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ABSTRACT

In order to solve the problem of high broken rate and impurity rate in the direct harvesting of corn kernels in China,
a flexible threshing element with variable stiffness consisting of a conical spring and rasp bar was developed on
the basis of the existing horizontal axial-flow corn threshing cylinder structure to achieve low loss harvesting of
corn kernels. Through mechanical analysis of the key components of the threshing element, its structure and
operating parameters were determined. Then, orthogonal tests were carried out using the feed amount, threshing
clearance and cylinder speed as the test factors, and the broken rate and impurity rate of the corn kernels as the
test indicators. The results showed that the feed amount, threshing clearance and cylinder speed had a significant
effect on the broken rate and impurity rate of corn kernels; the optimum parameters for the corn variable stiffness
flexible threshing device were feed amount 6.1 kg-s™, threshing clearance 40 mm and cylinder speed 392 r-min2.
The broken rate of corn kernels was 1.67% and impurity rate 1.03%. The test results fully met the requirements of
the national standards for corn harvesting operations. This study provides a technical basis for the application of
the axial flow corn flexible threshing device in the corn direct harvesting combine.
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INTRODUCTION

Corn is not only an important food crop in China, but also has important application value in feed, chemical,
energy and other fields (Srison et al., 2016; Yang et al., 2021). In recent years, with the large-scale development
of corn planting, labor shortage during the corn harvest season has become an increasingly prominent problem.
The direct harvest of corn kernels can complete ear picking, threshing, separation and cleaning operations at one
time, which greatly shortens the harvest cycle, effectively saves labor costs and solves the problem of labor
shortage (Li et al., 2020; Yang et al., 2021). Therefore, direct harvesting of corn kernels is of great significance for
shortening the corn harvest cycle, saving production costs, and promoting the mechanization of corn agriculture
(Akubuo, 2002; Bratan et al., 2019; Chai et al., 2020).
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Threshing is a key part of the corn direct harvesting, which directly affects the quality and performance of
the entire corn harvest (Yang et al., 2021). Broken rate and impurity rate are important indicators to evaluate the
quality of threshing operations (Shahbazi and Shahbazi, 2018; Su et al., 2020). Countries represented by Germany,
the United States and other countries usually use combine harvesting machines to directly harvest corn. Large-
scale corn harvesters developed by well-known agricultural machinery brands such as John Deere, CASE, and
CLASS have high efficiency and degree of mechanization (Fu et al., 2019). In China, scientific research institutions
and related enterprises, such as Foton Lovol, Wuzheng Group, and Yongmeng Company, have done a lot of
research on corn grain combine harvesters, and have had good field test results in various provinces. However,
due to the high grain moisture content of corn harvested in my country, there is still serious kernel damage (Feng
etal., 2019, Chen, 2020, Wang, 2021).

In order to reduce the rate of corn kernel broken, Chinese scholars have carried out a lot of research. In
terms of threshing device, Srison et al. explored the effects of threshing cylinder structural parameters and corn
characteristics on corn threshing damage and power consumption (Srison et al., 2016). Puzauskas and other
studies found that the concave plate structure is an important factor affecting the separation rate of grains, as well
as the breakage rate and loss rate of grains (Puzauskas et al., 2017). Xie et al, (2019), designed a flexible rod-
tooth-type threshing cylinder. Compared with rigid rod-tooth, the flexible rod-tooth can greatly reduce the broken
rate of grains. However, most of the current research is the experimental study of the threshing process and
technical parameters of the threshing device on the damage to the grain, and there is a lack of innovation and
research on the threshing element of the large-scale threshing device of the corn kernel harvester.

In order to solve the above problems, on the basis of the characteristics of the existing threshing cylinder,
combined with the characteristics of corn in China, a flexible threshing device with variable stiffness was designed.
Through multi-factor orthogonal test, the factors affecting the broken rate and impurity rate of grains were analyzed,
and the optimal working parameters were determined. It is hoped that this study can solve the problem of high
loss rate and impurity rate in the process of direct harvesting of corn kernels, and improve the quality of corn
combine harvesters.

