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Abstract: Aiming at the lack of a precise discrete element model in the simulation analysis of corn
straw crushing, this paper established bond models with different structure and particle models
with different properties of corn straw based on Hertz-Mindlin with bonding, and verified the
discrete element model by combining physical test and simulation optimization design methods.
Firstly, this study generates the bonded particle models based on Hertz-Mindlin with bonding
for epidermis-epidermis, inner flesh-internal flesh, and epidermis-internal flesh, respectively. The
bonding parameters of the model are calibrated with the help of a bending damage test, bending
damage simulation test, and actual test with 2 mm/min speed. It shows that the maximum destructive
force errors of the epidermis and inner flesh are 2.4% and 1.6%, respectively. On this basis, a discrete
element model of corn straw is established by combining the calibrated parameters of the bonding
parameters of epidermis—epidermis, inner flesh—inner flesh, and epidermis—inner flesh bond.
The bending failure test shows that the mechanical properties of corn straw are similar between
the simulated test and the actual test, and the maximum destructive power is 288 N and 292 N,
respectively. The relative error is 1.36%. The feasibility of the discrete element model for simulation
analysis is verified, which shows that the established discrete element model can be applied to the
simulation analysis of corn straw cutting and crushing process.

Keywords: corn straw; discrete element method; maximum breaking force; bonding model

1. Introduction

Corn is one of the major food crops in China, and with the increase in planting area,
the amount of corn straw resources as a by−product of agricultural production is also
increasing, accounting for 42.87% of the total straw of the three major food crops [1]. In the
process of achieving “carbon peaking” and “carbon neutrality”, the potential use of maize
straw is increasingly valued, playing a huge role in the manufacture of biofuels [2], livestock
feed [3–5], soil nutrients [6–8], and composite materials [9–11], and straw cutting and
shredding are prerequisites for the effective use of crop straws, from silking to shredding
for field return [12–14]. The coarse fiber of corn straws at maturity formed, and the cutting
process, requires a large cutting force to ensure that the shredded segments of corn straws
meet the requirements [15], so the development of cutting and shredding equipment
dedicated to corn straws to improve the shredding quality of corn straws is essential to
promote the comprehensive utilization of corn straws. The discrete element method can
reveal the interaction mechanism between cutting components and corn straw, which
shows great advantages in designing and optimizing key components of the corn straw
shredder [16].

The discrete element method is applied to the study of straw cutting and crushing,
the difficulty is how to accurately establish the straw model and calibrate the parameter
values. Zhao Shuhong et al. [17] established multiple spherical particles with the same
diameter and generated a discrete element model of straw by means of spherical particle
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stacking, and the resulting model was a rigid body; Wang Ruili et al. [18] used the same
spherical particles to build a discrete element model of round bale corn straw breaking and
calibrated the contact parameters between materials using the stacking angle method; Fang
Mei et al. [19] conducted a study on corn straw, straw node and inner flesh mixtures to
the contact parameters were calibrated, and the discrete element models of straws, straw
nodes, and inner flesh were developed separately by using the spherical particle stacking
method. These studies considered corn straw as homogeneous material and used the same
kind of particle spheres to build the discrete element model, which ignored the mechanical
properties of the different structures of corn straw skin and inner flesh and the discrete
element model could not be simulated for fragmentation. In order to ensure the accuracy
of the discrete element model, some scholars selected different contact models to establish
the discrete element model of crop straws: For example, Li Xian Zhang et al. [20] used the
Hertz-Mindlin with JKR model to establish the discrete element model for the epidermis
and inner flesh of corn straws by combining mechanical tests and numerical models, and
conducted straw baling tests; Wang Weiwei et al. [21] used the Hertz-Mindlin with JKR
model to calibrate the parameters of the discrete element simulation model for dense
forming of corn straw meal, and verified the availability of the relevant parameters through
the corn straw meal mold hole compression test. The accuracy of the discrete element model
was further improved by building separate discrete element models for different structures
of corn straw (epidermis and inner flesh), but the method was mostly used for compression
molding simulations. In order to explore more deeply the accuracy of the discrete element
method to simulate corn straw crushing, Hou Jie [22], Shi Ruijie [23], Zhang Fengwei [24],
and Geng Duanyang [25] used the discrete element method Hertz-Mindlin with bonding
to construct the corresponding straw models, respectively, which can reflect its relevant
mechanical properties through bond rupture when subjected to external forces. Therefore,
this model can be considered for discrete element modeling of corn straw fragmentation.

The differentiation of relevant parameters of different structures in the process of
building discrete element models can further improve the accuracy and reliability of
simulation tests. In this paper, the discrete element Hertz-Mindlin, with bonding and
different kinds of particle spheres, are used to build the discrete element model of corn
straw skin and inner flesh, and the bonding parameters of the discrete element model are
calibrated by comparing the bending damage test with the simulation test. Then the cutting
and throwing test of corn straw is carried out, and the throwing distance of the broken
segments of corn straw is measured to further verify the accuracy of the simulation in order
to provide a parameter basis for studying the cutting and throwing mechanism of corn
straw and the optimization design of the shredder.

