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Abstract: The high-speed development of the liquor industry brings sorghum demand, which is
increasingly strong at the moment. Still, its harvesting mechanization level is low, and with the
design of a longitudinal flow sparse and dense curved-teeth sorghum threshing technology, the
harvester’s work quality is improved by the reduction of seed impurities. This article describes the
working principle of the harvester, the overall distribution of threshing elements, and force analysis
of the threshing aspects to determine the structure of the threshing elements. The orthogonal test
was carried out, with a sparse–dense interphase threshing drum as the research object, selecting
operating speed, threshing element bending angle, and threshing element mounting angle as the
test factors, with the entrainment loss rate and the net threshing rate as the assessment indexes for
the three-factor, three-level test, and the use of Design-Expert to establish a mathematical regression
model between the factors and the two indicators, resulting in the following optimized parameters:
when the operating speed is 1.0 m·s−1, the bending angle of the threshing element is 80◦, and the
mounting angle of the threshing element is 45◦, the loss rate of entrainment is 1.89%, and the net
threshing rate is 95.53%. The machine’s design indexes are in line with relevant national standards
and can meet the demand for mechanized harvesting of sorghum.

Keywords: sorghum threshing; sparse–dense interphase; threshing elements; curved tooth

1. Introduction

Sorghum is the fifth-largest grain crop in our country and has an important impact
on feed and industrial production. Still, its mechanized production level is relatively low,
especially since the level of harvest mechanization is only about 10%, which seriously affects
the production efficiency of sorghum. In recent years, with the rural working population
appearing by way of young adults, practitioners aging, and labor costs, sorghum through
mechanized production, especially the mechanized harvesting of sorghum, has become the
current urgent solution to solve the problem [1–3].

Foreign research on the mechanized harvesting of sorghum is limited, in terms of mod-
els, mainly focusing on modifying wheat harvesters to achieve the harvest of small grain
crops [4–9]. For instance, the John Deere C120 model, using CTS technology—tangential
flow threshing + single longitudinal axial flow separation technology—addresses the issue
of low loss in high straw crops (sorghum), as well as the problem of a thick draft layer in
the separation chamber caused by the large feeding volume during harvesting [10]. The
C440 model, with tangential flow threshing + double longitudinal flow separation, has
been developed, which effectively reduces the separation loss in the sorghum harvesting
process. Although sorghum is categorized as the fifth most important crop in the country,
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it is a niche crop in the international arena overall, thus classified as a small grain crop.
For example, Chaturvedi Shalini [11] et al. carried out a study on the adaptability of five
different structural threshing devices for grain harvesting. PowarRV [12] et al. developed a
peg-toothed threshing technology based on rounded heads to reduce the excessive frag-
mentation of the stalks and loss of seeds during the threshing process. Ryadnov A I [13]
researched, based on the aforementioned studies, and developed a sorghum harvesting
technology based on the principle of comb and brush threshing, which reduced losses in
mechanized sorghum harvesting.

In 2008, Li Yaoming and his team [14] investigated the effects of two threshing tech-
nologies, namely, spike tooth and short-rasp-bar tooth, on the quality of rice harvesting,
concluding that the short-rasp-bar tooth threshing technology had the advantages of re-
ducing detritus content in the rejects and lowering power consumption. In 2011, the same
team [15] investigated the effects of five types of threshing elements—rectangular-toothed
plate, short-rasp-bar tooth, spike tooth, knife-shaped tooth, and trapezoidal tooth—on the
performance of tangential-flow and longitudinal-flow rice separations, determining the
optimal threshing separation combination. In 2017, Kang Dong [16] et al. investigated grain
threshing technology based on a full grain bar and identified the optimal combination of
operating parameters, reducing the unthreshed rate to 0.3%. In 2021, Li Xinping [17] et al.
designed a longitudinal axial flow double flexible rolling and kneading threshing device
for millet, which minimized grain seed breakage by incorporating a flexible rubber roller
in the threshing drum. In 2023, Dr. Guo-Zhong Zhang [18] conducted an optimization
study on the structural form of rod teeth, constructing a threshing device based on three
structures: cylindrical rod teeth, elbow rod teeth, and closed bow teeth, and developed a
mechanical model for the collision impact between rice and rod teeth.

