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Abstract: Straw incorporation into farmlands is recognized as beneficial for improving cultivated land quality, stimulating soil
carbon sinks, and promoting crop growth. However, in the rice-wheat double-cropping system, the postharvest period results in
abundant crop straw, leading to prominent straw surplus issues. Problems such as the tight schedule between harvesting and
sowing and high-quality requirements for seedbeds result in traditional rotary tillage, which often results in excess straw in the
tillage layer and straw piles, severely restricting sowing quality. To address these issues, a technological solution was proposed
involving biaxial layered cutting for deep rotary tillage and uniform mixing of straw. The focus was on the biaxial deep rotary
tillage and uniform mixing processes, along with device testing in paddy fields, via the discrete element method. A composite
discrete element model of root stubble, soil, and rice straw was established for a typical rice-wheat rotation area in Jiangsu
Province, China, and coupled with a biaxial rotary tillage unit. Using the response surface analysis method, the vertical height
difference of the rear cutter shaft relative to the front cutter shaft (L,), the rotation speed of the cutter group (w), and the
forwards speed of the unit (v) were considered the three factors affecting rotary tillage quality. A three-factor, three-level
orthogonal simulation test was conducted, yielding the optimal parameter combination: L, =—73.3 mm, w = 273.6 r/min, and v =
0.6 m/s. Under this combination, the tillage performance achieved a total power consumption of 29.66 kW and a straw burial
rate of 94.6%. The results of the prototype field test indicated that the biaxial rotary tillage device significantly loosened the top
20 cm of the soil layer, with a post-tillage surface flatness of 2.80 cm, a straw burial rate of 92.6%, and a tillage depth stability
of 95.3%, meeting the quality requirements for the incorporation of straw rotary tillage. The results of this study can provide a
theoretical basis and case reference for achieving high-quality mechanized straw incorporation in rice-wheat rotation systems.
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1 Introduction

Straw returning refers to the incorporation of straw produced
This
advantageous for improving soil fertility and increasing crop yield

during crop production into farmland". measure is
by 5%-10% while eliminating the air pollution caused by straw
burning®. Specifically, many studies have indicated its advantages
in improving physicochemical
microbial activity and crop root development”®, which is
beneficial for improving cultivated land quality on a global scale.
Jiangsu is a crucial grain-producing region in the mid-lower
reaches of the Yangtze River in China that primarily practices a

properties”, and promoting

double cropping system of rice and wheat. This multi-cropping
production mode results in a substantial amount of crop straw each
being particularly
prominent”. Especially in this region, the clay-heavy soil texture

planting season, with rice straw excess
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and greater tillage resistance significantly increase the difficulty of
straw incorporation operations and agricultural production costs.
Traditional rotary tillers, due to their shallow working depth, tend to
cause problems such as excessive straw ratio in the tillage layer,
straw clumping, and uneven distribution of straw residues. This
impedes root development and, if improperly managed, can also
lead to increased soil pathogens, aggravated crop diseases, and even
reduced yields along with issues like poor seedling emergence and
stunted seedlings. Therefore, appropriate straw-returning measures
and equipment must be implemented to achieve seedbed qualities
that meet agronomic standards.

Mechanizing straw return directly into stubble fields
postharvest is an effective approach to reduce labor intensity and
increase work efficiency. Current research on straw-returning
equipment focuses primarily on optimizing blade structural
parameters, innovating machinery, and developing rotary tillage and
burial theories!"*'. Curved blades, as the primary model of rotary
tiller blades, have sharp edges that achieve excellent shearing
effects during tillage, facilitating the cutting of stems and the
breaking of soil"*'*. Shi et al."” conducted a comprehensive analysis
of rotary tiller blade parameters, such as the external opening angle,
sliding pushing angle, and blade quantity, to improve the quality of
seedbed preparation. In recent years, more scholars have
concentrated on designs that reduce resistance and enhance
efficiency, upgrade components, and integrate multifunctional
features. For example, Yuan et al.'* analyzed the tillage resistance
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components of rotary blades and their relationships with operating
parameters and developed a mathematical relationship between
tillage resistance and energy consumption. Xiao et al.'"” improved
the stability of tillage depth based on the fuzzy proportional integral
derivative (PID) control method. Liu et al.® developed an
intelligent vibration detachment system to solve the adhesion and
winding problem of the roller with the soil and straw stubble. Du et
al.”" and Zheng et al.”” designed a combined tillage implementation
by optimizing anti-vibrating and anti-wrapping rotary components,
which improved stubble wrapping and returning quality.