MATERIAL AND METHODS
Overall Structure and Working Principle

The whole structure of the corn variable stiffness flexible threshing device is shown in Fig. 1. It mainly
consists of threshing cylinder, upper cover, the guide plate, frame, adjusting concave plate, and screw conveyor,
feeding port, blanking plate, grain box, motor and other components.

A-A
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Fig. 1 - Overall structure diagram of flexible threshing device with variable stiffness
1. Frame; 2. Cob outlet; 3. Grain screw conveyor; 4 Grain box; 5. Adjustable concave plate;
6. Electric motor; 7. Corn inlet; 8. Upper cover; 9. The guide plate;
10. Threshing cylinder; 11. Concave; 12. Adjustment device
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The corn flexible threshing device adopts the principle of radial feeding and axial flow threshing. When the
threshing device is working, the cylinder is driven by the motor, and the corn ears continuously enter the threshing
device from the feeding inlet. The ears are forced by the spiral of spike tooth at the front of the cylinder to the
threshing section, where they are subjected to the blows of the threshing tooth and striker, the squeezing and
friction between the threshing concave plates and the impact between the ears to complete the threshing. Finally,
the threshed grains are transported to the grain box through the screw conveyor, and the corncob is discharged
from the outlet to complete the whole process.

Design of Threshing Elements

The structure of the threshing element will have a large effect on the kernel broken rate and impurity rate
(Kiniulis et al., 2017; Bratan et al., 2019). The variable stiffness flexible threshing element designed in this study
is shown in Fig. 2. It mainly consists of conical spring seat, cover plate, conical spring, striker block, tension bolt
and connecting shaft. The connecting shaft acts on the conical spring seat and the striker block, and the back of
the striker block is in contact with the conical spring by the preload of the bolt, and the variable stiffness flexible
threshing of the striker block is realized by the variable stiffness characteristic of the conical spring.

The force analysis of the corn cob and threshing element is shown in Fig. 3.

Fig. 2 - The structure of the threshing element Fig. 3 - Analysis of the threshing force
1. Conical spring seat; 2. Cover plate; 3. Conical spring;
4. Grain bar block; 5. Tension bolt; 6. Connecting shaft

Take a point of the corn cob impact threshing element, cross the connecting axis horizontal line direction at
the point O to establish a coordinate OXY. When the threshing element is working, if the force Fcof the corn cob
on the striker is sufficient to turn the striker block backward around the connecting axis as a circle, then the angle
o and B will increase, and 0 is constant. When the corn cob is in contact with the threshing element, the force in
the direction of Fs is:

F; = GsinfB — F, cos(B + 6) [N] @)
Where: G is the gravity, N.

From the above equation (1), it can be obtained:
__ Gsinp-Fy
¢ cos(B+0) [N] @
From the above equation, it can be seen that S increases the impact force Fc of the thresher on the cob.
Then the threshing force on the cob also increases, which makes the corn cob easier to be threshed. At the same
time, the conical spring under the threshing element is compressed, which acts as a cushion and reduces the
impact of the thresher on the corn cob, which can reduce the broken rate of the corn kernels. Therefore, the conical

spring as a flexible mechanism of the thresher work can greatly reduce the breaking of corn kernels when threshing.
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Test Conditions and Instruments

In October 2021, the tests were carried out in the Agricultural Machinery Performance Laboratory of
Shandong University of Science and Technology with the self-made variable stiffness threshing cylinder test bench.
The test apparatus included a scraper-type cob lifter, an LDS-1G grain moisture meter (Ningbo Comet Instrument
Co., Ltd.), a TESTO 465 digital tachometer (Detu Instruments International Trade Co., Ltd.), an ACS20 small
electronic scale (Shanghai Huachao Electric Co., Ltd.), an 11kw three-phase asynchronous motor (Taizhou Yinniu
Mechanical and Electrical Co., Ltd.) and a SAJ8000 series inverter (Guangzhou Sanjing Electric Co., Ltd.), etc.
The test process is shown in Fig. 4.

Fig. 4 - Experimental process

The test material was selected from Zhengdan 958, and the basic characteristics of 50 corn ears were
measured randomly using vernier calipers and LDS-1G grain moisture meter before the start of the test, and the
values of the basic characteristics of corn ears are shown in Table 1.