In summary, there are relatively few studies on sorghum threshing technology at home
and abroad. Although some scholars have researched mechanized threshing technology
of small-grain seeds, the research on mechanized threshing technology of high-stalk and
large-spike needs further study. With the increasing demand for sorghum brought on by
the rapid development of the liquor industry, it is urgent to break through the efficient
threshing technology in the process of mechanized sorghum harvesting. It is of great
practical significance to establish the design theory of sorghum-efficient threshing devices
and promote the popularization and application of sorghum harvesting mechanization
technology. Promoting the popularization and application of sorghum harvest mecha-
nization technology is of great practical significance. In this paper, a longitudinal flow
sparse–dense interphase curved-tooth sorghum threshing technology is studied, which
realizes the effect of low crushing of stalks and high-efficiency separation of seeds-stalks,
and provides technical support for the research of sorghum harvesting equipment.

2. Materials and Methods
2.1. Composition and Working Principle of Sorghum Threshing Device

In China, sorghum harvesters face several challenges. To address these issues and
consider the structural characteristics of the sorghum plant and its spike, as well as current
research both domestically and internationally, a sorghum combined harvester was devel-
oped, as shown in Figure 1a. This harvester consists mainly of a cutting platform, chassis,
cab, over-axle, threshing device, and the power system. During operation, the cutting
platform cuts the sorghum stalks and conveys them to the transverse reverse conveyor.
Subsequently, the sorghum passes through the bridge and into the threshing device, where
the seeds are separated from the ears and cleaned. The seeds are then transferred to the
seed bin, and the stalks are discharged from the machine. Due to the small seed size and
high moisture content of sorghum stalks during the harvest period, the threshing device
was enhanced to reduce seed loss and stalk entrainment, as illustrated in Figure 1b. The
modified threshing device includes a feeding inlet, feeding cone, threshing drum, separat-
ing concave plate, and a top cover. In operation, sorghum is dragged by the blades on the
feeding cone into the threshing chamber, which comprises the threshing drum, separating
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the concave plate, and top cover. The curved-tooth threshing elements on the drum impact
and comb the spikes, separating the seeds. The stalks are then transported rearward by the
coordinated action of the threshing elements and the top cover with the spiral deflector.
Seeds are separated by gravity and centrifugal force through the concave plate, completing
the separation process [5].
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Figure 1. (a) Combined sorghum harvester; (b) structure of threshing device of sorghum harvester.

2.2. Threshing System Design
2.2.1. Overall Distribution of Threshing Elements

Although sorghum is the fifth largest seed crop in China, it is mostly grown in hilly
and mountainous areas. Therefore, in order to improve the adaptability of the harvester
to hilly and mountainous areas, this threshing drum adopts an open structure, which
effectively reduces the weight of the threshing drum and improves the safety of the whole
machine in the process of operation in complex terrain. To equalize the operating load
and improve the smoothness and stability of the threshing product’s movement, the
threshing element adopts multi-head spiral distribution. In order to reduce the excessive
effect of the threshing element on the crop, the number of threshing elements is reduced,
i.e., the sparse–dense tooth rod structure is adopted, under the condition of ensuring the
threshing strength, reducing the number of times the threshing element acts on the crop
through the threshing chamber and the degree of stalk crushing. At the same time, with
the improvement of the distribution structure of sparse–dense threshing rod teeth. The
fluffiness of the threshing object is increased, the probability of the seeds passing through
the sorghum stalk is improved, and the entrainment loss of the threshing process is reduced,
resulting in the distribution structure of the threshing elements shown in Figure 2.
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∆l is a space reserved for the installation of threshing elements in front of and behind
the threshing tines; a is the distance between the traces of the teeth; B1 is the tooth pitch
of the threshing element, also known as the dense tooth spacing; B2 is the sparse tooth
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spacing; S is the tooth bar spacing; δ is the angle between the distribution helix of the
threshing element and the axial direction; D is the diameter of the threshing drum with
threshing elements.

2.2.2. Determination of Key Parameters of Threshing Drums

• Determination of the number of threshing elements

Considering that the essence of sorghum threshing is to achieve the separation of
seeds from the spike through the high-speed movement of the threshing element applying
impact to the sorghum spike, its speed is primarily determined by the drum speed and
diameter. The number of threshing elements can be expressed as follows:

z ≥ (1 − β)q
0.6qd

(1)

Assuming that the diameter of the threshing drum is d, the weight ratio of seeds in the
sorghum harvesting process is β, in this paper, the value is 0.36 [19]; the feeding volume is
q, and the threshing capacity of each threshing element is qd.

