting
disc and the bottom cutting disc, respectively. The power transmission drove a toothed
chain (the toothed chain-driven sprocket and upper cutting disc were coaxial), and provided
the upper cutting-disc rotational movement with chain movement. The torque sensor was
fixed between the cutting disc and the rack to detect the torque during the cutting process.
The bottom cutting disc was driven separately and directly connected to a torque sensor.
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The cutting power consumption data measurement adopted a direct-connected torque
sensor (Beijing New Aerospace Measurement and Control Technology Co., Ltd., model:
JN338-A, measuring range 0~50 N-m, torque accuracy: 0.1~0.2% F-S). The data acquisition
was performed using the UTD2101CEX digital storage oscilloscope with a frequency of
10 MHz and a dual-level low-pass filter. The castor sample was transported to the cutting
disc device by the reducer motor (driven by frequency conversion and the rotational speed
was modulated from 1 to 300 r/min with a rated power of 1.5 kW, corresponding to a
feeding line speed from 0 to 2.0724 m/s). The cut plant was sent back to the rear by the
toothed chain, thus completing the cutting process. Other auxiliary tools included vernier
calipers, tape measures (0-150 m).

2.4. Experiment Design
2.4.1. Test Index

In general, the cutting resistance and power consumption of the cutting disc in the
cutting process are the main parameters for power matching and optimizing the design
of the cutting disc structure, and are of great significance to prolonging the tool life and
improving the harvest working time.

For convenience in measurement and analysis, the power consumption of the unilat-
eral cutting disc was used. The cutting power consumption W was obtained by integrating
the torque measured by the torque sensor, as shown in Equation (20).

t t t
Wit :/ F -tdt:/ F-2mRN ~tdt:/ TN/ tdt 20
()= | Fo A /60 A /30 (20)

In the above, W is the cutting power consumption (J); F is the cutting force (N); v is
the linear velocity (m/s); R is the cutting disc radius (m); t is the cutting time (s); T is the
torque (n/m); and N is the rotational speed (r/min).

2.4.2. Experimental Factors

This study used the cutting-disc thickness, cutting-disc rotational speed, feeding
speed, and edge angle as four factors with three levels in a quadratic regression orthogonal
rotation combination test, with the goal of identifying the optimal parameter combination.
The test factors and levels are presented in Table 2.

Table 2. Test factors and levels.

Cutting-Disc Thickness Cutting-Disc Rotational Speed Feeding Speed Edge Angle

Level .1 1 o
(mm) (r-min—1) (m-s—1) 1C°)

-2 2 400 04 15
-1 3 550 0.6 20
0 4 700 0.8 25

1 5 850 1.0 30

2 6 1000 1.2 35

2.4.3. Cutting Power Consumption Test

A four-factor and five-level response surface analysis method was used in the test.
Taking the cutting-disc thickness (A), cutting-disc rotational speed (B), feeding speed (C),
and edge angle (D) as the influencing factors and the cutting power consumption (Y) as
the evaluation index, a total of 30 groups of tests were conducted. Each combination was
tested three times, and the average value was used for recording the power consumption
of the simulated cutting disc. The test scheme and model evaluation index results are listed
in Table 3.
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Table 3. Test design and results.

Serials Cutting-Disc Cutting-Disc Feeding Speed Edge Angle Cutting Power
Number Thickness (mm) Rotational Speed (r-min—1) (m-s~1) ©) Consumption (J)
1 0 0 0 0 1.76
2 -1 1 -1 1 1.87
3 1 -1 -1 1 2.52
4 0 0 0 0 1.7
5 1 1 1 -1 191
6 -1 1 1 1 1.83
7 0 0 2 0 2.05
8 0 0 0 -2 1.33
9 0 0 0 0 1.76
10 1 -1 -1 -1 1.68
11 -2 0 0 0 1.23
12 -1 -1 -1 -1 1.25
13 2 0 0 0 2.46
14 0 -2 0 0 1.62
15 0 0 0 0 1.56
16 1 -1 1 -1 1.68
17 0 0 0 0 1.73
18 -1 -1 1 1 1.64
19 -1 -1 -1 1 1.45
20 0 0 0 2 2.31
21 1 1 1 1 2.56
22 1 1 -1 1 241
23 1 -1 1 1 241
24 1 1 -1 -1 1.83
25 -1 -1 1 -1 1.33
26 -1 1 1 -1 191
27 0 2 0 0 2.11
28 -1 1 -1 -1 1.74
29 0 0 0 0 1.87
30 0 0 -2 0 1.76
3. Results

3.1. Single Factor Test

Figure 5 shows the influence rules of cutting-disc thickness, cutting-disc rotational
speed, feeding speed and edge angle on the cutting power consumption (under the condi-
tion that the other factors are at level 0).

