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Abstract: A set of suitable parameter values is crucial in discrete element method (DEM) simulations.
As a non-spherical particle, the coefficients of rolling friction between maize seed particles and
between the seed particles and the boundary are hard to measure directly and must be obtained
by calibration. In this paper, taking three representative maize varieties as research objects, the
necessity for the accurate calibration of the coefficients of rolling friction between seed particles and
between seed particles and boundaries is investigated. Subsequently, by studying the sensitivity of
the coefficients of rolling friction between seed particles and between seed particles and the boundary
to the angle of repose test, the methods used to calibrate the coefficients of rolling friction between
seed particles and between the particles and the boundary are determined. It can be seen from the
results that the coefficients of rolling friction between the seed particles and between the seed particles
and the boundary have a significant influence on the test results, so these two parameters must be
accurately calibrated. Additionally, the coefficient of rolling friction between seed particles and the
boundary has no effect on the piling angle, but the piling angle is highly sensitive to the coefficient of
rolling friction between seed particles. By comparing the simulation results and the experimental
results in the lifting cylinder and “self-flow screening” tests, the calibrated seed parameters were
found to be accurate and valid.

Keywords: discrete element method; maize seed; non-spherical particle; parameter calibration;
coefficients of rolling friction

1. Introduction

A set of suitable parameter values is crucial in discrete element method (DEM) simula-
tion [1]. For maize seeds, because of their irregular shape, the coefficients of rolling friction
between particles and between the particles and wall are hard to measure directly. It is
necessary to obtain them by the calibration method. Some studies [2,3] showed that the
coefficients of rolling friction of non-spherical particles did not need to be considered in
DEM simulation and the test requirements could be well met by calibrating the coefficient
of sliding friction. However, some studies suggested that the coefficient of rolling friction
should be considered for non-spherical particles, and the coefficient of rolling friction had a
large impact on the particle group behavior [4–10]. Shi [9] calibrated only the coefficient of
rolling friction between maize seed particles and did not consider the coefficient of rolling
friction between maize particles and the boundary. Wang [5], Chen [8], and Wang [4]
calibrated the coefficients of rolling friction between maize particles and between seed par-
ticles and the wall. Therefore, for the selection of maize seed parameters, whether rolling
friction needs to be considered, whether the coefficients of the rolling friction between
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particles and between particles and the wall both need to be accurately calibrated, and how
the coefficients of rolling friction affect the movement of maize seed particles need to be
studied further.

Moreover, when more than two parameters need to be calibrated, there may be more
than one combination of the parameters meeting the test requirements. Therefore, it is not
accurate to obtain the contact parameters of maize seeds by a single-factor test without
confirming that the calibration test is sensitive to only one of the parameters. When
calibration tests are carried out by multifactor and multilevel comprehensive tests, the
combination of parameters may not be the optimal result. Moreover, the more parameters
that need to be calibrated, the more complex the calibration test will be, and the accuracy
of the calibration results will be reduced. Therefore, determining a set of accurate contact
parameters through fewer calibration tests requires further research.

Based on the abovementioned issues, three representative maize seed varieties were
chosen for study. Some parameters of maize seed particles are measured by direct mea-
surement. The effect of the coefficients rolling friction between seed particles and between
seed particles and wall on the population behavior of seed particles is analyzed by piling
angle and “self-flow screening” tests, and the calibration method of seed parameters is
determined by the sensitivity study. The accuracy of the calibrated seed parameters was
validated by the lifting cylinder test and “self-flow screening” tests. This article offers a
reference for the calibration of particle parameters of maize seeds.

2. Measurement of Particle Parameters of Maize Seed

In this section, the moisture content, coefficient of restitution, coefficient of static friction,
particle density, and other parameters of maize seeds are measured by direct measurement.

2.1. Measurement of the Moisture Content of Seed Particles

In this paper, the moisture content of maize seeds is determined by heat drying under
atmospheric pressure. The formula for calculating the moisture content of maize seeds
according to the mass difference of maize seeds before and after drying is as follows:

w =
m2 −m3

m2 −m1
× 100% (1)

where the moisture content of maize seed is w; the mass of box is m1; the total mass of the
box and maize seed particles before drying is m2; the total mass of the box and maize seed
particles after the last drying is m3. Five repetitions are made for every group.