A review of the literature reveals that the complex and variable
nature of farmland soil environments makes it challenging to study
the operating processes and mechanisms of rotary tillage devices.
The discrete element method (DEM) is a particle-based analysis
method grounded in molecular dynamics principles that views the
research object as a collection of discrete particles™?). DEM
establishes mathematical models based on the physical properties of
materials, mechanics, and Newton’s laws of motion, and they have
garnered extensive attention in the fields of soil mechanics and
agricultural machinery™. For instance, Walton et al.* created a
hysteretic spring model (HSM) to characterize the plastic
deformation of materials for plastic material deformation issues.
Ucgul et al.”” combined the HSM and the linear cohesion model to
represent the plastic deformation and cohesion of soil, addressing
the plastic deformation problem of cohesive soils. Zhang et al.**
developed a soil particle bonding model tailored to the
characteristics of sandy silty soils, which are low in cohesion, large,
and loose, aiding in understanding the energy consumption
characteristics of rotary tillage cutting. In recent years, Chen et al.””!
established a soil-straw composite model using the DEM for
undisturbed soil under straw coverage conditions, which can
accurately predict the mechanical behavior of soil contact
components. Using multi-body dynamics (MBD)-DEM coupling
method, Wang et al.t and Lin et al.’" carried out a simulation
experiment on the ditching and returning device for the rice straw
and an exploration of straw movement through machine-straw-soil
interaction simulation, respectively. Zhu et al.”” and Zhang et al.”™
employed a DEM to establish a coupled simulation system of tools,
straw, and soil, further analyzing the rotary tillage process in rice-
wheat rotation systems.

Straw mixing is a crucial technical approach to increase the soil
carbon sequestration potential, with the burial rate and uniform
distribution of residues in the soil layer being key to ensuring tillage
and seeding quality®™*!. Notably, tillage depth is the primary factor
influencing the effectiveness of straw burial®***. The overall trend
indicates that improving straw incorporation quality requires
balance between increasing stubble breaking and tillage depth to
reduce the straw proportion in the tillage layer and using double-
shaft cutting to promote the uniform distribution of straw within the
soil layer. However, research on soil-straw deep tillage mixtures is
scarce. Specifically, the issue of ensuring straw burial effectiveness
and distribution uniformity in environments with high straw return
volumes on stubble fields remains unresolved. Currently, research
on the adjustment of tillage blade configurations and operational
parameters remains predominantly limited to single-axis rotary
tillage scenarios. Studies investigating the deepening mechanisms
during dual-axis rotary tillage processes and their effects on straw
burial performance remain scarce.

To address the regional challenges of clay-heavy soil texture,
substantial rice straw incorporation, and tightly scheduled
cultivation and planting cycles in the rice-wheat rotation systems of

China’s middle-lower Yangtze River region, a deep rotary tillage
solution for straw incorporation was proposed based on the dual-
axis layered cutting mechanism. A stubble-soil-rice straw composite
model was constructed based on the DEM, a tillage simulation
system for rice stubble field environments was established, and the
movement characteristics of straw during double-axis rotary tillage
Additionally,
methodology is employed to design and optimize a set of tillage

processes were analyzed. response  surface
parameters that achieve optimal rotary tillage quality, and the tillage
effects are verified through prototype testing. The objectives of the
study were (1) to design a biaxial deep rotary tillage device based
on a layered cutting scheme and (2) to determine the optimal
operational parameters for double-axis rotary tillage to achieve the
best straw return quality, and therefore to provide a theoretical
foundation and case reference for achieving high-quality
mechanized straw incorporation in the rice-wheat rotation systems

throughout the mid-lower region of Yangtze River in China.

2 Root stubble-soil-rice straw composite model based
on DEM

2.1 Soil model

A simulation system for the root stubble-soil-rice straw
composite model was established based on the DEM. To ensure
computational efficiency, the soil particle diameter was set to 20 mm.
The soil particles were generated randomly in the particle factory,
with particle sizes ranging from 0.8 to 1.2 times the original particle
size. The rice-wheat rotation system in the mid-lower reaches of
Yangtze River leads to year-round alternating dry-wet conditions in
the soil, which is generally of a clay texture. The Hertz-Mindlin
with bonding particle contact model can simultaneously reflect the
soil’s discontinuity and agglomeration characteristics, effectively
addressing the nonlinear issues of the interaction between
agricultural tools and soil. This model aligns well with the
mechanical behavior characteristics of wet clayey soil after rice
stubble crushing. Therefore, the Hertz-Mindlin with bonding model
was employed to represent the bonding characteristics between the
soil particles (Figure 1). Soil samples were collected in Jiangyan
District (120°07'E, 32°36'N), Taizhou City, Jiangsu Province, which
is a typical double-cropping rice-wheat rotation region. Relevant
parameters were tested using a 100 cm’ cutting ring sampler, the
oven-drying method, and triaxial tests. The soil model is divided
into two layers. The soil particle density, Poisson’s ratio, and shear
modulus of the upper plough layer were set to 2400 kg/m’, 0.3, and
1.0 MPa, respectively, and those of the plow pan were 2680 kg/m’,
0.3, and 1.0 MPa, respectively. The main contact parameters for the
soil particles were obtained from the literature™*” (Table 1), in
which the soil characteristics or farming systems were close to those
in this study.

e

Tangential elastic force

Tangential damping force

Normal elastic force

Frictional force

Normal damping force
a.