Table 1
Corn parameters in experiment
Parameters Value
Average ear length / mm 145.6
Average large end diameter / mm 50.2
Average small end diameter / mm 45.6
Kernel moisture content / % 27.6~28.5

Test Factors, Indicators and Methods

The corn threshing mechanism relies on the active rotation of the threshing element and the cob, the cob
and the cob, the cob and the grating to generate force, ultimately achieving the threshing function (Puzauskas et
al., 2017). Therefore, the threshing element and concave plate is the key components of the threshing device, its
threshing element movement speed, concave clearance and feeding amount are the main factors affecting the
threshing performance and kernel breakage.

After the experiment, the test results were measured in accordance with GB/T 21961-2008 "Test Methods
for Corn Harvesting Machinery" and GB/T 21962-2020 "Corn Harvesting Machinery". At the end of each test, 2000
g of corn kernels were randomly selected from the kernel collection box, from which corn kernels with obvious
cracks, damage, and broken skins were selected and weighed out to calculate the kernel breakage rate according
to the following equation (3). During the measurement time, 2000 g of mixed kemnels were taken from the kernel
collection box, from which the mass of impurities was selected and weighed out to calculate the mass of mixed
kernels and the impurity. The impurity rate was calculated according to equation (4).

Broken rate:

Zg = %xloo [%] (1)

Where: ms is the mass of broken kernels sample, g; mi is the mass of sample kernels; Zs is the broken rate, %.
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Impurity rate:
Z, = 225100 [%] (4)
mp

Where My is the impurity quality, g; My is the mass of mixed grain, g; Z; is the impurities rate, %.

RESULTS AND DISCUSSION
Orthogonal Test

Based on the results of the single-factor test, the regression analysis was performed on the data using
Design-Expert 10.0.3 statistical software with cylinder speed (X1), concave clearance (X2) and feeding amount (Xs)
as independent variables and the response values of the broken rate Y1 and impurity rate Y2 of corn kernels, and
the regression models of BR and IR were analyzed, and the experimental factor levels were arranged as shown
in Table 2.

Table 2
Levels of parameters
Factors
Levels
Cylinder speed X1/ (r-min~") Concave clearance X2/ mm Feed amount X3/ (kg's™")

-1 350 35 6
0 400 40 7
450 45 8

Multi-factor Test Analysis

The test used the broken rate Y1 and the impurity rate Y2 as evaluation indices. Each test group was
conducted three times in order to determine the mean value. The experimental design and outcomes are shown
in Table 3.

Table 3
Results of multi-factorial tests
Test Number X1 (r-min7}) X2 (mm) Xz (kg-s™h BR (%) IR (%)
1 -1 -1 0 3.75 6.25
2 1 -1 0 6.05 2.25
3 -1 1 0 2.15 5.07
4 1 1 0 4.75 4.11
5 -1 0 -1 2.16 4.05
6 1 0 -1 5.79 0.99
7 -1 0 1 3.01 4.02
8 1 0 6.13 2.15
9 0 -1 -1 3.82 0.83
10 0 1 -1 2.99 2.49
11 0 -1 1 4.45 2.59
12 0 1 1 3.88 3.15
13 0 0 0 3.21 1.33
14 0 0 0 2.86 1.05
15 0 0 0 2.34 1.86
16 0 0 0 2.66 1.15
17 0 0 0 2.88 1.52

The experimental data from Table 4 were subjected to an ANOVA with kernel broken rate and impurity rate
as response values; the results are presented in Table 5.
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The p value was used to determine the significance of the coefficients and also to test the interaction of the combined
factors. As can be seen from the analysis in Table 4, for corn kernel broken rate, the model p = 0.0005 < 0.001, indicating
that the fitted model reached a highly significant level; the out-of-fit term p = 0.2129 > 0.05, the out-of-fit term was not
significant, indicating that the regression mathematical model fitted the actual results with high accuracy.