2.2. Measurement of Seed Particle Density

In this paper, the pycnometer method is used to measure the particle density of maize
seeds. The formula for calculating the particle density of seed particles is as follows:

ρp =
m0 · ρw

m2 −m3 + m0
× 100% (2)

where particle density of maize seeds is ρp; density of distilled water at a certain temper-
ature is ρw; the mass of maize seeds is m0; the mass of empty volumetric flask is m1; the
mass of the volumetric flask filled with distilled water is m2; the mass of volumetric flask
filled with maize seeds and distilled water is m3. The experiment is repeated five times in
each group.
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2.3. Measurement of Coefficients of Restitution between Seed Particles and between Particles
and Boundaries
2.3.1. Measurement of the Coefficient of Restitution between Particles and Boundaries

In this paper, the dropping test [11,12] is used to determine the coefficient of restitution
between seed particles and boundaries (the organic glass plate). If the influence of air
resistance is not considered, the coefficient of restitution can be expressed as follows:

ew =

√
h
H

(3)

where the coefficient of restitution between seed particles and boundaries is ew; rebound
height of seed particles is h; the initial height of seed particles is H.

The procedure of measuring the coefficient of restitution between maize seed particles
and boundaries is as follows. First, the position of the support frame was adjusted so that
the air pump nozzle was directly above the organic glass plate, and the angle of the mirror
was adjusted so that the organic glass plate could be seen completely through the computer
screen. After the air pump generates suction, the seed is adsorbed on the nozzle, as shown
in Figure 1a. Second, when the air pump is turned off, the seed falls vertically under gravity
and collides with the organic glass plate, which is recorded by a high-speed camera (YORK
TECH, Rock Hill, SC, USA). Playing back the video, contact point 1 with the aid of the
mirror is marked when the seed contacts the organic glass plate for the first time, as shown
in Figure 1a, and similarly, contact point 2 is marked when the seed contacts the organic
glass plate for the second time, as shown in Figure 1b. Finally, the offset distance between
contact point 1 and contact point 2 is compared. If the offset distance is small, namely,
there is a vertical collision, and no obvious rotation occurs after the seed collides with the
organic glass plate, the test data will be retained; otherwise, they will be eliminated until
the number of tests meeting the requirements reaches 10.
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first collision and (b) Second collision.

2.3.2. Measurement of the Coefficient of Restitution between Seed Particles

In this paper, the single pendulum test [13] is used to determine the coefficient of
restitution between maize seed particles. If the influence of air resistance is not considered,
the coefficient of restitution between maize seed particles is expressed as follows:

ep =

√
H2 −

√
H1√

H0
(4)
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where the coefficient of restitution between maize seed particles is ep; the initial height of
seed particle 1 is H0; the height of seed particle 1 after the collision is H1; the height of seed
particle 2 after the collision is H2.

The procedure of measuring the coefficient of restitution between maize seed particles
is as follows. First, lift particle 1 on the left side up to a certain height and release freely,
as shown in Figure 2a. Second, under the action of gravity and tension, particle 1 swings
down to the right and collides with stationary particle 2 on the right. After the collision,
the two particles will swing to the right until they reach their respective highest point (see
Figure 2b). Finally, a high-speed camera (YORK TECH, Rock Hill, SC, USA) is used to
record the whole collision process, and measurements for the initial height of the particles
and the height after the collision are obtained. The test is repeated 10 times.
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Figure 2. Platform to test the coefficient of restitution between seed particles: (a) initial position and
(b) the position of the highest point after a collision.