Figure 1  Soil particle contact model based on discrete element
method with (a) contact model, (b) schematic diagram of bond
model between soil particles, and (¢) soil particle model
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Table 1 Soil model contact parameter setting

Parameters Values
Recovery coefficient within plough layer 0.4
Static friction coefficient within plough layer 0.3
Rolling friction coefficient within plough layer 0.1
Recovery coefficient within plow pan 0.4
Static friction coefficient within plow pan 0.35
Rolling friction coefficient within plow pan 0.18
Recovery coefficient between plough layer and plow pan 0.32
Static friction coefficient between plough layer and plow pan 0.6
Rolling friction coefficient between plough layer and plow pan 0.3

spacing standards, the number of generated root stubbles was set
to 36.

Table3 Parameter setting of rice straw particle model

Parameters Values
Rice straw particle density/g-cm™ 0.241
Poisson’s ratio 0.4
Shear modulus/MPa 1.0
Recovery coefficient between rice straw 0.3
Static friction coefficient between rice straw 0.3
Rolling friction coefficient between rice straw 0.01

2.2 Rice root stubble model

The simplified rice root stubble model was constructed using
SolidWorks. Spherical particle splicing was then applied in EDEM
2021 to locate all the particle coordinates for rapid root system
modeling, as depicted in Figure 2. During model construction, the
number of particles for a single root system was set to 2943 to
closely approximate the actual root shape. This study focused on
analyzing the movement characteristics of root stubble within the
soil environment, and root breakage and fragmentation were not
considered to improve simulation efficiency. Other related
parameters are presented in Table 2.

Rice straw

model
- | ‘ Plough layer
Simplified modell = |
for rice stubble b e Plow pan
- Discrete element

model for rice stubble

Figure 2 Schematic diagram of rice stubble-soil-straw discrete
element composite model

Table 2 Parameter setting for rice root stubble model

Parameters Values
Per rice root stubble particle number 2943
Particle radius/mm 1.3
Particle density/g-cm™ 0.12
Shear modulus/MPa 6.3

2.3 Rice straw model

The rice straw model was constructed using particle splicing
(Figure 2). Before modeling, the 3D dimensions of the rice straw
fragments were measured and simplified. The simplified model
consisted of 21 spheres, each with a radius of 2.5 mm, arranged to
form a total length of 59 mm. Like the root stubble model, the straw
model was set as a rigid unit that would not be cut. The Hertz-
Mindlin no-slip contact model was used to describe the contact
characteristics of the straw particles, with other parameters detailed
in Table 31",

The designed root-soil-rice straw discrete element composite
model is shown in Figure 2. The soil trough was 4000 mm long and
1000 mm wide. The soil layer was divided into two layers: the
upper plough layer, with a thickness of 120 mm, and the lower plow
pan, with a thickness of 100 mm. The stable operating path of the
machine was concentrated in the middle of the soil trough.
Therefore, straw and root stubble were generated only in the
1000 mmx=3000 mm area in the center of the soil trough to increase
the simulation efficiency. In accordance with agronomic row

3 Simulation system for biaxial deep rotary tillage
and soil-straw mixing

3.1 Biaxial rotary tillage components and the layered cutting
principle

Figure 3a shows the biaxial rotary tillage device designed in
this study. It is primarily composed of a suspension frame, a side
transmission box, an intermediate speed change gearbox, front and
rear rotary tillage blade assemblies, and a rear leveling board. The
device is connected to a tractor using a three-point suspension
system and linked to the rear power output shaft of the tractor via a
universal joint drive shaft. The transmission box in the middle of
the device is also connected to the side transmission gearboxes of
the front and rear blade shafts through universal joint drive shafts,
enabling power transmission. The front and rear rotary tillage blade
assemblies perform soil tillage and stubble removal, whereas the
rear leveling board levels the soil surface.

1.Side-rear transmission gearbox 2.Transmission shaft 3. Three-point
suspension 4.Intermediate transmission gear box 5.Side front
transmission gearbox 6.Backward rotary blade group 7.Forward
rotary blade group

Note: L, is the vertical height of the rear cutter shaft relative to the
front cutter shaft, mm; L, is the horizontal distance of the rear cutter
shaft relative to the front cutter shaft, mm; v is forwards speed of the

unit, m/s; w is rotation speed of the cutter group, r/min.

