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Abstract: To address the issue of reduced yield in the second season caused by damaged stubbles
resulting from being compressed during the harvesting process of the first season’s ratoon rice, a
device for rectifying the compressed stubbles was designed. Utilizing the DEM-MBD coupling
simulation method, a simulation analysis was conducted to determine the range of key parameters
and verify the feasibility of the solution. Using rotational speed, forward speed, and stubble entry
angle as experimental factors and stubble rectification rate and second-season yield as evaluation
metrics, a three-factor, three-level Box-Behnken response surface field trial was conducted. The
theoretically optimal working parameter combination was found to be a forward speed of 1.4 m/s,
device rotational speed of 75 rpm, and stubble entry angle of 39°. Under these conditions, three
parallel experiments were performed, resulting in a rectification rate of 90.35% in the mechanically
harvested and compressed area and a second-season yield of 2202.64 + 35 kg/hm?. The deviation
from the numerical simulation results of parameter optimization was less than 5%. These findings
suggest that the designed stubble rectification device for ratoon rice can meet the requirements of
stubble rectification during the first-season harvest of ratoon rice. Furthermore, it provides valuable
insights for reducing harvest losses in the first season and further improving the level of mechanized
harvesting for ratoon rice.

Keywords: ratoon rice; stubble uprighting; DEM-MBD analysis; response surface
methodology experiment

1. Introduction

Ratoon rice refers to a rice planting mode where, after harvesting the first-season rice,
specific cultivation and management measures are taken to stimulate dormant axillary
buds on the stubs to germinate into tillers [1], which ultimately produce ears, flowers, and
set seed, enabling a second harvest from the same planting. This method offers
advantages such as double harvest from one planting, labor and cost savings, increased
yield and efficiency, and superior rice quality in the second season [2,3], enhancing the
net economic benefit of the ecosystem [4]. Currently, the cultivated area of ratoon rice in
southern China has exceeded 1.3 million hm? [5], with a potential for further expansion of
3-6 million hm?. However, during machine harvesting, the straight-line crushing rate (the
ratio of the crawler crushing area to the harvesting area) is as high as 40-50% [6,7], and
the turning area is 70-80%, as shown in Figure 1, which results in delayed development
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of regenerative axillary buds and severe yield reduction in the second season (with the
ratoon yield in the crushed area accounting for about 30% of the uncrushed area) [8-10].
Therefore, increasing the yield of the second season of ratoon rice is of great significance
to the development of ratoon rice [11,12].
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Figure 1. Stubs of ratoon rice being crushed.

In order to address the technical challenge of significant yield reduction in the
second-season rice caused by the high rolling compaction rate during mechanical
harvesting of the first-season ratoon rice, Yang et al. attempted to enhance the yield and
quality of the ratoon season through optimized variety selection and cultivation
techniques [13]. However, this approach failed to effectively reduce the compaction rate
and had limited success in increasing yield. On the other hand, scholars such as Fu and
Zeng tackled the issue from a different perspective by improving the design of the
harvester. They developed a specialized harvester for ratoon rice through adjustments to
the cutting table width and optimization of the chassis form [14-18]. This approach
achieved notable success in reducing the straight-line compaction rate and significantly
contributed to increasing the yield of the second-season rice. However, it is worth noting
that they did not consider the potential impact of compacted stubbles on the yield of the
second-season rice.

To enhance the yield of second-season rice from compacted stubbles, Chen et al.
conducted an experiment comparing various indicators such as total dry weight, number
of panicles, and axillary buds between manually straightened and unstraightened
compacted stubbles during the second-season harvest [19]. The results demonstrated that
straightening the compacted stubbles can contribute to increasing the yield of the second-
season rice. Additionally, the team designed an innovative double-layer chain-driven
claw-type straightening device for ratoon rice aimed at lifting the compacted stubbles,
achieving a straightening rate of approximately 55% [20,21]. However, due to the need for
the machine to re-enter the field during operation, which can potentially cause secondary
damage to the stubbles, and the lack of direct yield tests in the second season to verify the
device’s effectiveness in increasing production, further research and validation are
required to assess its practical application.

With the development of computer technology, the Discrete Element Method (DEM)
has become a significant tool for studying the interaction mechanisms between crops and
mechanical devices, and its application in agricultural machinery research is increasingly
widespread [22-24]. Sun-integrated geometric and mechanical models to construct a
DEM-based wheat plant model with flexible characteristics. By comparing experimental
data with simulation results, the feasibility and effectiveness of the DEM in building
flexible plant models were fully verified [25]. During the design process of the lawn
mower, Shen utilized ADAMS 2022 and EDEM 2020 software to establish a coupled
simulation platform for dynamic analysis and optimization of the device. Field
measurements confirmed that the operational performance of the device meets national
standards and the practical demands of agricultural production [26]. Wang employed the
MBD-DEM coupling method to conduct simulation experiments on a trenching device.
The accuracy of the simulation tests was validated through comparisons with on-site
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measurements, providing strong support for exploring the complex interactions between
mechanical movements and soil [27]. In summary, the coupled application of DEM and
dynamics software has emerged as an effective simulation testing tool for exploring the
impact of mechanical device movements on crops, offering technical support for the
design and optimization of agricultural machinery.