2. Materials and Methods
2.1. Test Materials

The corn straw of Zhongbang 1088 maize, which is commonly grown in the northern
region (China), is selected for the test, and its cross and longitudinal sections are shown
in Figure 1. The corn straw with more uniform diameter, that is thicker and straighter,
and has no obvious damage are selected from the root upwards, and the diameter, inner
flesh diameter, and skin thickness of the corn straw are measured by using vernier calipers,
which have a moisture content of 53% to 65%, the density of 613 kg/m3, the skin thickness
of about 2.5 mm, the density of about 698 kg/m3, and the inner flesh thickness of about
23.5 mm and the density of about 70 kg/m3.
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under external forces [26]. 
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the Hertz-Mindlin with Bonding model is used in the study are normal stiffness Kn, 
shear stiffness Ks, normal critical stress σ, and shear critical stress γ. The above parame-
ters cannot be obtained directly by experiment, according to the Hertz-Mindlin with 
Bonding model theory [27] and Moore’s shear theory [28], as Eq. 1 is shown. Combined 
with the mechanical compression and shear tests of different structures of corn straw in 
the previous phase of this project group and the related analysis [29,30], the range of 
values of different bonding parameters is calculated and shown in Table 1. 
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2.2. Hertz-Mindlin and Bonding Parameter Model

Using Hertz-Mindlin with bonding as a contact model between particles, bonding
bonds are generated between disconnected neighboring particles to limit the relative motion
between particles. Under the action of external forces, the particle spheres produce normal
and shear displacements, and the bonding bond is analyzed from the force point of view
by the changes in bending moment, torque, tension, pressure, and shear causing the bond
breakage, and the bonding bond is established in the discrete element by the parameters
of normal stiffness, shear stiffness, normal critical stress, and shear critical stress, so the
force required for bond breakage is adjusted by the changes in the values of the bonding
parameters, as shown in Figure 2. The bond will be broken when the stress between
adjacent particles reaches its maximum value. Therefore, this contact model is suitable
for simulating problems such as the breaking and fracture of corn straw under external
forces [26].
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The bond parameters of the epidermis, inner flesh, and epidermis-internal flesh of
corn straw are critical to the formation of the bond bonds between the particles in the
corn straw model and determine the accuracy of the discrete element model of corn straw.
If the stiffness value of the bonding parameter is less than the sum of external forces on
the particles, it will cause the straw model to collapse. On the contrary, if the stiffness
value of the bonding parameter is too large, the elastic deformation of the contact part
between the particles exceeds the critical value of the bonding bond, causing the particle
model to blow up. The main parameters of the inter−particle bonding bond when the
Hertz-Mindlin with Bonding model is used in the study are normal stiffness Kn, shear
stiffness Ks, normal critical stress σ, and shear critical stress γ. The above parameters
cannot be obtained directly by experiment, according to the Hertz-Mindlin with Bonding
model theory [27] and Moore’s shear theory [28], as Equation (1) is shown. Combined with
the mechanical compression and shear tests of different structures of corn straw in the
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previous phase of this project group and the related analysis [29,30], the range of values of
different bonding parameters is calculated and shown in Table 1.

Kn = 4
3

(
1−ε2

a
Ea

+
1−ε2

b
Eb

)−1(
ra+rb
rarb

)− 1
2

Ks =
(

1
2 ∼ 2

3

)
Kn

σ = F
πR2

γ = c + σ tan ϕ

(1)

where εa, εb is the particle Poisson’s ratio; Ea, Eb is the modulus of elasticity of particles,
MPa; ra, rb is the particle radius, mm; F is the critical pressure, N; R is the compressed
cotton radius, mm; C is the stem cohesion, MPa; and ϕ is the angle of internal friction (◦).

Table 1. Corn straw bonding parameters.

Bonding Parameters
Epidermal

Granules−Epidermal
Granules

Core Granules−
Core Granules

Core Granules−
Epidermal Granules

Normal
stiffness/(N·m−1)

3.9 × 109 2 × 108 2 × 107

5.2 × 109 3.8 × 108 3.5 × 108

6.5 × 109 5.6 × 108 5 × 108

7.8 × 109 7.4 × 108 6.5 × 108

9.1 × 109 9.2 × 108 6.5 × 108

Shear
stiffness/(N·m−1)

2.9 × 108 2.0 × 108 6 × 106

4.4 × 108 3.0 × 108 1.95 × 107

5.9 × 108 4.0 × 108 3.3 × 107

7.4 × 108 5.0 × 108 4.65 × 107

8.9 × 108 6.0 × 108 6 × 107

Normal critical
stress/Pa

1.0 × 108 1.5 × 107 4.5 × 105

2.1 × 108 2.5 × 107 5.0 × 105

3.2 × 108 3.5 × 107 5.5 × 105

4.3 × 108 4.5 × 107 6.0 × 105

5.4 × 108 5.5 × 107 6.5 × 105

Shear critical
stress/Pa

1.0 × 107 2.5 × 105 2.5 × 105

2.0 × 107 3.5 × 105 3.0 × 105

3.0 × 107 4.5 × 105 3.5 × 105

4.0 × 107 5.5 × 105 4.0 × 105

5.0 × 107 6.5 × 105 4.5 × 105

At the mature stage, corn straw show different degrees of lignification and fibrosis,
and the mechanical properties of different structures are different. Discrete element models
of epidermis and inner flesh are established by using the approximation method, as shown
in Figure 3.
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The discrete element model of the epidermis and inner flesh is established by the
particle substitution method, and the modeling process is shown in Figure 4, based on
Solidworks, to establish the geometric model of the epidermis and inner flesh of corn
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straw, and the mesh division is carried out by a combination of tetrahedral and hexahedral
methods; the divided model is imported into EDEM software, and the particle factory is
established to achieve rapid particle filling, and the particle database program is compiled
using Visio Studio to modify the particle volume fraction and particle diameter. The
particle volume fraction and particle diameter are modified by compiling the particle
database program with Visio Studio, setting the epidermal particle diameter to 1 mm and
the inner flesh particle diameter to 2.5 mm, and exporting the position coordinates of the
particles of different structures. The position coordinates of the different structural particles
are imported into the Hertz-Mindlin with the bonding replacement particle file, and the
bonding bonds are generated separately for the epidermal and inner flesh particles of corn
straw in EDEM. Finally, the values of bonding parameters, such as normal stiffness, shear
stiffness, normal critical stress, and shear critical stress are set in the EDEM.
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2.3. Bending Damage Test