Figure 3 Schematic diagram of (a) biaxial rotary tillage
component model and (b) layered cutting arrangement for biaxial
rotary tillage axes
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Importantly, the biaxial rotary tillage components exhibit a
stepped spatial arrangement (Figure 3b). Specifically, the first
rotary tillage blade shaft is positioned above and in front of the
second blade shaft; the first blade shaft is located at the top and the
second blade shaft at the bottom; and the first blade shaft is at the
front and the second blade shaft at the rear. The tillage area of the
blades on the front shaft overlaps with that of the blades on the rear
shaft, ensuring that the rear blades can penetrate the soil effectively.
During operation, the first blade shaft initially tills the soil layer to a
depth of 10-15 cm. Following this initial tillage, the second blade
shaft performs an additional deep tillage of 10-15 cm, ensuring that
the total tillage depth exceeds 20 cm.

3.2 Construction of the biaxial rotary tillage system

The biaxial deep rotary tillage system for rice stubble fields,
which is based on the DEM, is shown in Figure 4. It was developed
by coupling the root-soil-straw composite DEM model with the
biaxial rotary tillage device using EDEM 2021 software. The
number of generated straw particles is set to 20 650 based on bulk
density. The forwards speed of the simulation unit is set to 0.6 m/s,
with both front and rear rotary tillage blade shafts rotating forward
at a speed of 270 r/min. The tillage depth is set to 210 mm. The
relevant parameters of the tillage model are summarized in Table 4.

Figure 4 Biaxial deep rotary tillage system for rice stubble fields
based on the DEM

Table 4 Setting of related parameters for rotary tillage
simulation model

Parameters Values
Density of tillage components/g-cm™ 7.865
Poisson’s ratio of tillage components 0.3
Shear modulus of tillage components/MPa 7.9x10*
Recovery coefficient between soil and tillage components 0.6
Static friction coefficient between soil and tillage components 0.6
Rolling friction coefficient between soil and tillage components 0.05
Recovery coefficient between straw and tillage components 0.3
Static friction coefficient between straw and tillage components 0.3
Rolling friction coefficient between straw and tillage components 0.01
Recovery coefficient between root stubble and tillage components 0.3

Static friction coefficient between root stubble and tillage components 0.3

Rolling friction coefficient between root stubble and tillage components 0.01

Recovery coefficient between soil and straw 0.5
Static friction coefficient between soil and straw 0.5
Rolling friction coefficient between soil and straw 0.05
Recovery coefficient between soil and root stubble 0.5
Static friction coefficient between soil and root stubble 0.5
Rolling friction coefficient between soil and root stubble 0.05

The efficiency of DEM simulations correlates with the
complexity of the device. To increase the efficiency of the
simulation system, the rotary tillage unit is simplified equivalently.
The simplified model uses front and rear rotary blade shafts, each
0.9 m long, excluding bolts, bearings, and other components that do
not affect the simulation results. It retains only the top cover, rear
leveling board, and left and right side panels. The unit’s cover has a
single linear motion, added directly as “Linear Translation.” The

blade assembly motion includes both linear and rotational
movements, with the blade shaft centroid directly adding linear
motion (“Linear Translation”) and forwards rotation (“Linear
Rotation™). The time step is set to 0.2, the simulation time is set to
8 s, and the mesh element size is set to 9 times the minimum
particle radius. The tillage simulation process of the simplified unit
is shown in Figure 5.

Figure 5 Discrete element simulation process for biaxial deep
rotary tillage system

3.3 Simulation metrics and methods
3.3.1 Power consumption

The total power consumption of the machine is calculated by
summing the power consumption of the front and rear rotary tillage
blade assemblies during operation. In the simulation environment,
the rotational speed of the machine is set as a constant value. It is
necessary to collect the torque characteristics of the front and rear
blade shafts during the simulation. The post-processing module is
used to gather torque data. In the Create Graph tab, the X-axis is set
to time (1.8-3.8 s), and the Y-axis is set to total torque (Total-
Torque). This step generates a graph depicting the relationship
between the torque of the rotary tillage components and time over a
period of 2 s.
3.3.2 Straw burial rate

The straw burial rate refers to the percentage of straw
incorporated into the soil after tillage, relative to the total straw
weight before the operation. In accordance with the quality
standards for rotary tillage operations, straw burial rate is defined as
the ratio of the mass of straw buried in the soil after rotary tillage to
the mass of straw present on the surface before tillage at the same
measurement point. Using the 3D viewer tab in the post-processing
module, a new grid bin group is created in the setup selections
module to select straw particles. The size of the collection domain is
set to 500 mmx500 mmx200 mm. The collection depth was
adjusted according to the actual tillage conditions to ensure that all
straw below the surface was captured. The burial rate is calculated
after data collection. The collection and distribution of straw data
before and after rotary tillage are illustrated in Figure 6.

a. Straw data collection before rotational tillage

b. Straw data collection after rotational tillage

Figure 6 Schematic diagram of total straw data
collection and distribution
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3.3.3 Field surface flatness after tillage

Soil surface flatness after tillage is defined as the coefficient of
variation in micro-topographic elevation, indicating the ability of
tillage machinery to homogenize the soil. After the biaxial rotary
tillage simulation, the surface flatness is analyzed using the post-
processing mesh division function. Once the particles are stabilized
following the operation, the selection function in the post-
processing module is used to add a mesh. The soil trough cross-
section is selected for flatness analysis.