- 3 —— Cutting disc thickness

? —— Cutting disc rotational speed

;g 26 —o— Feeding speed

o

g = Edge angle

§ 22 +

o

<

3 1 8 -

3 .

©

<9

214t

E

U 1 1 | | 1 |
2 -1 0 1 2

Levels of test factors

Figure 5. Influence of test factors on cutting power consumption.
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The cutting power consumption decreases gradually with the increase in the cutting-
disc thickness, and the decreasing trend tends to be flat. This is because when the cutting-
disc thickness was large, the cutting cross-sectional area of the cutting disc increases,
leading to the increase in the friction resistance of the cutting surface, which in turn leads to
an increase in the cutting power consumption. However, when the cutting-disc thickness
continues to increase, the changes in the stalk elasticity and plasticity were small, resulting
in the relatively gentle trend of increasing cutting power consumption.

The cutting power consumption decreases slowly with the increase in the cutting-
disc rotational speed, mainly because when the cutting-disc rotational speed was low,
the partial elastic—plastic deformation of the castor stalk was sufficient, and the degree of
deformation was much larger than that in the high-speed cutting. Thus the elastic—plastic
deformation power consumption was larger, resulting in an increase in the total cutting
power consumption.

The cutting power consumption decreased gradually with an increase in the edge
angle because with an increase in the edge angle, the sliding effect was enhanced, the
cutting ability of the blade to the castor stalk was enhanced, and the cutting resistance was
reduced. Thus, the power consumption was significantly reduced.

3.2. Orthogonal Test Results

The test results were analyzed by quadratic regression using Design-Expert. The
results of the variance analysis of the cutting power consumption Y are listed in Table 4.
The regression model equations for the cutting power consumption were fitted to study the
influence of each factor on the evaluation index and the influence law of the interaction.

Table 4. Variance analysis of regression equation.

Cutting Power Consumption Y/J

Serials Sum of Squares Degree of Freedom F Value Significant Level P
Model 3.92 14 35.24 <0.0001 **
A 1.73 1 217.66 <0.0001 **
B 0.4 1 49.79 <0.0001 **
C 0.05 1 6.35 0.0236 *
D 1.18 1 148.53 <0.0001 **
AB 0.099 1 12.5 0.003 **
AC 490 x 1073 1 0.62 0.4443
AD 0.31 1 39.5 <0.0001 **
BC 250 x 1073 1 0.31 0.583
BD 0.04 1 5.04 0.0403 *
CD 1.23 x 1073 1 0.15 0.7
A? 0.028 1 3.46 0.0824
B2 0.037 1 4.64 0.0478 *
2 0.06 1 7.52 0.0151 *
D? 0.018 1 2.23 0.1559
Residual 0.12 15
Lack of fit 0.068 10 0.66 0.7291
Pure error 0.051 5
Total 4.04 29

Note: p < 0.01 (highly significant, **); p < 0.05 (significant, *).

According to the difference analysis table, the p values of the model terms of the model
are less than 0.01, indicating that the model terms are extremely significant, and the misfit
terms are extremely insignificant. This indicates that the influence of each factor on each
test index was extremely significant, and the model was suitable.
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Cutting power consumption (J)

3.3. Regression Equations

For the cutting power consumption Y, all of the regression coefficients in the regression
equation were adopted by the F-test at a confidence level of 0.05, and insignificant items
were excluded; the regression equation was as follows:

Y = +1.73 + 0.27A + 0.13B + 0.046C + 0.22D — 0.079AB + 0.14AD — 0.05BD + 0.037B? + 0.047C? (21)

According to Equation (21) as combined with the analysis of variance table, it can
be seen that the influence of each factor on the cutting power consumption was in the
following order: cutting-disc thickness A > edge angle D > cutting-disc rotational speed
B > feeding speed C. The primary terms A, B, and D, and interaction terms AB and AD
have extremely significant effects on the cutting power consumption. The primary term C,
interaction term BD, and quadratic terms B? and C? have significant effects on the cutting
power consumption.

4. Discussion
4.1. Analysis of the Influence of Each Factor on the Performance Index

The influences of interaction factors on the evaluation index were fixed at the interme-
diate level, and the interaction influences of the other two factors on the evaluation index
were analyzed. The influences of the cutting-disc thickness, cutting-disc rotational speed,
feeding speed, and edge angle on the evaluation index were analyzed using a response
surface diagram and contour map.