The bending damage test of corn straw is carried out using a mass spectrometer
(TMS−Pro), with the length of the epidermis and inner flesh specimens being 100 mm and
the distance between the two pivot points of the test stand support base being 80 mm, and
the specimens are placed steadily on the support stand, as shown in Figure 5. First the
pressure plate is made vertical down close to the specimen, but not in contact with it, and
then the loading speed of 2 mm/min is adjusted, and the straw in the texture of the load
force is applied by the instrument after extrusion deformation and bending deformation
until fracture. The bending damage force at the time of straw fracture is the maximum load,
and finally, the maximum load value of the epidermis and inner flesh is recorded.
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2.4. Discrete Element Simulation of Bending Test

In the bending damage simulation, parameters such as the motion state, material
properties, and position relations of the loaded structural components need to be set, and
the geometric models of the support plate and pressure plate in the simulation are drawn
by Solidworks software, and their relative positions are the same as those of the actual
test, and the models of the pressure plate and support frame are imported into ANSYS
ICEM for meshing, and the pressure plate in the simulation process moves at a 2 mm/min
velocity vertical horizontal plane moving downward at a uniform speed, and the time
step calculated for the simulation is 6.5 × 10−7 s. According to the literature [31,32],
and combined with the stacking angle test of corn straw, the contact parameters between
different materials are derived, as shown in Table 2.

Table 2. Contact parameters of different structures of corn straw.

Contact Parameters Epidermis−Steel Inner Flesh−Steel Epidermis−Epidermis Epidermis−Inner
Flesh

Inner Flesh−Inner
Flesh

Crash recovery factor 0.608 0.358 0.481 0.385 0.301
Static friction

coefficient 0.328 0.378 0.211 0.432 0.487

Rolling friction
coefficient 0.112 0.128 0.096 0.118 0.142

2.5. Verification Experimental

The corn straw chopping machine is shown in Figure 6. The working principle of
the machine is as follows: corn straw is forced by the forward motion of the chain plate
into the cutting device, the chopped straw broken section is forced by gravity and the
dynamic knife into the throwing chamber, and the straw broken section in the role of the
throwing mechanism is thrown out. At the beginning of the test, a quantity of corn straw
is put on the conveyor chain plate to make the machine work at the speed set in the test.
When the speed is stable, the gearbox is opened to control the forward gear lever of the
conveyor chain plate, so that the straws are first cut into evenly broken segments and then
enter the throwing room, and the throwing mechanism sends the broken segments outside
the machine.
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To demonstrate the feasibility of the discrete element simulation method to study the
corn straw cutting and throwing process, a cutting and throwing test is designed, as shown
in Figure 7. The coupled CFD−DEM simulation of the corn straw cutting and throwing
test is carried out considering that the actual working process will generate high−speed
flowing airflow inside the throwing chamber. A three−dimensional model of the cutting
and throwing device is established using SolidWorks software, Fluent was used to mesh
the simulation model of the test bench, and the number of mesh quality requirements
should not be too much, and the cutting and throwing device was simplified for accurate
calculation results and reduced calculation time, and the Eulerian-Eulerian model was used
to realize the interaction between airflow and particles, and the flow of gas and particles
conformed to the actual law of motion, and the 3D model was imported into EDEM. The
boundary conditions are set in EDEM, and the parameters of the Hertz-Mindlin model and
the Hertz-Mindlin with bonding model are set, and the Fluent flow field information is
passed to EDEM for coupling through the API interface, and a discrete element model of
corn straw is established and simulated according to the above bonding parameters, as
shown in Figure 8. A single−factor control test is set up to compare the throwing distances
of straw chopped segments at different speeds (600, 625, 650, 675, and 700 r/min) in the
simulated and actual tests, and the relative errors of the throwing distances are calculated.
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3. Results and Discussion

To ensure that the strength and deformation of the discrete element model are con-
sistent with the actual test results, the bonding parameters are calibrated according to the
biological properties of corn straw itself divided into three different structures (epidermis,
inner flesh, and epidermis-internal flesh) to further optimize the established discrete ele-
ment model. Three sets of bonding parameters are coded before the simulation tests, with
five sets of replicate tests at the central group level and thirty sets of simulation tests for
different structures of straw, respectively.

3.1. Optimization of Corn Straw Epidermal Bonding Parameters

A straw with a diameter of about 28.5 mm in the middle section of corn straw is
selected, and the inner flesh is removed to make a cylinder specimen with a length of
100 mm, and a model of the same size is built in the discrete element for the virtual bending
damage test, as shown in Figure 9.
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bending test.

In order to ensure the reliability of the parameter range in the parameter calibration
process and avoid the adverse effects caused by the parameter taking values beyond the
range, the response surface test is designed according to the central combination design
principle. With F1 as the response value and X1 (normal stiffness), X2 (shear stiffness), X3
(normal critical force), and X4 (shear critical force) as independent variables, the bending
damage simulation test and analysis of corn straw are carried out, and the test factors and
levels are shown in Table 3, and the bending damage force test scheme and results are
shown in Table 4.
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Table 3. Factors and levels of epidermal bonding model simulation tests.

Code Value
Bonding Parameters

X1/(N·m−1) X2/(N·m−1) X3/MPa X4/MPa

−2 3.9 × 109 2.9 × 108 100 10
−1 5.2 × 109 4.4 × 108 210 20
0 6.5 × 109 5.9 × 108 320 30
1 7.8 × 109 7.4 × 108 430 40
2 9.1 × 109 8.9 × 108 540 50

Table 4. Simulation test design and results of epidermal bonding model.