From the formula, the number of threshing elements is 114.

• Determination of the number of tooth plates

To equalize the operational load of the threshing drum and simplify the drum structure,
the threshing element is generally mounted on the tooth plate, which is further fixed to
the drum width plate. Thus, the tooth plates are typically evenly distributed on the
drum surface/drum width plate. If the number of tooth plates (M) is excessive, while the
threshing load on sorghum is increased, it also results in higher compaction density and
crushing of the straw layer in the threshing chamber. This is not conducive to the threshing
of seeds through the straw layer. To allow the straw sufficient space and time to regain its
fluffy state after being subjected to the threshing load, this threshing drum is designed with
six tooth plates (M = 6), evenly distributed around the drum circumference.

• Determination of the number of helical heads

Given that the threshing element features a single-head spiral distribution, this may
lead to a too-small tooth pitch, resulting in issues such as excessive straw crushing, clogging,
and hanging grass. To increase the tooth pitch, in accordance with the recommendation
of the Agricultural Machinery Design Manual, the number of spiral heads of the threshing
element can be calculated as

K ≤ M
2

(2)

M is the number of tooth plates; K is the number of spiral heads. To enhance threshing
efficiency, this threshing drum is designed with a three-head conical screw feeder head.

• Determination of threshing drum diameter

Since the threshing element is welded to the threshing tine bar, assuming that the
height of the threshing element is h, the tooth bar spacing is S, and the diameter of the
drum without the threshing element is d, then

πd ≈ MS (3)

i.e.,

d ≈ MS
π

(4)

The diameter D of the threshing drum with threshing elements is

D = d + 2h =
MS
π

+ 2h (5)

Here, d—the diameter of the drum without the threshing element, mm;
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D—the threshing drum with threshing elements, mm;
S—the tooth bar spacing, mm;
M—the number of tooth plates;
h—the height of the threshing element, mm.
This threshing drum is designed with a threshing element height of 120 mm, and

substituting the relevant data, it can be obtained that the diameter of this threshing drum is
620 mm.

• Determination of threshing drum length

Since z threshing elements are uniformly distributed across K spirals, the number of
threshing elements on each spiral is

n =
z
K

(6)

Considering that one end of the threshing drum connects to the feeding cone and the
other end connects to the amplitude disk, the threshing element will reserve mounting
space ∆l before and after the threshing tine bar. Let the distance between the traces of the
teeth be a; thus, the length of the drum is given by

l = a(n − 1) + 2∆l = a(
z
K
− 1) + 2∆l (7)

Here, n—the number of threshing elements on each spiral;
z—total number of threshing elements;
K—the number of spiral heads;
l—the length of the drum, mm;
a—the distance between the traces of the teeth;
∆l—a space reserved for the installation of threshing elements in front of and behind

the threshing tines, mm.
By substituting the relevant data, it can be obtained that the length of this threshing

drum is 1880 mm.

• Determination of threshing element spacing

Let the threshing element spacing be B1, the number of tine plates be M, the number
of helix heads be K, and the distance between the traces of the teeth be a. The threshing
element spacing B1 is given by

B1 =
M
K

a (8)

As before, taking into account the seriousness of the stem breakage during the op-
eration, the threshing drum adopts the structure of sparse–dense tooth bars, i.e., 3 dense
teeth and 3 sparse teeth are adopted on the surface of the drum and arranged in a mutually
spaced arrangement, as shown in Figure 3, in which the sparse tooth spacing B2 is

B2 = ζB1 (9)

Here, ζ—the coefficient of increase in tooth spacing;
B1—the tooth pitch of the threshing element, also known as the dense tooth

spacing, mm;
B2—the sparse tooth spacing, mm.
Here, ζ > 1. This machine chooses ζ as 2 based on experience.
Substituting the relevant data, it can be obtained that the threshing drum threshing

element dense tooth spacing is 90 mm, and sparse tooth spacing is 180 mm.
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2.2.3. Determination of the Structure of the Threshing Element