Addressing the challenge of yield reduction in the second season of regenerated rice
caused by stub crushing during mechanized harvesting in the first season, this study
proposes a stub straightening device for regenerated rice, considering the requirements
of agricultural machinery and agronomy. The device has been designed and its feasibility
has been verified through DEM-MBD coupled simulation methods. Key factors
influencing the straightening performance have been identified. A prototype has been
made and field tests have been conducted, using the straightening rate and yield of the
second-season rice in the crushed area as operational indicators. The aim is to provide a
basis and reference for the research and development, as well as the improvement of the
stub straightening device for mechanized harvesting of regenerated rice, ultimately
aiming to enhance the mechanization level of regenerated rice harvesting operations.

2. Materials and Methods
2.1. Overall Structure and Working Principle
2.1.1. Characteristics of Stubble Plants

The crushed stubs left during the harvesting of the first season of regenerated rice are
the targets of the stub straightening device. Unlike normal rice plants, which have rice
ears, the stubs mainly consist of rice stems, leaf sheaths, and leaves. In the southern region
of Jiangsu, China, the common varieties of regenerated rice have a stub height of 250-350
mm in the first season. The number of rice plants per clump is affected by the variety and
transplantation, ranging from 10 to 20 plants. After being crushed, the stubs spread
radially from the root, as shown in Figure 2a, and form an angle of about 30° with the
ground, as shown in Figure 2b.

b

Figure 2. The shape of the pile after being rolled, (a) the state of the pile after being crushed; and (b)
the angle between the pile and the ground.

2.1.2. Overall Structure

The stub straightening device designed in this article is mounted behind the
harvester through connecting frames and double-acting hydraulic cylinders, as shown in
Figure 3. Its height from the ground can be adjusted through the lifting mechanism of the
hydraulic cylinder. Meanwhile, it is rotated by a DC gear motor. During the harvesting
process, the stubs that have been crushed are lifted up under the action of the
straightening gears. The straightening device mainly consists of a rotating shaft, a motor,
stub straightening gears, inner and outer discs, an eccentric adjusting plate, and other
components, as illustrated in Figure 4. The width of the straightening operation can be
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adjusted based on the track width. The device has a simple structure and can flexibly
adapt to different types of harvesters.

Figure 3. Schematic diagram of the overall configuration of the stub straightening device with the
combined harvester: 1. Motor; 2. Stub Straightening Device; 3. Mounting Frame; 4. Hydraulic
Cylinder; 5. Straightened Stub; 6. Crushed Stub; 7. Upright Stub.

Figure 4. Structural diagram of the stub straightening device: 1. Stub retaining and aligning gear; 2.
Inner plate; 3. DC gear motor; 4. Rotating shaft; 5. Rack bar; 6. Outer plate; 7. Eccentric adjusting
plate.

2.1.3. Working Principle of the Uprighting Process

During the mechanized harvesting of the first season of ratoon rice, the direction of
the leaning stubs is consistent with the forward direction of the harvester, and the stubs,
after being crushed, form an angle of 20 to 30 degrees with the ground. The linear velocity
direction of the uprighting teeth is opposite to the harvester’s forward direction. In the
rotation process of the uprighting device, it is assumed that the crushed stubs in the
crushing zone are in a static state after being crushed and that the uprighting teeth only
come into contact with the stem of the crushed stub once, ignoring the influence of wind
force. When the uprighting teeth come into contact with the crushed stub instantaneously,
the force acts perpendicularly upward to the centerline of the stub. The stress state is
shown in Figure 5, which satisfies the following conditions:

%mgsin&-cosﬁzP-sina-h 1)

where m represents the mass of the crushed stub in the crushing zone, kg; L is the length
of the stub, m; P denotes the force applied by the uprighting tooth on the crushed stub, N;
0 is the angle between the stub and the ground, °; h stands for the height of the contact
point from the ground, m; ot is the angle between P and the normal line of the stem, which
varies with the change in the stub entry angle .
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Figure 5. Contact interaction between uprighting teeth and stubs: the green part represents a
single rice straw, while the blue part represents the uprighting tooth.

2.2. Design of Key Components of the Uprighting Device
2.2.1. Determination of Uprighting Teeth Spacing

The spacing between uprighting teeth refers to the lateral distance between two
adjacent teeth. Field experiments have revealed that the uprighting of crushed stubs is
primarily achieved by inserting the uprighting teeth beneath them and pushing them
upright. To ensure effective uprighting, the spacing between the teeth must be
appropriate. If the spacing is too narrow, it increases the likelihood of the teeth striking
the stubs, potentially uprooting them and causing significant resistance that could
damage the uprighting device. Conversely, if the spacing is too wide, individual rice
plants may fall completely between two teeth, rendering the device ineffective. Therefore,
based on field observations and statistics on the distribution of crushed stubs, it was found
that the width of a single row of rice stubs after being crushed ranged between 180 and
250 mm, with a relatively concentrated distribution. Through manual field trials, it was
determined that a spacing of 20-30 mm (adjustable) between the uprighting teeth was
optimal for effectively uprighting the crushed stubs.