Serial Number X1/(N·m−1) X2/(N·m−1) X3/MPa X4/MPa Destructive Power (F1)/N

1 5.2 × 109 7.4 × 108 210 40 119.2
2 7.8 × 109 4.4 × 108 430 40 117.8
3 6.5 × 109 5.9 × 108 320 30 159.3
4 7.8 × 109 7.4 × 108 210 20 190.9
5 5.2 × 109 4.4 × 108 430 40 98.3
6 5.2 × 109 7.4 × 108 430 20 112.4
7 6.5 × 109 5.9 × 108 320 30 139.5
8 9.1 × 109 5.9 × 108 320 30 136.9
9 6.5 × 109 5.9 × 108 100 30 97.4

10 6.5 × 109 5.9 × 108 320 30 138.4
11 6.5 × 109 5.9 × 108 540 30 92.9
12 6.5 × 109 2.9 × 108 320 30 88.6
13 7.8 × 109 4.4 × 108 210 40 113.7
14 5.2 × 109 4.4 × 108 210 40 105.9
15 7.8 × 109 4.4 × 108 210 20 119.2
16 6.5 × 109 5.9 × 108 320 50 130.6
17 7.8 × 109 4.4 × 108 430 20 129
18 5.2 × 109 4.4 × 108 430 20 88.7
19 6.5 × 109 8.9 × 108 320 30 169.5
20 6.5 × 109 5.9 × 108 320 30 137.8
21 6.5 × 109 5.9 × 108 320 30 135.6
22 5.2 × 109 7.4 × 108 430 40 78.2
23 6.5 × 109 5.9 × 108 320 30 136.3
24 5.2 × 109 7.4 × 108 210 20 90.8
25 6.5 × 109 5.9 × 108 320 10 90.3
26 5.2 × 109 4.4 × 108 210 20 91.5
27 7.8 × 109 7.4 × 108 210 40 141.7
28 3.9 × 109 5.9 × 108 320 30 80.1
29 7.8 × 109 7.4 × 108 430 40 133.6
30 7.8 × 109 7.4 × 108 430 20 148.2

Design−Expert software is applied to the bending damage force test results for quadratic
regression fitting analysis. As shown in Table 5, the regression model p = 0.0017 < 0.01, which
confirmed that the model was significant within the 95% confidence interval. Moreover,
the coefficient of determination (R2) and the adjusted coefficient of determination (R2

adj) are
0.9453 and 0.9163 close to 1, respectively, indicating that the calculated model is in good
agreement with the experimental data. The squared terms of normal stiffness X1, shear
stiffness X2, and shear stiffness X2 have a highly significant effect on the bending damage
force, and the squared terms of normal contact stiffness X1 and shear critical force X3 have
a significant effect on the bending damage force.
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Table 5. Bending damage force response surface quadratic regression model analysis of variance.

Source Degree of Freedom Mean Square F p

Model 14 1318.29 5.06 0.0017
X1 1 7444.80 28.59 <0.0001 **
X2 1 4074.22 15.65 0.0013 **
X3 1 238.77 0.9170 0.3534
X4 1 13.95 0.0536 0.8201

X1X2 1 877.64 3.37 0.0863
X1X3 1 3.15 0.0121 0.9139
X1X4 1 608.86 2.34 0.1470
X2X3 1 339.48 1.30 0.2714
X2X4 1 369.60 1.42 0.2520
X3X4 1 92.64 0.3558 0.5597

X2
1 1 1364.48 5.24 0.0370 *

X2
2 1 100.65 0.3866 0.5434

X2
3 1 2961.33 11.37 0.0442 *

X2
4 1 1182.38 4.54 0.0500

Intercept
Residual 15 260.37

Lack of fit 10 350.03 4.32 0.0600
Pure error 5 81.05
Cor total 29

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

Under the condition that the model is guaranteed to be significant and the misfit term
is not significant, the quadratic regression model is optimized and adjusted to eliminate
the insignificant terms normal critical force X3 and shear critical force X4 to establish the
regression equation of straw skin parameters and bending damage force as follows:

F1 = −428.01 + 6.06 × 10−8X1 + 1.26 × 10−7X2 − 4.17 × 10−18X2
1 − 8.59 × 10−16X2

3 (2)

Figure 10 shows the residual diagnostic plot of the quadratic model, and Figure 10a
demonstrates that the dispersion points are close to a straight line, indicating that the model
is sufficient to describe the relationship between the independent variables and the straw
bark damage force. Figure 10b shows the corresponding relationship between the residual
error and the equation. The more scattered the discrete points, the more irregular they
are, indicating that the prediction effect of this equation is better. Figure 10c shows the
comparison between the predicted and experimental values of straw epidermal damage
force. The linear distribution indicates that the model fits well and the model can analyze
and predict the straw epidermal damage force.
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The calculation by the constraint solver tool of Design−Expert shows that when
X1 = 6.8571 × 109 N/m and X2 = 5.2297 × 108 N/m, the simulated test damage force is
124.69 N, which is a 2.4% error from the average bending damage force of 127.8 N of the
actual test. The bending damage curve of the epidermis is shown in Figure 11, which shows
that the bending damage process of the epidermis is divided into three stages, including
extrusion deformation, bending damage, and fracture stage. The epidermis in the actual
test is tested by removing the inner flesh of the corn straw, retaining the outer bark of
the straw can better ensure the mechanical properties of the epidermis itself cylindrical
structure, and cutting the cylindrical structure of the destructive force at a greater force
than the destructive force required for the lamellar structure. At the beginning of the test,
the soft tissue of the epidermis is deformed, and the change in the damage force value
is not obvious; with the increase in displacement, the epidermis is bent and damaged,
and the damage force is linearly increased, and then the damage force increases slowly
until it reaches the maximum value. At this stage, the internal tissues of the epidermis
fractures successively until the bending damage force exceeds the binding strength of the
vascular bundles of all epidermal tissues, causing the epidermis to fracture. The epidermal
specimens used in this test are irregular hollow cylinders, and there are differences in
the bending process in terms of the damage force applied to different parts, which may
lead to fluctuations in the bending damage force and poor smoothness of the curve in the
actual test.