Considering the straight rod teeth, although the structure is simple, it is easy for grass
to hang during the threshing process, leading to serious problems with broken straw. To
avoid excessive crushing of the stalks by the rod teeth during threshing, the straight rod
teeth will have a higher linear speed, bending back at half their height [20]. This design
ensures that the lower straight rod provides a sufficient threshing strength for the object,
while the upper part bends to ensure a stable decline in the stalks. During threshing, the
bent structure allows for gradually decreasing gaps, enabling the easier-to-detach parts
of the sorghum spike to be removed first, while the more difficult parts follow. This
effectively reduces the impact load of the threshing rod teeth on the sorghum, improves
the smoothness of the draft grass sliding off the threshing element, increases the likelihood
of the seeds passing through the layer of the draft grass, reduces the seed impurity rate,
and enhances the operational quality of the harvester.

Additionally, when the threshing element reaches the top of the drum, the stalks are
most likely to slide down due to gravity. The load on the threshing object at this point is
analyzed, considering the gravitational force (mg) acting on it, the normal force N exerted
by the threshing element, the centrifugal force (mrω2) from the circular motion under the
influence of the threshing element, the axial force F pushing the threshing object to move
along the axis, and the friction force (fN) acting when sliding down the threshing element.
A coordinate system is established with the drum axis as the x-axis and vertical upward as
the y-axis [21,22], as shown in Figure 4a.

Take
{

∑ x = 0
∑ y = 0

there:

{
F = N cos θ + f N sin θ

mrω2 + N sin θ = mg + f N cos θ
(10)

The sign that the threshing element does not entangle grass is N = 0, i.e.,

ωmin ≥
√

g/r (11)

Obviously, as the drum speed increases, it is beneficial to avoid grass entanglement or
clogging of the threshing elements [23].

Secondly, because the threshing object’s distance r from the drum rotary center is
constantly changing, the bending angle θ of this threshing element is variable, and the
value of θ will be affected by the rotary radius r, conveying resistance F, friction coefficient
f, and so on.

To ensure the stability of the threshing object sliding outward, consider the limit case,
that is, when the drum speed is low, the threshing object located at the bend will not slide
under the action of gravity. Then, the force analysis of the threshing object in the position
under the static condition is carried out, as shown in Figure 4b. At this time, the force on
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the threshing object includes gravity (mg), friction (fN), and support force N, so there are
the following forces: {

mg cos θ = f N
mg sin θ = N

(12)

A simplification of this is
tan θ = 1/ f , (13)

i.e.,
θmin ≥ A tan(1/ f ) (14)
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In this machine, based on the de-splitting performance of sorghum, combined with
the linear velocity required for rice and wheat threshing, the linear velocity of the threshing
element of the sorghum threshing process was determined to be 15~20 m/s [24], according
to the following formula [25,26]:

n =
60V1

πD
, (15)

where n is the drum speed, r/min; V1 is the sorghum threshing line speed; the drum speed
of this machine is 524~600 r/min.

Substituting the relevant data, it can be obtained that the range of values of the bending
angle of the threshing element is 69.5◦ ≤ θ < 90◦.

2.2.4. Mounting Angle of the Threshing Element

To reduce the entanglement of the threshing object on the threshing element, its end is
designed as a bent structure. In order to reduce the excessive crushing of sorghum straw
during the threshing process, the threshing tine bar adopts a normal distribution of the
threshing element, and the spacing of the threshing element is increased. This may reduce
the number of cyclic actions of the threshing element on the threshing object.

To compensate for the defects caused by this design, the mounting angle at the end
perpendicular to the direction of movement of the threshing object (the angle between the
threshing element and the direction of movement of the threshing object, expressed as γ, as
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shown in Figure 5) is obviously considered. Under normal circumstances, a completely
perpendicular position is unfavorable for the sliding down of the threshing object from the
threshing element, so, the angle is corrected to be less than the friction angle between the
stalk and the threshing element.

γ = arctan(S/a) (16)

The angle was finally determined to be 0◦ to 90◦, i.e., γ = 0◦ to 90◦.

Agriculture 2024, 14, x FOR PEER REVIEW 8 of 16 
 

 

i.e., 

min tan(1/ )A fθ ≥ , (14) 

In this machine, based on the de-splitting performance of sorghum, combined with 
the linear velocity required for rice and wheat threshing, the linear velocity of the thresh-
ing element of the sorghum threshing process was determined to be 15~20 m/s [24], ac-
cording to the following formula [25,26]: 

160Vn
Dπ

= , (15) 

where n is the drum speed, r/min; V1 is the sorghum threshing line speed; the drum speed 
of this machine is 524~600 r/min. 