2.2.2. Design of the Rotation Speed of the Uprighting Device

In order to lift up the pressed rice stubbles and avoid causing secondary damage to
them due to excessive striking by the uprighting teeth, it is necessary to analyze their
movement trajectory. The movement trajectory of the uprighting tooth tip is the resultant
motion formed by the forward movement of the harvester and the rotation of the device,
as shown in Figure 6. The equation of motion is as follows:

Figure 6. Schematic diagram of the movement trajectory of the tooth uprighting. Note: The green
part represents a single rice straw, while the blue part represents the trajectory of the uprighting
tooth.

x =V, -t+R-cos(mt)

y:H—R-sin(a)t) @
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v, =v, — Rwcos(mt)
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In the formula, V, represents the forward speed of the harvester, m/s; t represents

the working time of the device, s; R denotes the radius of the uprighting device, m; w is
the rotational speed of the stub uprighting device, rad/s; n signifies the rotational speed
of the uprighting device, r/min; A is the ratio of the circumferential linear velocity of the
stubble straightening device to the forward speed of the harvester, known as the stub
uprighting speed ratio; x and ) represent the coordinate values of any point on the

tooth under the coordinate system XOY, while v and v  are the velocity components

at that point.

From Formulas (2) and (3), it can be inferred that the movement trajectory of any
point on the uprighting tooth of the uprighting device follows a trochoidal curve. To
achieve stubble uprighting, which requires the stubble uprighting device to have a
backward component of velocity when it rotates to near the lowest point, the velocity ratio
must be satisfied A > 1, and a loop must be formed between ABA1. On the maximum chord
AA: of the loop, the absolute velocity of point A is vertical downward, while that of point
A1 is vertical upward. The absolute velocity of the lowest point B is horizontal backward.
Therefore, only within the range of the ABA:1 segment is there a horizontal backward
component of velocity for stubble uprighting [28]. Assuming that the action point of
stubble uprighting is below point B, the effective range of direct stubble uprighting by the
uprighting tooth can be expressed by Formula (6) as follows:

Ax = E[arcsinl +(A2-1)-Z (6)
A A 2
From Formula (6), it can be seen that the effective range of the uprighting tooth for
supporting rice stubs is related to the rotational speed of the device, the radius of the
device, and the forward speed of the harvester. Taking into account the overall length of
the harvester, the need to lift the uprighting device during operation, and the relationship
between the uprighting device and the harvester’s crusher, as well as referencing devices
such as the rice-pushing wheel of the harvester, the radius of the stub-uprighting device
is designed to be 450 mm. When the radius of the device remains constant, the effective
range of the uprighting tooth for supporting rice stubs is only related to A (The ratio of
the circumferential speed of the device to the forward speed of the harvester.). When A is
small, it is difficult to lift the pressed rice stubs; when A is large, the rotational speed of
the device is too high, resulting in excessive force on the stubs, which may lead to over-
uprighting and causing secondary damage to the stubs. When A > 1, referencing the
normal operating speed of the harvester = 1.2 m/s, the rotational speed of the uprighting
device should be >26 r/min.

2.2.3. Determination of the Number of Uprighting Teeth Rows

To achieve the uprighting of all pressed rice stubs, theoretically, the trajectory of the
uprighting tooth tips of the stub-uprighting device should be able to cover all pressed
stubs. Referencing a stub height of 300 mm and an angle of approximately 30° between
the pressed stub and the ground, the trajectory of the uprighting teeth should completely
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(a) (b)

Figure 7. Simulation trajectory diagrams under different conditions in MATLAB; (a) MATLAB
simulation trajectory diagram of different rows of uprighting teeth at 30 r/min; (b) MATLAB
simulation trajectory diagram of different rows of uprighting teeth at 60 r/min. Note: Different colors
represent the trajectories of different uprighting teeth.

cover a horizontal line approximately 100 mm above the ground. The area not covered by
the trajectory of the uprighting device is defined as the “missed uprighting area.” To
improve the uprighting effect of the device, the missed uprighting area needs to be
controlled within a reasonable range.