Appl. Sci. 2023, 13, 1156 12 of 22 
 

 
Figure 11. Comparison of bending damage force results of straw epidermis. 

3.2. Optimization of Internal Binding Parameters of Corn Straw 
The inner flesh of the corn straw is less hard compared to the epidermis, and the 

difference in cutting force between the dynamic and fixed knives cutting the epidermis 
and the inner flesh of the corn straw during the chopping process is large. Therefore, the 
bonding parameters of the inner flesh of the straw are calibrated. The shape of the inner 
flesh and the epidermis of the corn straw are close to circular in the cross−section, the 
sample shape of the epidermis bonding parameter calibration process is a hollow cylin-
der, the sample of the inner flesh bonding parameter calibration is a cylinder, and a sim-
ulated bending damage test is conducted, as shown in Figure 12. 

  
(a) (b) 

Figure 12. Comparison of straw inner flesh bending test. (a) Discrete element bending test of straw 
inner flesh; (b) physical bending test of straw inner flesh. 

With 𝐹ଶ as the response value and 𝑋ହ (normal contact stiffness), 𝑋଺ (shear stiff-
ness), 𝑋଻ (normal critical force), and 𝑋଼ (shear critical force) as the independent varia-
bles, the test codes for the independent variables of the inner flesh bonding parameters 
are shown in Table 6. The test protocols and results of the inner flesh bonding parame-
ters are shown in Table 7. 

Table 6. Internal flesh bonding model parameter codes. 

Code Value 
Internal Flesh Bonding Model Parameters 𝑿𝟓/(N·m−1) 𝑿𝟔/(N·m−1) 𝑿𝟕/MPa 𝑿𝟖/MPa 

−2 2 × 108 2.0 × 108 15 0.25 
−1 3.8 × 108 3.0 × 108 25 0.35 
0 5.6 × 108 4.0 × 108 35 0.45 
1 7.4 × 108 5.0 × 108 45 0.55 
2 9.2 × 108 6.0 × 108 55 0.65 

Figure 11. Comparison of bending damage force results of straw epidermis.

3.2. Optimization of Internal Binding Parameters of Corn Straw

The inner flesh of the corn straw is less hard compared to the epidermis, and the
difference in cutting force between the dynamic and fixed knives cutting the epidermis
and the inner flesh of the corn straw during the chopping process is large. Therefore, the
bonding parameters of the inner flesh of the straw are calibrated. The shape of the inner
flesh and the epidermis of the corn straw are close to circular in the cross−section, the
sample shape of the epidermis bonding parameter calibration process is a hollow cylinder,
the sample of the inner flesh bonding parameter calibration is a cylinder, and a simulated
bending damage test is conducted, as shown in Figure 12.
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Figure 12. Comparison of straw inner flesh bending test. (a) Discrete element bending test of straw
inner flesh; (b) physical bending test of straw inner flesh.

With F2 as the response value and X5 (normal contact stiffness), X6 (shear stiffness),
X7 (normal critical force), and X8 (shear critical force) as the independent variables, the test
codes for the independent variables of the inner flesh bonding parameters are shown in
Table 6. The test protocols and results of the inner flesh bonding parameters are shown in
Table 7.

According to the analysis of the inner flesh bending damage force response surface
multivariate regression model variance results to obtain the factors affecting the inner flesh
bending damage force, accuracy of the polynomial regression model on the premise of
optimization adjustment to eliminate insignificant terms is ensured, as shown in Table 8.
Among them, X5 (normal contact stiffness) and X6 (shear stiffness) have a very significant
influence on bending destructive power. X2

6 has a very significant influence on bending
destructive power, and X2

5 has a significant influence on bending destructive power. Fur-
thermore, the coefficient of determination (R2) and the adjusted coefficient of determination
(R2

adj) are 0.9380 and 0.9174 close to 1, respectively, indicating that the computational model
agrees well with the experimental data. The model can be analyzed and predicted for the
straw inner flesh damage force based on the residual diagnostic plot of the quadratic model
of straw inner flesh, as shown in Figure 13.
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Table 6. Internal flesh bonding model parameter codes.

Code Value
Internal Flesh Bonding Model Parameters

X5/(N·m−1) X6/(N·m−1) X7/MPa X8/MPa

−2 2 × 108 2.0 × 108 15 0.25
−1 3.8 × 108 3.0 × 108 25 0.35
0 5.6 × 108 4.0 × 108 35 0.45
1 7.4 × 108 5.0 × 108 45 0.55
2 9.2 × 108 6.0 × 108 55 0.65

Table 7. Experimental design and results of internal flesh bonding parameters.

Serial Number X5/(N·m−1) X6/(N·m−1) X7/MPa X8/MPa Destructive Power (F2)/N

1 5.6 × 108 4.0 × 108 35 0.45 34.1
2 3.8 × 108 3.0 × 108 25 0.55 30.1
3 7.4 × 108 3.0 × 108 45 0.35 35.63
4 7.4 × 108 3.0 × 108 25 0.55 28.7
5 3.8 × 108 5.0 × 108 25 0.55 22.89
6 5.6 × 108 4.0 × 108 15 0.45 28.9
7 2 × 108 4.0 × 108 35 0.45 24.62
8 3.8 × 108 3.0 × 108 45 0.55 30.58
9 9.2 × 108 4.0 × 108 35 0.45 40.8