Substituting the relevant data, it can be obtained that the range of values of the bend-
ing angle of the threshing element is 69.5 90θ≤ <  . 

2.2.4. Mounting Angle of the Threshing Element 
To reduce the entanglement of the threshing object on the threshing element, its end 

is designed as a bent structure. In order to reduce the excessive crushing of sorghum straw 
during the threshing process, the threshing tine bar adopts a normal distribution of the 
threshing element, and the spacing of the threshing element is increased. This may reduce 
the number of cyclic actions of the threshing element on the threshing object. 

To compensate for the defects caused by this design, the mounting angle at the end 
perpendicular to the direction of movement of the threshing object (the angle between the 
threshing element and the direction of movement of the threshing object, expressed as γ, 
as shown in Figure 5) is obviously considered. Under normal circumstances, a completely 
perpendicular position is unfavorable for the sliding down of the threshing object from 
the threshing element, so, the angle is corrected to be less than the friction angle between 
the stalk and the threshing element. 

( )arctan /S aγ = , (16) 

The angle was finally determined to be 0° to 90°, i.e., γ = 0° to 90°. 

 
Figure 5. Top view of partially toothed rod. 

2.3. Field Trials 
2.3.1. Test Conditions and Methods 
• Test conditions 

The trial was conducted on 27 September 2023, at the Agricultural Machinery Coop-
erative in Dongying City, Shandong Province, with a planted area of 200 acres and 28% 
moisture content of sorghum kernels at harvest time. The test equipment was a 4LZ-
6.0ME(Q) full-feed tracked harvester with a homemade threshing drum for the test, as 

Figure 5. Top view of partially toothed rod.

2.3. Field Trials
2.3.1. Test Conditions and Methods

• Test conditions

The trial was conducted on 27 September 2023, at the Agricultural Machinery Co-
operative in Dongying City, Shandong Province, with a planted area of 200 acres and
28% moisture content of sorghum kernels at harvest time. The test equipment was a 4LZ-
6.0ME(Q) full-feed tracked harvester with a homemade threshing drum for the test, as
shown in Figure 6. The main test equipment included a 30 m tape measure, a moisture
content tester, an electronic stopwatch, and an electronic scale.
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• Test methods

The designed drums were mounted on a 4LZ-6.0ME(Q) full-feed tracked harvester,
designed to have a harvesting stroke of 50 m for each set of trials and a harvester cutting
width of 2.1 m.

The entrainment loss rate was as follows: after the harvester stabilized, the material
was obtained from the discharge opening, de-emulsified, and the entrainment loss seeds
screened out were weighed and recorded as G1; the de-emulsified seeds in the seed bin
were weighed and recorded as Gj.

Sj =
G1

G1 + Gj
× 100%, (17)

where Sj is the entrainment loss rate, %.
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The net threshing rate [27] was as follows: under the premise of ensuring the safe
operation of the implement, a sample bag was hung at the rear of the harvester to collect
the material discharged from the threshing drum and the cleaning fan, and at the end of
each group of tests, respectively, for the sample bag and the material in the seed bin, the
selection of uncleaned sorghum kernels was weighed and recorded as W1; the total mass of
sorghum kernels during the test trip was recorded as Wt.

Wt = M1FL, (18)

Tt = 1 − W1

Wt
× 100%, (19)

where Tt is the net threshing rate, %; M1 is the total sorghum seed mass per square meter,
kg; F is the cutting width, m; and L is the operating distance.

2.3.2. Pilot Program

To obtain the best working parameters, and taking into account that sorghum is mostly
planted in hilly and mountainous areas, the operating speed of the whole machine was
low [28]. According to the structural parameters of the sorghum harvester of the current
Agricultural Machinery Cooperative Society, the range of the operating speed was selected
to be 0.8~1.2 m/s. Combined with the actual operational requirements, and according to the
results of the previous theoretical design, the range of the bending angle of the threshing
element was selected to be 70◦~90◦, the range of the mounting angle of the threshing
element was selected to be 0◦~90◦. Referring to T/NJ 1117-2020 “Self-propelled Sorghum
Combine Harvester”, the entrainment loss rate and threshing net rate were selected as
evaluation standards.