Combined with Formula (2), the size of the missed uprighting area depends on the
forward speed of the harvester, the rotational speed of the uprighting device, the number
of rows of uprighting teeth, and the height above the ground. During the uprighting
process, because one end of the regenerated rice stub grows in the soil, the height of the
uprighting tooth above the ground should be less than 100 mm, but if it is too small, it will
lead to damage to the uprighting device and poor reliability. Referencing the values of 1.2
m/s for the forward speed, 450 mm for the radius R, greater than 26 r/min for the rotational
speed, and 500 mm for H, the MATLAB 2022b (R2022b, MathWorks. Inc., Natick, MA,
USA) software was used to analyze the trajectories of the uprighting tooth tips with
different numbers of rows. The results, as shown in Figure 7a, indicate that six rows of
uprighting teeth still cannot meet the uprighting requirements at this rotational speed.
Therefore, the rotational speed was increased to 60 r/min, and the results are shown in
Figure 7b. The analysis reveals that with a rotational speed of 60 r/min, three and four
rows of uprighting teeth have missed uprighting areas, and there is no guarantee that all
pressed stubs will come into contact with the uprighting teeth. However, five and six rows
of uprighting teeth can meet the requirements. Considering the weight of the device and
structural simplicity, a five-row uprighting tooth configuration is selected.

Fiif-siud Cantrallzs Toolh T Teajaciory Disgm reo-ow Contrafizer Tooth Tip Trajectory Dagram  Fourow G Suniraltzer Tooth Tip Tragaclory Diagram
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2.3. Simulation Analysis
2.3.1. Establishment of Simulation Model

Utilizing DEM-MBD technology, it is possible to model and simulate complex issues
within the soil-crop-machinery system in the agricultural field, enabling the optimization
of agricultural machinery design [29,30]. This article utilizes the discrete element software
EDEM 2020 (2020, Altair Engineering Inc., Troy, MI, USA) to construct a multi-scale
aggregated spherical particle discrete element model for the stubbles of regenerated rice.
Combined with the Recurdyn VIR4 (VIR4, FunctionBay, Seongnam-si, Republic of Korea)
multibody dynamics approach, the process of uprighting operation is analyzed [31]. To
simplify the complexity of modeling and computation, the influence of leaves and axillary
buds at the base of the stubble on the uprighting process is disregarded. The stubble is
divided into three sections: the stubble itself, the connection between the stubble and the
root system, and the root system. Based on the characteristics of the plant, particles of
different sizes are used to fill these sections accordingly. The modeling process for a single
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plant is illustrated in Figure 8. To achieve large deformation and crushing effects in the
regenerated rice stubble model, Bonding bonds are added between the particles of the
model, and the parameter settings are shown in Table 1 [32-34]. Finally, a simulation
model of the uprighting device and the regenerated rice stubble is established as shown
in Figure 9.

|

Particle Bonding Model Cross-sectional Schematic Diagram Bond Generation

Figure 8. Modeling process of the single stub.

Table 1. Parameters for material configuration.

. Numerical

Materials Argument Value
Surface Stubble/Stubble POIS,S on’s ratio 040
at Connection density/(kg:m ) 180
Shear modulus/MPa 9.0

Poisson’s ratio 0.40
Simplified Root density/(kg-m3) 200
Shear modulus/MPa 9.0

Poisson’s ratio 0.34

Nylon Prying Teeth density/(kg-m) 1140
Elastic Modulus/MPa 130

Nylon Prying Teeth- Coe'fﬁcie.znt. of Restitgt‘ion 0.40
Surface Stubble Static Friction Coefficient 0.38
Rolling Friction Coefficient 0.01

L

€DEM

Figure 9. Simulation model of uprighting device and stubble.
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2.3.2. Simulation Analysis Metrics

To investigate the impact of the angle range of the crushed and straightened stubbles
on yield, a manual straightening experiment was conducted on the machine-harvested
crushed stubs. The experimental group (manually straightened) and the control group
(not crushed, or crushed but not straightened) were set up, with 10 m taken from each
group and repeated three times. Yield measurements were taken during the second
season’s harvest, and the experimental results are shown in Table 2.

Table 2. Yield of second-season ratoon rice under different treatment methods.

Yield of Second-Season Rice in

. Qi o
Processing Method Seed-Setting Rate (%) the Compacted Area (kg/hm?)

WY 95.8 2771.5
WF (0-30°) 44.5 810
RF (40-60°) 85.6 1715

RF 60-80° 87.5 2155

Note: WY, Normal stub remaining; WF, Stubs retained after compression; RF, Stubs that have
undergone manual uprighting.

The results indicate that when the stubs in the crushed area are uprighted to an angle
of 60° or more, the yield reaches approximately 80% of the yield in the non-crushed area.
Therefore, a stub is considered successfully uprighted if the angle between its stem
centerline and the ground exceeds 60°, as shown in Figure 10. The formula for calculating
the uprighting rate (without considering the situation where the stubs crushed by the
harvester are not capable of germinating in the second season) is as follows (7):

Figure 10. Schematic diagram for judging the effect of uprighting stubbles in the rolled area: 1. Non-
uprighted stubbles in the rolled area; 2. Successfully uprighted stubbles in the rolled area.

n=1-— 7)
V4
where 7 represents the straightening rate (%), Nw represents the number of unstraightened
plants, and Z represents the total number of plants.
Meanwhile, the ratio of the number of damaged stubbles (K) to the total number of
plants (Z) is recorded as the stubble damage rate (B), expressed in percentage, as follows:

K
B== (8)

2.3.3. Simulation Process and Analysis

To verify the uprighting effect of the uprighting device and determine the range of
operating parameters, a single-factor simulation test was conducted using the stubble
uprighting rate and breakage rate as indicators. The test plan is shown in Table 3.
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Table 3. Simulation analysis test parameters.