Figure 6a shows the response surface diagram of the interaction between the cutting-
disc thickness and edge angle on the cutting power consumption when the cutting-disc
rotational speed and feeding speed are at an intermediate level. It can be seen from Figure 6a
that with an increase in the cutting-disc thickness, the cutting power consumption clearly
shows a gradual upward trend. With an increase in the edge angle, the cutting power
consumption increases significantly. This is because with an increase in the cutting-disc
thickness, the extrusion stalk fiber tissue has an elastic—plastic recovery to cutting disc,
leading to a higher cutting surface resistance and higher cutting power consumption. Under
the same cutting conditions, the smaller the blade radius, the greater the local stress on the
stalk. The smaller the blade angle, the smaller the blade radius; this makes it easier for the
blade to break the physical structure, thereby reducing the cutting power consumption.

Cutting power consumption (J)

- 38 ==
4 . 27

=7

2 ——

—_ 23 —550
15 v A: Cutting disc thickness(mm) D: Edge angle (°) X

15 400 B: Cutting disc rotational speed(r-min™')

(a) (b)
Figure 6. Influence of interactive factors on cutting power consumption.

The response surface diagram of the interaction between the cutting-disc rotational
speed and edge angle on the cutting power consumption when the cutting-disc thickness
and feeding speed are at the intermediate level is shown in Figure 6b. With an increase
in the cutting-disc rotational speed, the cutting power consumption exhibits an upward
trend and tends to be flat with an increase in the edge angle. With an increase in the
rotating speed, vibration and beating of the cutting disc can easily occur. Correspondingly,
the surface energy of the side affected by the elastic and plastic deformation of the stalk
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increases, leading to an increase in the cutting power consumption. However, with an
increase in the edge angle, the edge side squeezes the stalk, resulting in further deformation
and destruction of the stalk in the cutting and the axial directions. In this case, the energy
consumption increases significantly.

4.2. Parameter Optimization

To obtain the minimum cutting power consumption of the waved-type cutting disc,
the optimization module in Design-Expert was used to optimize and solve the regression
model. Its constraints were as follows:

min Y(A,B.C.D)
2<A<L6
400 < B < 1000 (22)
04<C<12
15<D <35

A set of optimal solutions was obtained by optimizing the objective function, and the
optimal combination of cutting operation parameters was as follows: cutting-disc thickness
of 3 mm, cutting-disc rotational speed of 550 r/min, feeding speed of 0.6 m/s, and edge
angle of 20°. Under these conditions, the cutting power consumption is 1.20375 J.

4.3. Verification Results

To test the correctness of the optimal combination of cutting-disc parameters obtained
with the response surface method, experiments were repeated five times under these
conditions, as shown in Table 5.

Table 5. Verification test results.

Items

Predicted Value Test Value 1 Test Value 2 Test Value 3 Test Value 4 Test Value 5

Cutting power
consumption/]

1.20375 1.23 1.21 1.25 1.20 1.21

The average cutting power consumption obtained was 1.22 ], i.e., less than 1% different
from the predicted value of the model. This indicated that there is a good fit between the test
values and the predicted values. The experimental effect after optimizing the parameters
was good. This proved that the response surface method was reliable and effective in
optimizing the operating parameters of the cutting-disc device.

4.4. Discussion

The operation quality of castor-harvesting equipment is of paramount importance for
the development of the castor industry. At present, studies related to castor harvest mainly
focus on the characteristics of castor fruits and the shelling machinery, and there are few
studies on the cutting resistance and power consumption of castor-cutting devices.

This research provided experimental innovations, but there are some limitations.
Because of subjective and objective factors such as time and conditions, the experimental
research on the mechanical properties of castor plants was lacking. Next, this study only
carried out castor cutting harvesting experiments on selected varieties; however, in China,
there are many castor varieties, with very different physical characteristics. Therefore,
the adaptability of the equipment needs to be verified for different varieties. In addition,
this paper is an experimental study based on the test bench, and does not consider the
influence of the actual field operating conditions on the power consumption. It is necessary
to further study the cutting resistance and power consumption under the actual field
operating conditions in future research.
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5. Conclusions

To reduce of the cutting resistance and power consumption in the castor-cutting
harvest process, this study carried out a theoretical analysis of the cutting process using a
castor-cutting disc; experiments were conducted based on orthogonal rotation combination
of multiple factors and simulations of the cutting-disc thickness, cutting-disc rotational
speed, feeding speed, and edge angle. The influences on the cutting power consumption
and parameters were optimized using the response surface method, and the optimal
parameter combination was determined from the experiments.

The orthogonal rotation combination test results showed that the cutting-disc thickness,
cutting-disc rotational speed and edge angle had highly significant impacts on the cutting
power consumption, and feeding speed had a significant impact on the cutting power
consumption. The optimal parameter combination was as follows: cutting-disc thickness
of 3 mm, cutting-disc rotational speed of 550 r/min, feeding speed of 0.6 m/s, and edge
angle of 20°. Under these conditions, the cutting power consumption was 1.20375 J. The
results of this study can provide a reference for the further optimization of the structural
parameters of the castor-cutting disc.
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