2.3.3. Parameter Optimization and Validation Tests

Based on the above research, parameter optimization and verification experiments
were carried out in the test to obtain the best level parameter combination. The regression
equations of the entrainment loss rate and the threshing net rate were analyzed, and the
constraints were selected according to the actual operation and theoretical conditions. The
objectives and constraint functions are shown as follows:

minY1(X1, X2, X3)
maxY2(X1, X2, X3)

s.t.


0.8m · s−1 ≤ X1 ≤ 1.2m · s−1

70◦ ≤ X2 ≤ 90◦

0◦ ≤ X3 ≤ 90◦

(20)

3. Results
3.1. Analysis of Orthogonal Test Results

To verify the influence of rod tooth spacing on the threshing quality of sorghum,
the Box–Behnken response surface test method was used to carry out an orthogonal test.
Combined with the results of theoretical analysis from the previous paper, the bending
angle of the threshing element and the mounting angle of the threshing element, which
affect the threshing quality, were selected as test factors. The entrainment loss rate and
the net threshing rate were selected as the evaluation indexes of the test. A three-factor,
three-level Box–Behnken response surface test was carried out. The coding of each factor
is shown in Table 1. Each group of tests was repeated three times, with the average value
taken as the test results. The test was conducted to evaluate the entrainment loss rate and
the net threshing rate as the assessment index.
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Table 1. Orthogonal test factors and levels.

Level

Experimental Factors

Operating Speed
X1/m·s−1

Threshing Element
Bending Angle

X2/◦

Threshing Element
Mounting Angle

X3/◦

1 0.8 70 0
2 1.0 80 45
3 1.2 90 90

According to the response surface method in the Design-Expert 13 software for test
program design and data analysis, the entrainment loss rate and the net threshing rate
were used as the test assessment indexes. The total number of tests was 17 times, of which
12 groups were analyzed as the factor points and 5 groups as zero points. The zero point
test was repeated several times to minimize the test error. The test program and results are
shown in Table 2 (X1, X2, and X3 are the operating speed, threshing element bending angle,
and threshing element mounting angle, respectively).

Table 2. Experimental program and results.

No. X1 X2 X3
The Entrainment Loss Rate

Y1/%
The Net Threshing Rate

Y2/%

1 0.8 70 45 2.62 89.21
2 1.2 90 45 4.47 91.37
3 1.0 90 0 0.71 89.73
4 1.0 80 45 1.92 94.75
5 1.2 70 45 4.63 88.18
6 1.2 80 0 1.67 83.84
7 0.8 80 0 0.05 85.03
8 0.8 80 90 6.78 84.56
9 1.0 70 90 7.80 86.49

10 1.0 80 45 2.02 95.24
11 1.0 70 0 0.79 87.13
12 1.0 80 45 1.95 94.07
13 1.2 80 90 8.82 82.64
14 1.0 80 45 1.84 95.14
15 1.0 90 90 7.67 90.07
16 0.8 90 45 2.44 92.32
17 1.0 80 45 1.89 95.53

After the test data were processed by Design-Expert software, the variance of the
entrainment loss rate and the net threshing rate were obtained, as shown in Tables 3
and 4. The test results were analyzed by quadratic regression and were fitted by multiple
regression to obtain the regression equations between the factors and indicators as follows:

Y1 = 1.92 + 0.9625X1 − 0.0687X2 + 3.48X3 + 0.005X1X2 + 0.105X1X3 − 0.0125X2X3 + 0.8518X1
2 + 0.7642X2

2 + 1.55X3
2 (21)

Y2 = 94.95 − 0.6362X1 + 1.56X2 − 0.2463X3 + 0.02X1X2 − 0.1825X1X3 + 0.245X2X3 − 4.51X1
2 − 0.1639X2

2 − 6.42X3
2 (22)

where X1—machine operating speed, m·s−1;
X2—threshing element bending angle, ◦;
X3—threshing element mounting angle,◦;
Y1—the entrainment loss rate, %;
Y2—the net threshing rate, %.
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Table 3. Analysis of variance for the entrainment loss rate.