10 5.6 × 108 4.0 × 108 35 0.45 38.2
11 7.4 × 108 3.0 × 108 45 0.55 26.81
12 5.6 × 108 4.0 × 108 35 0.45 38
13 5.6 × 108 4.0 × 108 35 0.45 38.45
14 5.6 × 108 4.0 × 108 35 0.65 40.9
15 5.6 × 108 4.0 × 108 35 0.25 29.21
16 7.4 × 108 5.0 × 108 45 0.55 26.63
17 7.4 × 108 5.0 × 108 25 0.35 23.9
18 5.6 × 108 4.0 × 108 55 0.45 41.02
19 3.8 × 108 3.0 × 108 25 0.35 25.63
20 5.6 × 108 4.0 × 108 35 0.45 42.2
21 5.6 × 108 2.0 × 108 35 0.45 36.22
22 3.8 × 108 3.0 × 108 45 0.35 32.94
23 5.6 × 108 6.0 × 108 35 0.45 20.21
24 3.8 × 108 5.0 × 108 45 0.55 20.49
25 7.4 × 108 3.0 × 108 25 0.35 28.7
26 3.8 × 108 5.0 × 108 25 0.35 20.02
27 7.4 × 108 5.0 × 108 25 0.55 37.6
28 3.8 × 108 5.0 × 108 45 0.35 18.5
29 7.4 × 108 5.0 × 108 45 0.35 30.1
30 5.6 × 108 4.0 × 108 35 0.45 38.4
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Table 8. Analysis of variance of quadratic regression model of internal flesh bending damage force
response surface.

Source Degree of Freedom Mean Square F p

Model 14 82.08 3.69 0.0085
X5 1 199.99 8.99 0.0090 **
X6 1 209.92 9.44 0.0077 **
X7 1 33.56 1.51 0.2382
X8 1 42.03 1.89 0.1894

X5X6 1 79.83 3.59 0.0776
X5X7 1 0.8100 0.0364 0.8512
X5X8 1 1.93 0.0869 0.7722
X6X7 1 28.94 1.30 0.2718
X6X8 1 29.70 1.34 0.2659
X7X8 1 70.98 3.19 0.0942

X2
5 1 140.02 6.30 0.0241 *

X2
6 1 313.93 14.12 0.0019 **

X2
7 1 78.98 3.55 0.0790

X2
8 1 76.78 3.45 0.0829

Intercept
Residual 15 22.24

Lack of fit 10 30.06 4.56 0.0539
Pure error 5 6.59
Cor total 29

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

Since X7 (normal critical force) and X8 (shear critical force) are not significant terms, the
central horizontal values are 35 MPa and 0.45 MPa, respectively. The quadratic regression
equation between the bending destructive power of inner flesh and the significant factors
is obtained after the non−significant terms are removed.

F2 = −106.68 + 5.76 × 108X5 + 1.57 × 107X6 − 6.97 × 1017X2
5 − 3.38 × 1016X2

6 (3)

The calculation by the constraint solver tool of Design−Expert shows that when
X5 = 7.2 × 108 N/m and X6 = 3.48 × 108 N/m, the simulated test damage force is 32.57 N,
which is 1.6% error from the actual test average bending damage force of 28.14 N. The
bending damage curve of the inner flesh is shown in Figure 14, which shows that the
bending damage process of the inner flesh is divided into three stages, including extrusion
deformation, bending damage, and fracture stage, which is similar to the bending damage
trend of the epidermis. In order to ensure the inner flesh structure and mechanical proper-
ties, the inner flesh is obtained by cutting the external epidermal tissue, and the hardness
of the inner flesh is low compared with the hardness of the epidermis, and the inner flesh
contact point is deformed elastically after applying force, and gradually the internal fibers
break. The curve fluctuation in the actual test bending test is produced by the gradual
fracture of the fiber, not the internal fiber fracture at the same time. At the beginning of
the test, the change in the damage force is small, but the resulting displacement is large.
It is possible that this part of the curve reflects not the mechanical properties of the inner
flesh, but the instability caused by the placement of the inner flesh specimen. With the
increase in displacement, the bending damage force in the actual test and simulation test
appears to decrease, the reason may be that the damage occurs at the weak position of the
material inside the specimen, the damage force decreases rapidly, and then the damage
force is assumed by the surrounding material and the damage force rises, and this process
keeps repeating; when the damage force continues to increase to the peak, the inner flesh
fractures and the damage force starts to decrease. The inner flesh cells are loose and porous,
elastic, and the epidermal fiber tissue strength difference is obvious, so the destructive force
of the inner flesh will not produce a sudden fracture.
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3.3. Optimization of Bonding Parameters between Epidermis and Inner Flesh of Corn Straw

The epidermis and the inner flesh of the corn straw are not two independent indi-
viduals, but are connected to each other. The bond parameters of the epidermis and the
inner flesh lacks in the present corn straw bond parameter calibration test. The bonding
parameters between the epidermis and the inner flesh are calibrated by bending damage
force tests on the whole corn straw, as shown in Figure 15.
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The calibration process of bonding parameters between epidermis and inner flesh
is the same as the previous two calibration processes, with F3 (bending damage force) as
the response value, X9 (normal contact stiffness), X10 (shear stiffness), X11 (normal critical
force), and X12 (shear critical force) as the independent variables, coded according to the
range of epidermal and inner flesh bonding parameters, as shown in Table 9, the number
of repeat tests for the central group of epidermal and inner flesh bonding parameters test is
six groups, the total number of tests is thirty groups, and the test protocol and results are
shown in Table 10.

Table 9. Parameter codes of the epidermal and inner flesh bonding model.