4 Parameter optimization based on response surface
methodology

The author initially conducted a single-factor simulation study
on the impact of different tillage parameters on the quality of rotary
tillage. The results indicated that tillage parameters had a minimal
effect on the surface flatness of the soil after tillage. However, the
vertical distance of the rear shaft relative to the front shaft (L,), the
rotational speed of the front and rear blade shafts (w), and the
forwards speed of the front and rear blade shafts (v) are key
structural and operational parameters affecting the power
consumption and straw burial rate during rotary tillage (not shown
in this study). Therefore, this study employed the response surface
Box-Behnken design to conduct an experimental design and used
the biaxial rotary tillage simulation model to perform a three-factor
simulation test of tillage quality. The aim was to analyze the
influence of the aforementioned three key parameters on the
performance of biaxial rotary tillage and obtain the optimal
parameter combination for achieving the best tillage performance.
4.1 Experimental design

Response surface optimization was adopted, with the vertical
distance of the rear shaft relative to the front shaft (L,), the
rotational speed of the blade shaft (w), and the machine’s forwards
speed (v) designed as the parameters to be optimized. The power
consumption PC and straw burial rate M were used as test
indicators. The Box-Behnken method was utilized in Design Expert
software for experimental design. Table 5 lists the levels of the test
parameters.

Table 5 Level coding table for test factors

Factors
Level .
L,/mm w/r-min! vim-s™!
-1 0 240 0.6
0 -40 270 0.9
1 -80 300 1.2

Note: L, is the vertical distance of the rear shaft relative to the front shaft, mm; w
is the rotational speed of the blade shaft, r/min; and v is the machine’s forwards
speed, m/s. The same as below.

4.2 Analysis of results
4.2.1
The influence of the tillage parameters on the power

Influence of tillage parameters on power consumption

consumption results of the biaxial rotary tillage simulation tests is
shown in Table 6. Multiple regression fitting was conducted on the
simulation test results. Table 7 presents the analysis of variance
(ANOVA) for the power consumption simulation test results,
validating the effectiveness of the power consumption fitting
equation. According to Table 7, the F-value of the quadratic model
for the power consumption response surface is 183.35 (»<0.0001),
indicating that the model is highly significant. The lack-of-fit term
is 0.2099 and greater than 0.05, indicating that the lack of fit is not
significant. This result suggests that the quadratic model for the
power consumption response surface has a good fit with minimal

error interference, making it suitable for replacing actual test points
when analyzing the relationships between power consumption and
various parameters. For the regression model of power consumption
P, the regression terms L,, w, v, L,’v, w'v, and L} have highly
significant impacts.

Table 6 Influence of tillage parameters on the power
consumption in the biaxial deep rotary tillage simulation

Serial number L,/mm w/r'min”' vim-s™! PC/kW
1 0 0 0 15.6
2 -1 0 -1 10.78
3 1 0 1 21.93
4 0 -1 15.79
5 -1 1 0 15.96
6 0 -1 -1 11.59
7 1 1 0 22.26
8 0 1 -1 14.68
9 0 1 20.41
10 0 0 0 15.6
11 1 0 -1 19.94
12 -1 -1 0 11.73
13 -1 0 1 17.34
14 0 0 0 15.58
15 1 -1 0 19.11

Note: PC is power consumption, kW.

Table 7 Variance analysis results of power consumption
response surface model

Source Quadratic sum Freedom Mean square F-value  p-value
Model 161.88 6 26.98 183.35 <0.0001**
L, 75.58 1 75.58 513.63 <0.0001**
w 22.01 1 22.01 149.58 < 0.0001**
v 51.11 1 51.11 34729 <0.0001**
L,v 2.39 1 2.39 1622 0.0024%**
wv 2.45 1 2.45 16.64  0.0022%*
L2 8.35 1 8.35 56.71  <0.0001**
Residual error 1.47 10 0.1472
Lack of fit 1.26 6 0.2099 3.96 0.1019
Pure error 0.212 4 0.053
Summation 163.35 16

Note: ** indicates highly significant (»p<0.01).

Insignificant terms were removed from the model, retaining the
coefficients of significant terms. The regression equation for power
consumption (PC) was refitted, ensuring a highly significant fit. The
optimized regression equation is as follows:

PC=15.67+3.07L,+1.66w+2.53v-0.7725L, - v+0.7825w - v+1.4L’

(D
where, PC is the power consumption, kW; L, is the vertical distance
of the rear shaft relative to the front shaft, mm; w is the rotational
speed of the blade shaft, r/min; and v is the machine’s forwards
speed, m/s.