As can be seen from Table 4, ANOVA was performed on the kernel broken rate. the linear term of X3 and
the quadratic term of X3 were both significant for the broken rate of kernels; the linear term of X2 and the quadratic
term of X1 were both highly significant for the broken rate of kernels; and the linear term of X1 was highly significant
for the broken rate of kernels. Therefore, the order of the factors affecting the kernel broken rate was as follows:
X1 > X2 > Xs. Since the smaller the broken rate of threshing, the better the quality of threshing.

Table 4
Analysis of variance for kernel broken rate
Variance Sum of Squares of Deviations Freedom f F Value p-Value Significance
Source Marker
Model 26.68 9 18.34 0.0005 i
X1 16.97 1 104.96 < 0.0001 ol
X2 2.31 1 14.3 0.0069 **
X3 0.92 1 5.68 0.0487 *
X1X2 0.023 1 0.14 0.7201
X1X3 0.065 1 04 0.5461
X2X3 0.017 1 0.1 0.7559
X1 3.69 1 22.83 0.002 o
X2? 0.85 1 5.25 0.0558
X3? 1.26 1 7.77 0.027 *
Residual 1.13 7
Lack of Fit 0.72 3 2.36 0.2129 not significant
Pure Error 0.41 4
Cor Total 27.81 16

Note: X; is cylinder speed / (r-min~'); X, is clearance between concave and cylinder/mm; X; is feed amount / (kg-s™); * is significant (p < 0.05);
** is very significant (p < 0.01); *** is extremely significant (p < 0.001); F is Fischer’s variance ratio; p is probability value.

As shown in Table 5, the impurity rate analysis was targeted and the linear terms of X2 and X3 and the
guadratic terms of Xs were significant for the impurity rate of the kernels; the interaction of X1Xz2 was highly
significant for the impurity rate of the kernels; the linear terms of X1 and the quadratic terms of X1 and Xz were
highly significant for the impurity rate of the kernels.

Table 5
Analysis of variance (ANOVA) for kernel impurity rate

Variance Sum of Squares of Deviations Freedom f F Value p-Value Significance
Source Marker
Model 39.07 9 33.08 <0.0001 *kk

X1 12.23 1 93.14 <0.0001 *kk

X2 1.05 1 8.01 0.0254 *

X3 1.58 1 12 0.0105 *
X1X2 231 1 17.6 0.0041 *
X1X3 0.35 1 2.7 0.1445
X2X3 0.3 1 23 0.1728

X1? 13.46 1 102.52 <0.0001 kk

X22 6.58 1 50.14 0.0002 el

Xa? 0.57 1 4.33 0.0761 *
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Vgéharr::(;e Sum of Squares of Deviations Freedom f F Value p-Value Sig&g:ig?ce
Residual 0.92 7
Lack of Fit 0.5 3 1.62 0.3179 not significant
Pure Error 041 4
Cor Total 39.99 16

Note: X; is cylinder speed/ (r-min™1); X, is clearance between concave and cylinder/mm; X; is feed amount/ (kg-s™); * is significant (p < 0.05);
** js very significant (p < 0.01); *** is extremely significant (p < 0.001); F is Fischer’s variance ratio; p is probability value.

Response Surface Analysis

To obtain the influence law of the experimental factors on each test index in a more intuitive manner, study
the interaction effect of the other two factors by fixing one factor at zero levels, and transform the regression
equation into a three-dimensional contour map using Design Expert10, as depicted in Fig. 5, Fig. 6 & Fig. 7.

BR =1.79 + 1.48X1 - 0.54X2 + 0.32X3 + 0.08X1X2 - 0.17X1X3 + 0.07X2X3 + 0.96X1% + 0.43X2%2 + 0.57X3?> (5)

IR = 1.38 - 1.24X1 + 0.36X2 + 0.44X3 + 0.76X1X2 + 0.29X1X3 - 0.27X2X3 + 1.79X1? + 1.25X2? - 0.37X3?  (6)

From Fig. 5(a), it can be seen that when the concave clearance is 40 mm. At a particular cylinder speed,
the kernel broken rate falls and then increases as the feeding amount increases. When the feeding amount
increases to approximately 7 kg/s, as depicted in figure 5a, the threshing mode changes from striking to rubbing
and threshing of corn, which decreases the breaking rate due to an increase in the amount of corn cob in the
concave clearance.