Source of Variation Sum of Squares Degrees of Freedom Mean Square F p

mold 121.71 9 13.52 2409.09 <0.0001 **
X1 7.41 1 7.41 1320.24 <0.0001 **
X2 0.0378 1 0.0378 6.74 0.0357 *
X3 96.95 1 96.95 17,271.15 <0.0001 **

X1X2 0.0001 1 0.0001 0.0178 0.8976
X1X3 0.0441 1 0.0441 7.86 0.0264 *
X2X3 0.0006 1 0.0006 0.1113 0.7484
X1

2 3.05 1 3.05 544.15 <0.0001 **
X2

2 2.46 1 2.46 438.09 <0.0001 **
X3

2 10.17 1 10.17 1811.92 <0.0001 **
Residual 0.0393 7 0.0056

Incoherent 0.0212 3 0.0071 1.56 0.3308
Pure error 0.0181 4 0.0045

Inaccuracies 121.75 16

Note: ** Indicates highly significant (p < 0.01) and * indicates significant (p < 0.05).

Table 4. Analysis of variance for the net threshing rate.

Source of Variation Sum of Squares Degrees of Freedom Mean Square F p

mold 298.86 9 33.21 139.44 <0.0001 **
X1 3.24 1 3.24 13.60 0.0078 **
X2 19.47 1 19.47 81.76 <0.0001 **
X3 0.4851 1 0.4851 2.04 0.1965

X1X2 0.0016 1 0.0016 0.0067 0.9370
X1X3 0.1332 1 0.1332 0.5595 0.4789
X2X3 0.2401 1 0.2401 1.01 0.3488
X1

2 85.52 1 85.52 359.12 <0.0001 **
X2

2 0.1206 1 0.1206 0.5065 0.4997
X3

2 173.64 1 173.64 729.16 <0.0001 **
Residual 1.67 7 0.2381

Incoherent 0.3960 3 0.1320 0.4155 0.7518
Pure error 1.27 4 0.3177

Inaccuracies 300.53 16

Note: ** Indicates highly significant (p < 0.01).

3.1.1. Analysis of Variance for the Entrainment Loss Rate

From the analysis of variance, it is clear that operating speed, threshing element
bending angle, and threshing element mounting angle have different levels of influence on
sorghum threshing quality. The analysis of the variance of the entrainment loss rate
showed that the factors X1, X2, X3, X1X3, X1

2, X2
2, and X3

2 had a significant effect
on the entrainment loss rate, while the other factors did not have a significant effect.
The experimental model was significant (p < 0.01), with the lack-of-fit term of operating
speed showing p < 0.0001, indicating that its effect on the entrainment loss rate was ex-
tremely significant. The lack-of-fit term of the bending angle of the threshing element was
p < 0.0001, indicating that its effect on the entrainment loss rate was also extremely signifi-
cant, while the lack-of-fit term of the mounting angle of the threshing element was p < 0.05,
indicating a significant effect. The significance of each factor on the entrainment loss rate
was X3 > X1 > X2 in descending order.

3.1.2. Analysis of Variance for the Net Threshing Rate

From the analysis of variance, it can be seen that the operating speed, threshing
element bending angle, and threshing element mounting angle had different influences
on the quality of sorghum threshing. The analysis of the variance of the net threshing rate
showed that the influencing factors X1, X2, X1

2, and X3
2 had a significant effect on the net
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threshing rate, while the other factors did not have a significant effect. The experimental
model was significant (p < 0.01), in which the lack-of-fit term of the bending angle of
the threshing element (p < 0.0001) indicated that its effect on the net threshing rate was
extremely significant, and the lack-of-fit term of the operating speed (p < 0.01) indicated
that its effect on the net threshing rate was significant. The significance of each factor on
the net threshing rate was X2 > X1 > X3 in descending order.