Experimental - Rotational Speed  Forward Speed pngle of Stubble Enry )
1 15, 30, 60, 90, 120 1.25 45
2 60 1,1.25,1.5 45
3 60 1.25 15, 30, 45, 60, 75, 90

The simulation process of the single-stubble uprighting operation is illustrated in
Figure 11. Additionally, the EDEM post-processing function was employed to establish
monitors at the front ends of each uprighting tooth, monitoring the magnitude of the force
applied by the teeth to the rice stubbles during the uprighting operation under different
operating parameters.

L | 3
(a) " (b)
"
] . 2N
(0 (d)

Figure 11. Schematic diagram of the simulation process; (a) When t =0, the contact has not yet begun;
(b) When t = 0.01, contact is initiated; (¢) When t = 0.03 s, contact is lost; (d) Observation during
standstill after the uprighting operation (at t = 0.31 s).

Based on Table 3, a single-factor simulation analysis was performed on the device
rotation speed, forward speed, and stub entry angle, respectively. The simulation results
obtained after repeating three times and calculating the mean values are shown in Figure
12. As can be seen from Figure 12a, as the device rotation speed increases, the force during
the straightening process shows an increasing trend, while the straightening rate first
increases and then decreases. After the device rotation speed exceeds 60 r/min, the
damage rate to the stubs increases. Figure 12b shows that as the forward speed increases,
the force during the straightening process decreases, and the straightening rate also first
increases and then decreases. When the force is relatively high, stub damage occurs.
Figure 12c¢ indicates that as the stub entry angle increases, both the force and the
straightening rate during the straightening process first increase and then decrease. The
damage rate remains at 0%. When the stub entry angle is below 30°, it cannot meet the
operational requirements. However, when the stub entry angle is 45°, the straightening
rate is relatively high.
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Figure 12. Simulation analysis results under different conditions; (a) Simulation results at different
device rotation speeds; (b) Simulation results at different forward speeds; (c¢) Simulation results at
different stub entry angles.

A comprehensive analysis of Figure 12 reveals that the ratio A between the rotational
speed of the device and the forward speed of the harvester significantly impacts the
uprighting rate of the stubbles. When A is relatively high, there are more frequent contacts
between the uprighting device and the stubbles. Simultaneously, influenced by the
rotational speed, the horizontal backward component force of the tooth exceeds the force
required to upright the rice stubbles, leading to over-uprighting and damage to the
stubbles. Conversely, when the rotational speed is too low, the opposite situation occurs,
and the rice stubbles cannot be effectively uprighted, which aligns with the design
expectations.

Through comparative experiments, it was found that when the rotational speed of
the device is around 60 r/min, the forward speed is approximately 1.25 m/s, and the angle
of the uprighting tooth is about 45°, the force applied during the uprighting process
ranges between 6 and 10 N. Under these conditions, there is a good uprighting effect with
minimal stubble damage. The feasibility of this approach has been verified through
simulation analysis, providing a basis for selecting the parameter range in subsequent
field experiments.

2.4. Field Experiment
2.4.1. Test Prototype and Materials

The ratoon rice variety used in this experiment is “Yueguang Rice.” The trial site is
located in Jurong City, Jiangsu Province, where the plots are level and there are no
significant differences in rice growth. The row spacing and plant spacing of rice in each
trial plot are both approximately 20 cm. The experimental equipment includes a 4LZ-6.0
harvester (Figure 13), stubble uprighting device, tape measure, javelin, vernier caliper,
electronic scale, angle ruler, tachometer, and installation tools, among others.

Figure 13. Experimental prototype.

2.4.2. Test Methods

The objective of this study is to determine the effects of different parameter
combinations of the stubble uprighting device on the stubble uprighting rate and the yield
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of second-season rice in the compacted area. Based on simulation analysis, a three-factor,
three-level response surface analysis experiment was designed according to the Box-
Behnken experimental principle. Three factors that significantly impact the stubble
uprighting rate (Y1) and the yield of second-season rice in the compacted area (Y2) were
selected: rotation speed (A), forward speed (B), and stubble entry angle (C). Each factor
was assigned three levels labeled as -1, 0, and 1. The response surface software Design
Expert 10.0.3 was used for factor-level design, aiming to obtain the optimal conditions for
stubble uprighting rate and the yield of second-season rice in the compacted area. The
factor level table is shown in Table 4.

Table 4. Experimental design table for response surface analysis with three factors and three levels.