Design Expert software was used to obtain the normal
probability distribution of the power consumption residuals, the
distribution of the residuals versus the predicted values, and the
distribution of the predicted values versus the actual values
(Figure 7). The distribution points of the power consumption
residuals versus the predicted values are scattered, whereas the
points of the predicted values and actual values are distributed near
the same straight line as the points of the power consumption
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residual normal probability.

The three response surface graphs in Figure 8 reveal that as the
depth of rotary tillage increases, the power consumption of the
blade shaft gradually tends to increase. This occurred because with
increasing tillage depth, more soil particles obstruct the movement
of the rotary tiller blade, and the cohesive force between the soil
particles in the plow pan is greater than that in the tillage layer. As
the forwards speed and rotational speed of the blade shaft increase,

the power consumption of the blade shaft also tends to gradually
increase, but the rate of increase is relatively small. An interaction
occurs between L, and v and between w and v. Therefore, in actual
rotary tillage operations, to ensure the tillage depth and straw burial
rate, it is advisable to choose smaller values for the blade shaft
rotational speed and the tillage depth of the front blade shaft while
selecting a higher forwards speed to improve the operational
efficiency and reduce power consumption per unit area.
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Figure 8 Influence of L,, w, v on power consumption

4.2.2 Response surface analysis for the straw burial rate

The influence of the tillage parameters on the straw burial rate
in the biaxial rotary tillage simulation tests is listed in Table 8.
Multiple regression fitting was conducted on the simulation test
results, with the ANOVA results in Table 9. The F-value of the
quadratic model for the straw burial rate response surface is 1535.16
(»<0.0001), indicating that the fitting model is highly significant.
The lack-of-fit term has p>0.05, suggesting that the lack of fit is not
significant. This finding implies that the quadratic model for the
straw burial rate response surface has a good fit with minimal error
interference. The ANOVA results show that for the straw burial rate
index, the regression terms L,, w, v, L,w, w-v, L2, and w* have
highly significant impacts.

Insignificant terms were removed from the model, retaining the
coefficients of significant terms. The regression equation for the
straw burial rate M was refitted, ensuring a highly significant fit.
The optimized regression equation is as follows:

M =91.92+2.17L,+0.9638w—445v+0.35L, - w—0.3025L, - v+

0.3775w - v+1.04L—0.4645w*+0.023° 2)

where, M is the straw burial rate, %.

Table 8 Influence of tillage parameters on the straw burial
rate in the biaxial deep rotary tillage simulation

Serial number L,/mm w/r-min’! v/im-s™! M/%
1 0 0 0 91.88
2 -1 0 -1 90.94
3 1 0 1 94.42
4 0 -1 1 89.72
5 -1 1 0 90.97
6 0 -1 -1 91.32
7 1 1 0 95.95
8 0 1 -1 92.49
9 0 1 1 92.40

10 0 0 0 91.97
11 1 0 -1 95.96
12 -1 -1 0 89.74
13 -1 0 1 90.61
14 0 0 0 91.99
15 1 -1 0 93.32

Note: M is straw burial rate, %.
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Table 9 Variance analysis results of straw burial rate
response surface model

Source Quadratic sum Freedom Mean square F-value  p-value
Model 53.48 9 5.94 1535.16 <0.0001**
L, 37.80 1 37.80 9766.03 < 0.0001**
w 7.43 1 7.43 1919.67 <0.0001**
v 1.58 1 1.58 409.28 <0.0001**
L,w 0.49 1 0.49 126.59  <0.0001**
L,v 0.366 0.366 94.56  <0.0001%**
wy 0.57 1 0.57 147.27  <0.0001%**
L2 4.51 1 451 1166.39 < 0.0001**
w? 0.9085 0.9085 23470 <0.0001**
v 0.0022 0.0022 0.5754 0.4729
Residual error 0.0271 7 0.0039
Lack of fit 0.0132 3 0.0044 1.26 0.3996
Pure error 0.0139 4 0.0035
Summation 53.51 16

** indicates highly significant (»p<0.01).

Figure 9 shows the residual normal probability distribution, the
distribution of residuals versus the predicted values, and the

distribution of the predicted versus actual values for the straw burial
rate. The results indicate that the residuals for the straw burial rate
are dispersed relative to the predicted values, and both the residual
normal probability points and the points for the predicted versus
actual values cluster closely along a single line.

Figure 10 presents the response surface results for the influence
of tillage parameters on the straw burial rate. The straw burial rate
initially increases and then decreases with increasing rotational
speed of the blade shaft (Figure 10a) and increases with greater
front shaft tillage depth (Figure 10b). The straw burial rate also
tends to first increase but then decrease with increasing blade shaft
forwards speed and rotational speed (Figure 10c).