2.4. Measurement of Coefficients of Static Friction between Seed Particles and between Particles
and Wall

In this paper, the slope method is selected to determine the coefficient of static friction
between particles and between particles and boundaries. The experimental device is shown
in Figure 3.
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The procedure of measuring the coefficient of static friction between particles and
boundaries (organic glass) is as follows. First, three randomly selected maize seed particles
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were glued on an 80 mm × 80 mm × 10 mm organic glass plate, and the organic glass plate
adhered to maize seed particles was placed on an organic glass plate installed on the device
(see Figure 3a). The inclinometer is located horizontally at the device. Second, the slope is
slowly lifted until the organic glass plate adhering to the maize seed particles slid down the
slope. Finally, the indicator θ of the inclinometer is obtained when the maize seed particles
just slide on the inclined plane by the high-speed camera (YORK TECH, Rock Hill, SC,
USA). The experiment is repeated five times in each group. The coefficient of static friction
between the seed particles and the wall is calculated by the following formula µspw:

µspw = Tan θ (5)

where the coefficient of static friction between the seed particles and the boundary is µspb
and the indicator of the inclinometer when the maize seed particles just slide on the inclined
plane is θ.

Since one side of the horse-tooth-shaped maize seed particles is flat, the coefficient of
static friction between seed particles is measured by the above slope method.

The procedure of measuring the coefficient of static friction between seed particles
is as follows. First, six horse-tooth-shaped seed particles with flat surfaces are selected,
and the selected seed particles are glued on the device and the 40 mm × 40 mm × 10 mm
organic glass plate. The organic glass plate adhered to three seed particles was placed
above the corresponding three seed particles glued on the device. The inclinometer is
placed horizontally on the device, as shown in Figure 3b. Second, the slope was slowly
lifted until the organic glass plate adhering to the maize seed particles slid down the slope.
Finally, the indicator ϕ of the inclinometer is obtained when the maize seed particles just
slide on the inclined plane by the high-speed camera (YORK TECH, Rock Hill, SC, USA),
and the test is repeated 5 times. The coefficient of static friction between the seed particles
is calculated by the following formula µspp:

µspp = Tan ϕ (6)

where the coefficient of static friction between the seed particles is µspp and the indicator of
the inclinometer when the maize seed particles just slide on the inclined plane is ϕ.

2.5. Parameter Setting

Poisson’s ratio was chosen according to ASAE Standards [14,15]. The Young’s modu-
lus of maize seeds was adopted from ref. [10], which is 3.836× 108 Pa.

3. Particle Model of Maize Seed

Maize seeds can be divided into five shapes: horse-tooth, truncated triangular pyra-
mid, ellipsoidal cone, spheroid, and irregular [10]. However, the contact parameters
between seed particles and between seed particles and boundaries are independent of the
shape of particles. Therefore, taking horse-tooth seeds as the research object, the contact
parameters between maize seed particles and between maize seed particles and boundaries
are calibrated. The particle models of horse-tooth seeds of the three maize varieties are
shown in Figure 4.
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4. Influence of Coefficients of Rolling Friction between Seed Particles and between
Seed Particles and Boundary on Tests

In this section, the influence of the coefficients of rolling friction between seed parti-
cles and between seed particles and the boundary on the piling angle test and the “self-
flow screening” test is investigated to validate the necessity of accurate calibration of
the coefficients of rolling friction between seed particles and between seed particles and
the boundary.

4.1. Influence of Coefficients of Rolling Friction between Seed Particles on Piling Angle Test

In addition to the coefficients of rolling friction between seed particles and between
seed particles and the boundary, other parameters used in the simulation are shown in
Table 1. The coefficient of rolling friction between seed particles and the boundary is set
to 0.03, and the coefficient of rolling friction between seed particles is selected as 7 levels
of 0, 0.03, 0.06, 0.09, 0.12, 0.18, and 0.21 to study the influence of the coefficient of rolling
friction between seed particles on the piling angle. EDEM 2018 (4.0.0) software and the
HM-new-restitution contact model [16,17] are employed to conduct the piling angle test.

The process of the draw-down test is as follows. When the simulation begins, first, a
cuboid area of 320 mm × 64 mm × 25 mm is established to create seed particles (1.5 kg).
Then, when the seeds gradually stabilize, the hole in the middle opens, and the particles
flow downward. Lastly, when the particles do not move, particles left above the device
form two piling angles, as shown in Figure 5. The piling angles are measured by the image
processing method. Five repetitions are made for every group.
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Table 1. Parameters used in the simulation.