Level
Factor
-1 0 1
A-Rotational Speed (r/min) 45 60 75
B-Forward Speed (m/s) 1.00 1.25 1.50
C-Angle of Stubble Entry (°) 30 45 60
Y =10000x% y. )

In the formula, y. represents the yield per square meter in the measured area, kg/m?%
Y represents the yield per hectare in the measured area, kg/hm?.

3. Results
3.1. Field Test Result

After the experiment, the uprighting effect of the rolled and remaining stubs is shown
in Figure 14a, the angle of the remaining stubs measured manually is shown in Figure
14b, and the yield of the second season is also tested as shown in Figure 14c.

Figure 14. Acquisition of field data; (a) The condition of the rolled and remaining stubs after being
uprighted, note: The stubs within the red circle are the ones that have been uprighted. (b) Manual
measurement of the angle of the remaining stubs; (c) Measurement of the second season’s yield.

Using Design Expert 10.0.3 (Stat-Ease, Minneapolis, MN, USA) data processing
software, the data for various factors were entered into the Box-Behnken data analysis
tool. This resulted in a response surface experimental design table. Experiments were
conducted according to the factor levels specified in the design table, and the experimental
data obtained are presented in Table 5.
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Table 5. Experimental design and results for optimizing the stubble straightening rate and yield of
second-season rice in the compacted area using response surface methodology.

Test Sequence A (r/min) B (m/s) C(© Y1 (%) Y2 (kg/hm?)
1 -1 -1 0 85.79 1913
2 1 -1 0 88.38 2145
3 -1 1 0 85.88 2047
4 1 1 0 90.27 2142
5 -1 0 -1 86.63 1970
6 1 0 -1 89.43 2202
7 -1 0 1 85.25 1978
8 1 0 1 89.46 2113
9 0 -1 -1 88.03 2055
10 0 1 -1 88.68 2146
11 0 -1 1 86.35 1991
12 0 1 1 87.56 2045
13 0 0 0 88.22 2187
14 0 0 0 88.4 2147
15 0 0 0 87.94 2182
16 0 0 0 88.31 2176
17 0 0 0 88.5 2184

3.2. Model Establishment and Analysis

Based on the experimental results in Table 6, the Design Expert 10.0.3 data analysis
software was used to perform multiple regression fitting on the test data. With rotational
speed (A), forward speed (B), and entry angle (C) as independent variables, and stubble
straightening rate (Y1) and yield of second-season rice in the crushed area (Y2) as response
values, multiple regression fitting was performed. The regression model coefficients and
significance test results are shown in Table 6, yielding the quadratic polynomial regression

models:

Y1=88.27+1.75A +048B-0.52 C+0.45 AB+0.35 AC+0.14 BC-0.33 A2-0.37 B2-0.25 2

(10)

Y2=2175.2+86.75 A +34.5B - 30.75 C — 34.25 AB - 24.25 AC - 9.25 BC - 53.48 A2—-59.98 B2 - 55.97 C2 (11)

Table 6. Regression analysis results of the model and regression coefficients.

Expel:lmental Source Sum of Mean F-Value p-Value Significan
Indicators Squares Square ce
Model 31.28 9 3.48 54.37  <0.0001 *
A 24.47 1 24.47 382.74  <0.0001 o
B 1.84 1 1.84 28.84 0.001 o
C 2.15 1 2.15 33.68 0.0007 >
AB 0.81 1 0.81 12.67 0.0092 >
AC 0.5 1 0.5 7.78 0.027 *
Y1 BC 0.078 1 0.078 1.23 0.3047
A? 0.45 1 0.45 7.1 0.0323 *
B2 0.56 1 0.56 8.81 0.0209 *
C2 0.27 1 0.27 422 0.0789
Residual 0.45 7 0.064
Lack of Fit 0.26 3 0.088 1.93 0.2662 ns
Pure Error 0.18 4 0.046
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Sum 31.73 16
R2=0.9859 Adj R?=0. 9678 Pre R?=0.8575
Model 1.3x105 9 1442122 46.62 <0.0001 **
A 6.02x10¢ 1 60,204.50 194.63 <0.0001 **
B 9.52x10% 1 9522.00  30.78 0.0009 **
C 756x103 1 756450  24.45 0.0017 **
AB 4.69x103 1 4692.25 15.17 0.0059 **
AC 2.35x103 1 2352.25 7.60 0.0282 *
BC 3.42x102 1 342.25 1.11 0.3278
Y2 A2 1.20x10¢ 1 12,040.32 38.92 0.0004 **
B2 1.51x10¢ 1 15,145.27 48.96 0.0002 **
C2 1.32x10¢ 1 13,19242 42.65 0.0003 **
Residual 2.17x10% 7 309.33
Lack of Fit 1.11x10% 3 368.83 1.39 0.3668 ns
Pure Error 1.06x103 4 264.70

Sum 1.32x10> 16
R2=0.9836 Adj R?=0.9625 Pre R?=0.8535

Note: ** indicates extreme significance at p <0.01, * indicates significance at p <0.05, and ns indicates
non-significance at p > 0.05.