4.2.3 Optimal parameter response surface prediction analysis

The objective of parameter optimization in this section is to
identify a set of tillage parameters that achieve a high straw burial
rate and low power consumption while ensuring the quality of
tillage operations. This is done using regression equations and the
objective function method. The objective function for parameter
optimization is as follows:

P,(L,,w,v) » min

)

M(L,,w,v) — max
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The preprocessing settings for optimal parameter analysis are
outlined in Table 10. Given the importance of straw return, the
importance of the straw burial rate was assigned a weight of 5,
whereas power consumption was given a weight of 3. The optimal
parameters determined using Design-Expert software are a vertical
distance of —73.3 mm between the rear and front shafts, a rotational
speed of 273.6 rmin’ for the front and rear rotary blades, and a
forward speed of 0.6 m/s for the blades. Correspondingly, the
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c. L,=—40 mm
Note: L, is the vertical distance of the rear shaft relative to the front shaft, mm; w is the rotational speed of the blade shaft, r/min; and v is
the machine’s forwards speed, m/s.

Influence of L,, w, v on straw burial rate

Table 10 Pretreatment settings for optimal parameter analysis

Object Target Lower limit  Upper limit Weight Importance
L, Range in 0 80 1 3
w Range in 240 300 1 3
v Range in 0.6 1.2 1 3
PC Minimum value 10.5 22.6 1 3
M Maximum value 89.72 95.96 1 5
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predicted performance indicators are a power consumption of
17.4 kW and a straw burial rate of 95.3%. The optimal parameter
combination set obtained from simulation analysis can serve as a
reference basis for the design and manufacturing of physical
prototype.

5 Field trials

5.1 Overview of the test area

The performance tests for the device were conducted in a
typical double-cropping rice-wheat rotation region, located in
Jiangyan District, Taizhou city, Jiangsu Province (120°07 'E,
32°36 'N). This area is the same as the soil sampling zone from
which particles for model construction were obtained. The soil
texture in the top 30 cm profile was classified as silty clay loam,
according to the USDA classification, with mass fractions of sand,
silt, and clay of 27.3%, 42.3%, and 30.4%, respectively. Table 11
lists the basic physical properties of the soil in the test area.

Table 11 Soil physical and chemical properties of test area

Soil characteristics Value
Sand (0.05-2.00 mm)/% 273
Silt (0.002-0.050 mm)/% 423
Clay (<0.002 mm)/% 30.4
Soil bulk density/g-cm* 1.59
Volumetric water content/% 23.1
Soil compaction/MPa 2.17
Organic matter/g-kg™' 19.3

5.2 Test equipment and procedure

The prototype of the designed biaxial rotary tillage device and
its field test setup are shown in Figure 11. The device mainly
consists of rotary tillage and power transmission components. The
rotary tillage components include front and rear rotary blade groups,
which are arranged in front-back and up-down configurations. The
horizontal distance between the front and rear rotary blade groups is
45-50 cm, and the vertical height difference is 7.5 cm. The working
power of the prototype is transmitted from the tractor through a
universal joint to the intermediate gearbox, which then reduces the
speed and increases the torque before the power is distributed to the
rotary blade groups through a transmission cross shaft. The main
technical parameters of the prototype are shown in Table 12.

e —
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~
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1. Siderear transmission gearbox 2. frame 3. Three-point suspension
device 4. Intermediate transmission gear box 5. Transmission shaft
6.side front transmission gearbox 7. backward rotary blade group
8. forward rotary blade group

Figure 11 Biaxial rotary tillage prototype and field

experiment scene

The test area follows a long-term rice-wheat double-cropping
system. In accordance with local agronomic practices, rice is
typically harvested in mid-October. During mechanical harvesting,
the rice stubble height is less than 15 cm, and all the straw is
crushed and scattered on the surface by the harvester. Field
experiments on tillage quality were conducted after rice harvest

(late October). A commonly used rotary tiller (1GQQN rotary tiller,
China YTO Group Corporation) in the test plot was selected as a
control (CK) to compare the tillage quality of the prototype (DT).
Each tillage test was repeated three times, with each run covering
no less than 50 m.

Table 12 Main technical parameters of biaxial rotary tillage

Serial No. Parameters Value Unit
1 Size (lengthxwidthxheight) 3200x2650%1200 mm
2 Power 88.2 kW
3 Rotary tillage depth 200-220 mm
4 Working width 2650 mm
5 Transmission mode Side drive
6 Rotary blade roller speed 200-280 r-min’'

5.3 Testing indicators and methods

The performance testing indicators and methods for rotary
tillage were obtained from the national standard of the People’s
Republic of China, GB/T 5668-2017 Rotary Tiller Standard. The
soil bulk density before and after tillage, straw burial rate, surface
flatness after tillage, and tillage depth stability were analyzed. The
soil bulk density was determined by ring knife sampling and drying
methods. The straw burial rate was measured using the five-point
method, where five 1 mx1 m sampling points in the tillage area
were selected, and the straw masses on the surface before and after
tillage were compared. After the rotary tillage operation, tillage
depth was measured using a vertical steel ruler, with 20
measurements taken per run, spaced approximately 2 m apart in the
forward direction. To measure surface flatness after tillage, a
horizontal reference line was drawn perpendicular to the forward
direction of the machine, and multiple sampling points were
selected to measure the vertical distance based on the horizontal
reference line. The calculation of surface flatness after tillage is as
follows:

4)

where, K; is the standard deviation of the vertical distance of each
point from the horizontal reference line in the j-th run, cm; b; is the
mean vertical distance of each point from the horizontal reference
line in the j-th run, cm; b is the vertical distance of the i-th point
from the horizontal reference line in the j-th run, cm; n; is the
number of measurement points in the j-th traverse; N is the total
number of traverses measured, and K is the surface flatness after
tillage.
5.4 Statistical methods

Statistical analysis was performed using SPSS software. The
average value of each measurement was calculated, and multiple
comparisons were made between different treatments, with
treatment effects evaluated based on the least significant difference
method. Graphs were drawn using Origin 9.0.
5.5 Results and analysis

The bulk density of each soil layer under the different tillage
treatments is shown in Figure 12. In general, within the 30 cm soil
layer, the soil bulk density gradually increased with depth. The
mean bulk densities under the CK and DT treatments increased
from 1285 and 1257 kg/m’ to 1475 and 1383 kg/m’, respectively.
Moreover, in the 0-10 cm, 10-20 cm, and 20-30 cm soil layers, the
DT treatment resulted in a reduction in the soil bulk density by
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2.11%, 3.95% (p=0.05), and 6.20% (p=0.05), respectively,
compared with traditional rotary tillage equipment (CK).
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Note: Mean values within the same soil depth followed by a different
letter are significantly different (p=0.05).

Figure 12 Mean soil bulk density to the depth of 30 cm for
traditional single-axis rotary tillage equipment (CK), and biaxial
rotary tillage equipment (DT) treatments

The quality of straw returned to the field using the two types of
equipment is listed in Table 13. Overall, the tested equipment both
met the national standards (GB/T 5668-2017) and Jiangsu
provincial local standards (DB32/ 3688-2019) regarding straw
burial rate, surface flatness, tillage depth, and stability. However,
advantages were observed in all indicators for the DT treatment.
Specifically, compared with the CK treatment, the DT treatment
resulted in an increase in tillage depth of 80.23% (p=0.05), straw
burial rate by 4.34% (p=0.05), and soil surface flatness of 13.04%

(»=0.05).

Table 13  Field tillage test results
Straw burial Rotary tillage Depth Surface
Treatment rate/% depth/mm stability/%  flatness/mm
CK 85.41£1.73b  1148+119b 89.6 3220
DT 92.60+1.22a  2069+9.70 a 95.3 2.80a
Standards * >80 >80 >85 <5

Note: CK is traditional single-axis rotary tillage; DT is biaxial rotary tillage. Different
letters following the same column of data indicate a significant difference at p=
0.05. " The national and local standards are GB/T 5668-2017 Rotary Tiller Standard
and DB32/3688-2019 Jiangsu Provincial Local Standard.

6 Conclusions

This study was situated within the agronomic policy
background of total rice straw returning in the rice-wheat rotation
system of the mid-lower region of the Yangtze River in China. In
this context, we established a stubble-soil-straw discrete element
composite model using the DEM and coupled it with a biaxial
layered cutting rotary tillage system. Through response surface
methodology, the optimal parameter combination for the vertical
height difference of the blade shaft relative to the front blade shaft
(L,), blade group rotational speed (w), and machine forwards speed
(v) was determined to be L, =—73.3 mm, w = 273.6 r/min, and v =
0.6 m/s. The field test results demonstrated that the prototype
achieved a tillage depth of 206.9 mm, a tillage depth stability of
95.3%, a soil surface evenness of 2.80 cm, and a straw burial rate of
92.6%, all of which met the quality requirements for rotary straw
tillage. Given the advantages of straw return in improving soil
conditions and promoting crop growth, these findings provide a
theoretical basis and practical case reference for achieving high-
quality mechanized straw return in rice-wheat rotation systems.

Overall, this study still presents the following limitations:
1) Due to the substantial computational demands of the coupled
simulation model, the fragmentation mechanisms of straw and
stubble were not considered; 2) The agronomic effectiveness of this
technical solution requires further validation through cultivation
practices. In the follow-up study, the long-term effects of biaxial
deep rotary tillage on soil physical properties (such as porosity,
permeability, etc.), soil microbial community structure, and crop
growth will be further studied to thoroughly evaluate the
comprehensive benefits. It also needs to address the compatible
operation of biaxial rotary tillage device with other agricultural
machinery to provide a more reliable technical solution for efficient
land preparation and high-quality seedbed environments.
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