As shown in Fig. 5(b), the impurity rate of kernels increased and then decreased with the increase of feeding
amount. When the feeding amount is low, the spike tooth inside the cylinder has less impact on the cob and the
mutual rubbing effect between the cob and the cob is weak, which is not conducive to the separation of the kernels
and the cob, so the impurity rate is larger.

‘ Concave Clearance: 40mm ’ ’ CONCAVE Chavince: 40“"‘“

Broken Rate /%
Impurity Rate /%

@) (b)
Fig. 5 - Response surface diagrams of interaction
(a) Interaction of the cylinder speed and feeding amount on broken rate;
(b) Interaction of the cylinder speed and feeding amount on the impurity rate.

From Fig. 6(a), it can be seen that the increase of concave clearance leads to a slight decrease and then
an increase of kernel broken first. It may be because when the feeding amount is small, the threshing space is
relatively sufficient, and the change of the concave clearance has less influence on the degree of material filling.
From Fig. 6(b), it can be seen that the first reduction in impurity rate gradually increases with the increase in the
concave clearance. This is because as the concave clearance increases, the influence of the threshing element

on the cob diminishes and the mutual squeezing and friction effects between the cobs diminish, leading to an
increase in the impurity rate.
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Fig. 6 - Response surface diagrams of interaction
(a) Interaction of the concave clearance and feeding amount on broken rate;
(b) Interaction of the concave clearance and feeding amount on the impurity rate.
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Fig. 7 - Response surface diagrams of interaction
(a) Interaction of the cylinder speed and concave clearance on broken rate;
(b) Interaction of the cylinder speed and concave clearance on the impurity rate.

From Fig. 7(a), it can be seen that as the cylinder speed increases, the kernel broken rate increases; and
as the concave clearance increases, the kernel broken rate shows a decreasing trend. When the cylinder speed
increased, the linear velocity of the spike teeth striking the corn increased, which then led to an increase in the
collision velocity and a higher broken rate. When the concave clearance increased, the broken rate decreases
because the crushing effect of the nail tooth and the concave clearance on the corn cob is reduced.

Fig. 7(b) shows that as the cylinder speed increases, the impurity rate decreases, and as the gap between
the concave plate’s increases, the impurity rate increases. When the cylinder speed increases, the impact of the
spike tooth on the corn cob is enhanced, and the corn kernels are more easily dislodged from the cob, so the
impurity rate decreases. When the concave clearance increases, the extrusion of the threshing cylinder to the corn

cob and the kneading effect between the corn and the corn are weakened, and the kernels are not easy to come
off from the cob, so the rate of impurity increases.
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Verification Experiment
The regression equation was solved by Design-Expert software and the optimal operating parameters
(decimals rounded) for the results averaged over the variable stiffness corn flexible threshing device was: cylinder
speed 392 r-min’t, concave clearance 40 mm, and feeding rate 6.1 kg-s. Under these conditions: broken rate
1.67 % and impurity rate 1.03 %.
BR = minimize
IR = minimize
350 < X; <450 )
35 <X, <45
6<X;<8
To verify the reliability of the regression model, the results were averaged over three trials of the above
optimal threshing operation parameters, and the test results showed that the mean value of the broken rate was
1.74% and the mean value of the impurity rate was 0.98%. The relative error with the predicted value is less than
5%, which indicates that the accuracy of the regression model is high. The test results still meet the requirements
of the national standard.

CONCLUSIONS

(1) The variable stiffness corn threshing element is designed to reduce the impact on the corn kernels, which
can reduce the kernel broken rate.

(2) The optimum values of the operating parameters of the corn threshing unit were determined by multi-
factor tests. The ANOVA of the test results showed that the cylinder speed was 392 r-min~1, the concave clearance
was 40 mm, and the feed amount was 6.1 kg-s™. The BR was 1.47% and the IR was 1.03%.

(3) Threshing cylinder speed, concave clearance and feeding amount had significant effects on corn kemel
broken rate and impurity rate.

Currently, only one variety of corn has been tested in this study. The team will continue to test different
varieties of corn in the field to further validate the threshing performance and adaptability of the designed threshing
device.
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