Based on the analysis of Table 6, it can be seen that the p-values of the response
surface models for the stubble straightening rate and yield of second-season rice in the
compacted area are less than 0.0001, while their lack-of-fit terms are greater than 0.05. This
indicates that the models have a good fit and can be used to predict the corresponding
regression values of the regression equations. Meanwhile, the regression coefficients of
the model are all close to 1, indicating a high reliability of the equation.

3.3. Analysis of the Impact of Interactive Factors on the Stubble Straightening Rate

To further analyze the influence of interactive factors on the stubble straightening
rate, response surface plots were generated using Design-Expert 10.0.3, as shown in
Figure 15a. the stubble straightening rate increases with rotational speed. However, the
rate of change with forward speed varies depending on the rotational speed, indicating a
significant interaction between these two factors. This suggests that increasing both
factors within a certain range can enhance the stubble straightening rate. Figure 15b shows
that the stubble straightening rate is positively correlated with rotational speed but
negatively correlated with the stub entry angle. The rate of change in the stubble
straightening rate with increasing stub entry angle differs depending on the rotational
speed, indicating a significant interaction between these factors. Lastly, Figure 15c
demonstrates that as the stub entry angle increases, the stubble straightening rate
decreases linearly. The slope of this change increases slightly with increasing forward
speed, although this interaction is less significant compared to the other two interactions
mentioned above.
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Figure 15. Analysis of the impact of interactive factors on stub uprighting rate; (a) Response surface
plot of rotation speed and forward speed on the stubble uprighting rate; (b) Response surface plot
of rotation speed and stubble entry angle on the stubble uprighting rate; (c) Response surface plot
of forward speed and stubble entry angle on the stubble uprighting rate.

This experiment also validates the simulation analysis, which shows that the ratio
between the circumferential speed of the device and the forward speed of the harvester is
closely related to the stub straightening rate. Changes in the straightening speed ratio
determine the number of contacts between the device and the stubs, and there is a positive
correlation between them. However, when the straightening speed ratio is too high, the
stub straightening rate may decrease due to over-straightening caused by an increased
number of contacts between the device and the stubs.

3.4. Analysis of the Influence Law of Interaction Factors on the Yield of Second-Season Rice in
the Crushed Area

As shown in Figure 16a, when the rotational speed is low, the yield of second-season
rice in the crushed area is positively correlated with the forward speed. However, when
the rotational speed is high, the yield initially increases and then decreases with increasing
forward speed. Similarly, when the forward speed is low, the yield is positively correlated
with the rotational speed, but when the forward speed is high, the yield initially increases
and then slowly decreases with increasing rotational speed. This indicates a significant
interaction between rotational speed and forward speed. That is, within a certain range,
simultaneously increasing both factors can reduce the yield of second-season rice in the
crushed area. Considering only the interaction between these two factors, when the
rotational speed is between 60 and 75 r/min and the forward speed is around 1.125-1.375
m/s, the yield of second-season rice in the crushed area is relatively high.

As shown in Figure 16b, when the rotational speed is low, the yield of second-season
rice in the crushed area initially increases and then decreases with increasing entry angle.
However, when the rotational speed is high, the yield initially remains flat and then
decreases with increasing entry angle. Additionally, when the entry angle is small, the
rate of change in yield increases with increasing rotational speed, while when the entry
angle is large, the rate of change in yield initially increases and then flattens with
increasing rotational speed. This suggests a significant interaction between rotational
speed and entry angle. Considering the interaction between these two factors, when the
rotational speed is between 67.5 and 75.0 r/min and the entry angle is around 30-45°, the
yield of second-season rice in the crushed area is relatively high.

As shown in Figure 16¢, with increasing entry angle, the yield of second-season rice
in the crushed area initially increases and then slowly decreases. Similarly, the yield
initially increases and then decreases with increasing forward speed. Considering only
the interaction between these two factors, when the forward speed is between 1.25 and
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Figure 16. Analysis of the influence law of interaction factors on the yield of second-season rice in
the crushed area; (a) Response surface plot of rotation speed and forward speed on the yield of
second-season rice in the compacted area; (b) Response surface plot of rotation speed and stubble
entry angle on the yield of second-season rice in the compacted area; (c) Response surface plot of
forward speed and stubble entry angle on the yield of second-season rice in the compacted area.

Comparing two response surface experiments, it was found that there is not a
positive correlation between the stub straightening rate and the yield of second-season
rice in the rolled area. As shown in Figures 15a and 16a, at lower rotational speeds, as the
speed of the harvester increases, the straightening speed ratio decreases, and the
straightening rate decreases. However, there is a trend of increasing yield in the second
season. Through later field observations, it was found that this is due to the fact that when
the straightening speed ratio is relatively low, a portion of the stubs in a clump of rice are
straightened, while some of the stubs that are close to the ground also germinate,
promoting an increase in yield. However, the seed setting rate and maturity are relatively
low.