Code Value
Bonding Parameters

X9/(N·m−1) X10/(N·m−1) X11/MPa X12/MPa

−2 2 × 107 6 × 106 0.45 0.25
−1 3.5 × 108 1.95 × 107 0.50 0.30
0 5 × 108 3.3 × 107 0.55 0.35
1 6.5 × 108 4.65 × 107 0.60 0.40
2 6.5 × 108 6 × 107 0.65 0.45
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Table 10. Experimental design and results of bonding parameters between epidermis and inner flesh.

Serial
Number X9/(N·m−1) X10/(N·m−1) X11/MPa X12/MPa Destructive

Force (F3)/N

1 5 × 108 4.65 × 107 0.5 0.3 280.4
2 2 × 108 4.65 × 107 0.6 0.3 302.4
3 2 × 108 4.65 × 107 0.5 0.3 302.2
4 3.5 × 108 3.3 × 107 0.55 0.35 298.2
5 3.5 × 108 3.3 × 107 0.45 0.35 296
6 5 × 108 4.65 × 107 0.6 0.3 269.3
7 5 × 108 4.65 × 107 0.5 0.4 310.9
8 3.5 × 108 3.3 × 107 0.55 0.25 285.4
9 3.5 × 108 3.3 × 107 0.55 0.45 329.2
10 3.5 × 108 3.3 × 107 0.65 0.35 250.9
11 5 × 108 4.65 × 107 0.6 0.4 308.9
12 3.5 × 108 3.3 × 107 0.55 0.35 293
13 2 × 108 4.65 × 107 0.5 0.4 280.2
14 5 × 108 1.95 × 107 0.5 0.4 329.8
15 2 × 108 1.95 × 107 0.6 0.3 257.5
16 5 × 108 1.95 × 107 0.6 0.3 246.5
17 2 × 108 1.95 × 107 0.5 0.4 313.8
18 3.5 × 108 6 × 107 0.55 0.35 278.2
19 5 × 107 3.3 × 107 0.55 0.35 287.7
20 3.5 × 108 6 × 107 0.55 0.35 278.4
21 2 × 108 1.95 × 107 0.6 0.4 278.3
22 6.5 × 108 3.3 × 107 0.55 0.35 310.3
23 3.5 × 108 3.3 × 107 0.55 0.35 281.2
24 5 × 108 1.95 × 107 0.6 0.4 280.3
25 3.5 × 108 3.3 × 107 0.55 0.35 308.9
26 2 × 108 4.65 × 107 0.6 0.4 288
27 3.5 × 108 3.3 × 107 0.55 0.35 274.9
28 2 × 108 1.95 × 107 0.5 0.3 307.7
29 3.5 × 108 3.3 × 107 0.55 0.35 306.8
30 5 × 108 1.95 × 107 0.5 0.3 279.1

A quadratic regression fit analysis of the experimental design and results, as shown in
Table 11, shows that X11 (normal critical force), X12 (shear critical force), a X9X12, X10X11
have a highly significant effect on the straw bending damage force, X2

11 has a significant
effect on the straw bending damage force, where X9 (normal stiffness) and X10 (shear
stiffness) and the squared terms of these two are insignificant, X9X12 and X10X11 are
significant, moreover, and the coefficient of determination (R2) and the adjusted coefficient
of determination (R2

adj) are 0.9635 and 0.9364 close to 1, respectively, indicating that the
calculated model agrees well with the experimental data. The model can be analyzed and
predicted for the whole straw damage force based on the residual diagnostic plot analysis,
as shown in Figure 16. The quadratic polynomial equation between each significant factor
and the bending damage force F3 after optimizing and adjusting the quadratic regression
model with the guarantee of significant model and insignificant misfit term:

F3 = 293.74 + 0.014X11 − 0.0012X12 + 1.37 × 1012X9X12+1.51 × 1011X10X11 − 2.03 × 109X2
11 (4)
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Table 11. Analysis of variance of the quadratic regression model for the response surface of the
epidermis and flesh bending damage force.

Source Degree of Freedom Mean Square F p

Model 14 763.56 7.08 0.0003
X9 1 17.17 0.1592 0.6955
X10 1 99.63 0.9240 0.3517
X11 1 2884.23 26.75 0.0001 **
X12 1 2256.22 20.92 0.0004 **

X9X10 1 20.93 0.1941 0.6658
X9X11 1 19.14 0.1775 0.6795
X9X12 1 1683.05 15.61 0.0013 **
X10X11 1 1654.46 15.34 0.0014 **
X10X12 1 377.33 3.50 0.0810
X11X12 1 13.14 0.1219 0.7319

X2
9 1 48.08 0.4459 0.5144

X2
10 1 406.78 3.77 0.0711

X2
11 1 703.25 6.52 0.0220 *

X2
12 1 316.88 2.94 0.1071

Intercept
Residual 15 107.83

Lack of fit 10 68.45 0.3668 0.9168
Pure error 5 186.59
Cor total 29

Note: ** means highly significant (p < 0.01), * means significant (0.01 ≤ p < 0.05).
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Figure 16. Residual diagnostic plot of the whole straw quadratic model. (a) Normal plot of residuals;
(b) residuals vs. predicted; and (c) predicted vs. actual.

The calculation by the constraint solver tool of Design−Expert shows that when
X9 = 2.57 × 108 N/m, X10 = 3.77 × 107 N/m, X11 = 0.573 MPa, and X12 = 0.330 MPa, the
simulated test damage force is 288 N, and the error is 1.36%, with the actual test average
bending damage force of 292 N.

The values of the bonding parameters are set in the Hertz-Mindlin with bonding
module of the EDEM software according to the better parameter values obtained from the
above simulation tests, as shown in Table 12.
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Table 12. Whole straw bonding parameters.