Based on the experimental results, the entrainment loss rate and threshing response
surface plots were constructed, as shown in Figures 7 and 8. It can be seen that during the
harvesting of sorghum plants, the faster the operating speed of the machine, the higher
the feeding volume, which is more likely to cause blockages. When the operating speed
is slow, resulting in a higher net threshing rate and less entrainment loss, as shown in
Figures 7a and 8a. The reason for such changes can be speculated to be that the feeding
volume is small, and the material layer in the threshing chamber is thin; however, the straw
is severely broken, which significantly impacts subsequent cleaning. When the operating
speed is too high, the feeding volume is too large, causing the entrainment loss rate to rise
and the net threshing rate to decrease. The reason for such changes can be speculated to be
that the thickness of the material layer in the threshing chamber increases, which results
in a large change in the threshing load on the spike part of the sorghum. The difficulty
of the threshed seeds passes through the straw layer increases. The optimal range of the
operating speed is 0.9~1.1 m/s.
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The force analysis of the crop in the drum on the threshing element shows that the
size of the bending angle of the threshing element affects the force experienced by the crop
in the threshing drum. As the angle θ increases, the net threshing rate of sorghum grain
increases accordingly, and the rate of entrainment loss remains almost constant, as shown
in Figure 7b,d and Figure 8b. The reason for such changes can be speculated to be that the
impact load of the threshing bar teeth on the sorghum is effectively reduced, improving
the smoothness of the crop sliding off the threshing element, increasing the percentage of
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intact stalks, and enhancing the likelihood of the seeds traversing the crop layer. This is
conducive to improving the net threshing rate of sorghum kernels, and the entrainment
loss rate of the kernels increases accordingly. The optimal range of the threshing element
bending angle is 80~85◦.
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The mounting angle of the threshing element affects the contact area between the crop
and the threshing element in the threshing drum. As the mounting angle increases, the
entrainment loss rate increases accordingly, but the net threshing rate shows a tendency
of increasing and then decreasing, as shown in Figures 7c,d and 8c. The reason for such
changes can be speculated to be that the contact area between the sorghum spike and the
threshing element increases, improving threshing efficiency while reducing contact stress,
reducing crushing, so that the threshing is not crushed, and there are not too many broken
stalks and broken branches. However, if the mounting angle of the threshing element is too
large, it will still break too much straw, resulting in a decrease in the rate of threshing. The
optimal range of the threshing element mounting angle is 22.5~45◦.

3.2. Parameter Optimization and Validation Test Results

Optimization of the above Function (20) yields the following results: when the operat-
ing speed is 1.0 m·s−1, the bending angle of the threshing element is 80◦, and the mounting
angle of the threshing element is 45◦, the rate of entrainment loss is 1.89%, and the rate of
net threshing is 95.53% [29].

Under the optimal level of parameter combinations for the entrainment loss rate and
net threshing rate, tests were conducted to verify the results and eliminate random errors.
The test was repeated five times, the average of the test results was taken, and the results
show that the entrainment loss rate is 1.92% and the net threshing rate is 94.97%. The
predicted value error for the optimal parameter combinations is less than 5%, indicating
that the optimization result is credible.

4. Discussion

The material used in this test was sorghum with a moisture content of 28%, which
presents some limitations [30]. In this paper, the structure of the threshing element with
straight rod teeth bent backward at half of the height was determined, but it is not necessar-
ily the optimal structure. In the future, it is essential to bend the teeth at different heights to
validate the analysis results and obtain the optimal bent tooth structure.

5. Conclusions

1. We developed end-bending rod teeth for a sparse-dense threshing drum, determined
the overall distribution structure of the threshing element, and identified the key
parameters of the threshing drum. We established the structure of the threshing
element with straight rod teeth bent backward at half of their height, setting the
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bending angle of the threshing element in the range of 69.5◦ to 90◦ and the mounting
angle of the threshing element in the range of 0◦ to 90◦. This effectively reduces the
impact load of the threshing rod teeth on the sorghum, improves the smoothness of
the crop sliding off the threshing element, enhances the integrity of the stalk, and
improves the conditions for the seeds to cross the draft layer, facilitating the separation
of the threshed seeds from the draft grass, thereby helping to reduce the impurity rate
of the seeds.

2. Orthogonal tests were carried out using the sparse-dense interphase threshing drum as
the research object, selecting operating speed, bending angle of the threshing element,
and mounting angle of the threshing element as test factors, with the entrainment loss
rate and the net threshing rate as assessment indicators for a three-factor, three-level
test. The optimal parameter range was derived as follows: an operating speed of
0.9~1.1 m/s, an element bending angle of 80~85◦, and an element mounting angle of
22.5~45◦.

3. Design-export was used to establish a mathematical regression model between the
factors and the two indicators, resulting in the following optimized parameters: when
the operating speed is 1.0 m·s−1, the bending angle of the threshing element is 80◦,
and the mounting angle of the threshing element is 45◦, the entrainment loss rate is
1.89%, and the net threshing rate is 95.53%.
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