3.5. Verification of Experimental Results

In order to obtain the optimal parameter combination, the theory and method of
multi-objective nonlinear optimization are utilized. Taking the uprighting rate of
remaining stubs and the yield of second-season rice in the rolled area as indicators,
combined with the constraint conditions of experimental factors, the obtained regression
equation is optimized and analyzed. The resulting objective function is as follows:
max Y,
max Y,
457/ min < A <807/ min (12)
Im/s<B<1.5m/s

300 <C<60°

According to Formula (12), the optimal combination parameters of the stub
uprighting device are a rotational speed of 75 r/min, forward speed of 1.398 m/s, and an
entry angle of 39.21°. The predicted theoretical optimal uprighting rate of remaining stubs
i5 90.1%, and the maximum yield of second-season rice in the rolled area is 2202.64 kg/hm?.

According to the actual experimental conditions, the conditions were adjusted to a
rotational speed of 75 r/min, a forward speed of 1.4 m/s, and an entry angle of 39°. Under
these conditions, three parallel experiments were conducted, and the results of the
experimental and predicted values are shown in Table 7. The error between the predicted
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and experimental values is within 5%. The results indicate that there is a good correlation
between the predicted and experimental values, and the optimal operating parameters
obtained using the response surface method are reasonable.

Table 7. Comparison between predicted optimal value and experimentally verified value.

Norm Strjit;l?tzlrfing Error Yield of Second-Season Rice in Error
(%) the Compacted Area (kg/hm?)  (kg/hm?)
Rate (%)
Thi‘;izcal 90.10 2202.64
87.00 -3.10 2190.00 -12.64
Verification 91.00 0.90 2235.00 32.36
result 88.00 -2.10 2195.00 -7.64
88.67 -1.43 2206.67 4.03

4. Discussion

The planting mode of ratoon rice is an effective means to ensure stable grain
production and promote grain yield increase. However, the high rolling rate of the first-
season rice harvested by machines has always been a difficult problem in ratoon rice
planting, leading to a decrease in the yield of the second-season rice. Through
experiments, Zhang and others have shown that manually lifting the rolled rice stubs can
promote the germination of axillary buds and increase the yield of the second season.
They designed a chain-row tooth-claw type correcting device for ratoon rice and
conducted bench tests. However, the device has a complex structure and no relevant field
experiments have been conducted.

To promote the germination of the second season of the rolled and reserved stubs
and ensure the yield of the second season of ratoon rice, this paper designs an eccentric
parallel four-bar linkage type correcting device for the rolled and reserved stubs of ratoon
rice. Simulation analysis and field experiments are conducted to obtain the optimal
operating parameters of the device. Parallel experiments are also conducted, which show
that the designed correcting device can effectively increase the yield of the second season
in the rolled areas of ratoon rice.

However, field experiments have also revealed that the device needs to be manually
lifted during turns in the field, lacking adaptive adjustment capabilities. In the future,
issues such as height monitoring, speed measurement, and displacement sensors will be
added to the device to enable it to operate automatically. At the same time, to further
improve the correction rate and promote the increase in the yield of the second season in
the rolled areas, the relationship between the ground clearance of the device, the length
of the correcting teeth, and the height of the reserved stubs will be further explored.

5. Conclusions

This study addresses the challenge of reduced yield in the second season of ratoon
rice due to stubble damage during the mechanized harvesting of the first season. Based
on the observation that straightening the crushed stubs can promote germination and
increase the yield of the second-season rice, relevant research has been conducted.

By observing and analyzing the biological morphology of the crushed stubs, an
eccentric parallelogram-type ratoon rice stub straightening device was designed. The key
components of the straightening device were designed, and a preliminary analysis was
conducted. Through the construction of a discrete element model of ratoon rice stubs
using multi-scale spherical particle aggregation, combined with the Recurdyn multibody
dynamics method, a single-factor simulation analysis was performed. This preliminary
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work determined the parameter range for field experiments and verified the feasibility of
the proposed solution.

Using the straightening rate of crushed stubs and the yield of the second-season rice
as evaluation metrics, field response surface experiments were conducted to determine
the optimal experimental conditions. After refinement, the forward speed was set at 1.4
m/s, the device rotation speed at 75 r/min, and the stub entry angle at 39°. Three parallel
experiments were conducted under these conditions, resulting in a straightening rate of
90.35% in the mechanized harvesting crush zone and a second-season yield of 2202.64 +
10.25 kg/hm?. The difference between these results and the predicted outcomes was within
5%, indicating high reliability of the parameter optimization results. Additionally, yield
measurements of crushed but unstraightened stubs and uncrushed stubs revealed that the
yield of straightened crushed stubs was approximately 70% of the uncrushed stub yield,
representing an increase of about 80% compared to the yield of crushed and
unstraightened stubs.

These results indicate that the designed ratoon rice stub straightening device can
meet the requirements of field operations and effectively improve the yield of the second
season of ratoon rice, which has a positive significance for promoting the cultivation of
ratoon rice.
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