Bonding Parameters Epidermal Granules−Epidermal
Granules

Core Granules−Core
Granules

Core Granules−Epidermal
Granules

Normal stiffness/(N·m−1) 6.88 × 109 N/m 7.2 × 108 N/m 2.57 × 108 N/m
Shear stiffness /(N·m−1) 4.74 × 108 N/m 3.48 × 108 N/m 3.77 × 107 N/m
Normal critical stress/Pa 3.79 × 108 Pa 3.5 × 107 Pa 5.73 × 105 Pa
Shear critical stress/Pa 3 × 107 Pa 4.5 × 105 Pa 3.3 × 105 Pa

The average value of bending damage force of corn straw is 288 N obtained from five
repeated simulation tests under this combination of optimized parameter values, with a
relative error of 1.36% from the bending damage force value of 292 N measured by actual
physical tests. The bending damage curve of the whole corn straw is shown in Figure 17.
The bending damage process of corn straw is divided into three stages, including extrusion
deformation, bending damage, and fracture stage, which is similar to the bending damage
trend of epidermis and inner flesh. Corn stalks in the actual bending breaking force test
the epidermis by the inner flesh support role with the epidermis bending test different will
not produce significant cracking, and the whole straw force curve increase rate is greater
than the force curves of the skin and inner flesh increased at a rate greater than that of
the skin and inner flesh. From the values of the bending damage force of corn straw, the
maximum damage force of the whole corn straw is not simply the sum of the maximum
damage force of the outer skin and the inner flesh, but is significantly greater than the sum
of both. The reason may be that the applied bending force is also transferred between the
different structures, and the bonded structure of the outer skin and inner flesh increases
the strength of the corn straw when subjected to the breaking force, while acting as a buffer
to avoid the phenomenon of collapse of the straw skin and sudden drop of the breaking
force. Therefore, the epidermal and inner flesh bonding structures have a significant effect
on the bending breaking force of the corn straw and should not be ignored.
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3.4. Control Test Analysis

The material throwing distances of the cutting and throwing device at different spindle
speeds were obtained by fitting the material throwing trajectory coordinates using Origin
2019, as shown in Figure 18. The measured and simulated values of the corn straw throwing
distances at four speeds of 600, 625, 650, 675, and 700 r/min are shown in Table 13, and the
relative errors of the throwing distances are 6.1%, 5.5%, 6.4%, 6.3%, 5.8%, 6.3%, and 5.8%.
The results show that the relative errors are within 7%. In the actual test, the air source
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is wide and the airflow is complex, while in the discrete element simulation, the airflow
in the external area of the machine is more stable than in the actual test. Therefore, the
throwing distance of the actual test is larger than that of the simulation. Figure 18 compares
the actual and simulated shredded sections of corn straw being cut and thrown outside the
machine, and they are generally consistent.
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Table 13. Test comparison and results.

Test Parameters
Shredder Speed r/min

600 625 650 675 700

Throwing
distance l/(mm)

Simulation test 5410 5990 6280 6950 7510
Bench test 5760 6340 6710 7420 7970

Relative error/% 6.1 5.5 6.4 6.3 5.8

4. Conclusions

• According to the structural mechanical characteristics of the corn straw, the crushing
models of the whole corn straw, the skin of the straw, and the inside of the straw are
established, and the grain bonding parameters are checked by combining with the
bending destructive test, and the straw bonding parameters are obtained when the wa-
ter content is 53~65%. The normal contact stiffness of the epidermis is 6.88 × 109 N/m,
the shear stiffness of the epidermis is 4.74 × 108 N/m, the normal critical force of
the epidermis is 379/MPa, the normal critical stress of the epidermis is 320 MPa, the
shear critical stress of the epidermis is 30MPa, the normal stiffness of the inner flesh
is 7.2 × 108 N/m, the shear stiffness of the inner flesh is 3.48 × 108 N/m, the normal
critical stress of the inner flesh is 35 MPa, the shear critical stress of the inner flesh
is 0.45 MPa, the normal stiffness of the epidermis-inner flesh is 2.57 × 108 N/m, the
shear stiffness of the epidermal-inner flesh is 3.77 × 107 N/m, the normal critical
stress of the epidermal-inner flesh is 0.573 MPa, and the shear critical stress of the
epidermal-inner flesh is 0.33 MPa.

• The Hertz-Mindlin with bonding parameters obtained by parameter checking are used
to carry out the simulation test of cutting and throwing, and the distance after cutting
and throwing of corn straw is measured. Five kinds of throwing distances are obtained
at the spindle speed of 600, 625, 650, 675, and 700 r/min. The corresponding throwing
distance of each kind of speed is 5410, 5990, 6280, 6950, and 7510 mm, respectively.
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• Experimental validation is performed for the simulation results. When the spindle
speed is 600, 625, 650, 675, and 700 r/min, the corresponding throwing distances
are 5760, 6340, 6710, 7420, and 7970 mm, respectively. The throwing distance of
straw fragments increases with the increase in rotating speed, and the influence law
is consistent with the actual test. The relative error between the simulation results
and the actual test is less than 7%. Thus, it can be shown that the simulation model,
as well as the parameters of corn straw, can be used for discrete element simulation
experiments of cutting and throwing of corn straw.

This paper is limited by the simulation tools in the course of the study, the complex
actual operation process is simplified, simulation and experimental studies are carried out
on the straw breaking and cutting and throwing process for only five speeds, and there
are some differences than the actual operation process. The Hertz-Mindlin with bonding
model used in the study is applicable to the simulation of cutting and throwing of corn
straw with different tissues and without knots, and further exploration and validation is
needed when people use corn straw studies for other characteristics. The effect of nodal
straw and blades on the throwing distance is ignored in the validation process. From the
conclusion of the study, it can be seen that the study method in this paper is applicable to
the simplified cutting and throwing process of corn straw, which can further enrich the
means of structural optimization of the cutting and throwing straw processing machine and
improve the efficiency of the processing machine and the quality of the straw shredding
section with reference significance.
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