Parameters Symbols
Liangyu 99 Xianyu 335 Zhengda 999

Maize Organic Glass Maize Organic Glass Maize Organic Glass

Density (kg/m3) ρ 1263 1800 1271 1800 1262 1800
Poisson’s ratio υ 0.4 0.35 0.4 0.35 0.4 0.35

Young’s modulus (Pa) G 3.836 × 108 3.51 × 109 3.836 × 108 3.51 × 109 3.836 × 108 3.51 × 109

Coefficients of restitution e 0.707 0.704 0.609 0.664 0.762 0.69
Coefficients of static friction µs 0.218 0.26 0.297 0.244 0.206 0.238
Coefficient of rolling friction µr

4.2. Effect of the Coefficient of Rolling Friction between Seed Particles and the Boundary on the
Percentage Passing

In this section, the effect of the coefficient of rolling friction between seed particles
and the boundary on the percentage passing is explored by the screening test. EDEM 2018
(4.0.0) software and the HM-new-restitution contact model [16,17] are employed to conduct
the angle of repose test. The coefficient of rolling friction between seed particles is set
to 0.03, and the coefficient of rolling friction between seed particles and the boundary is
selected as 7 levels of 0, 0.03, 0.06, 0.09, 0.12, 0.18, and 0.21. Other parameters used in the
simulation are fixed, as shown in Table 1.

The process of the sieving test is as follows. First, a cuboid area of 60 mm × 100 mm
× 280 mm is established in the loading box to create seed particles (0.2 kg), as shown in
Figure 6. Then, when the seeds gradually stabilize, the hole in the middle opens, and the
particles flow down by gravity. When the movement of particles is finished, the particles
stay either in the collecting box beneath the sieve deck or on the screening deck. Lastly, the
seed mass falling into each collecting box and the total mass passing through the sieve was
quantified. Each simulation is repeated five times.
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4.3. Analysis of the Effect of Coefficients of Rolling Friction between Maize Seed Particles and
between Maize Seed Particles and Boundary on the Tests
4.3.1. Analysis of the Influence of the Coefficient of Rolling Friction between Seed Particles
on the Piling Angle

Figure 7a–c shows the effect of the coefficient of rolling friction between seed particles
on the piling angle for the three maize varieties. It can be seen from Figure 7a–c that
with an increasing coefficient of rolling friction between seed particles, the piling angle
increases first and subsequently decreases. Taking Liangyu 99 as an example, Figure 7a
shows that when the coefficient of rolling friction between seed particles increases from 0
to 0.15, the angle of repose increases accordingly. The reason is that with the increase in the
coefficient of rolling friction between seed particles, the rolling resistance between seed
particles increases, thus increasing the piling angle. As the coefficient of rolling friction
between seed particles increases from 0.15 to 0.21, the piling angle decreases gradually. The
reason is that with the increase in the coefficient of rolling friction between seed particles,
more seed particles stay in the middle region, forming a sector shape, which reduces the
piling angle.
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Therefore, the coefficient of rolling friction between seed particles has a significant
impact on the group behavior of seed particles, and it is necessary to accurately calibrate
the coefficient of rolling friction between seed particles.

4.3.2. Analysis of the Effect of the Coefficient of Rolling Friction between Seed Particles
and the Boundary on the Percentage Passing

Figure 8 shows that with the increase in the coefficient of rolling friction between seed
particles and the boundary, the percentage passing of maize seeds decreases significantly.
The reason is that with the increase of the coefficient of rolling friction between seed parti-
cles and boundary, the resistance of the particles rolling on the screen deck increases, which
will make more particles accumulate on the screen deck, thus reducing percentage passing.
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Therefore, the coefficient of rolling friction between seed particles and the boundary
has a greater impact on the screening process of maize seeds, and it is essential to accurately
calibrate the coefficient of rolling friction between seed particles and the boundary.

5. Study on the Sensitivity of Coefficients of Rolling Friction between Seed Particles
and between Seed Particles and Boundary

In this section, the sensitivity of the coefficients of rolling friction between seed
particles and between seed particles and the boundary to the angle of repose is studied to
provide an effective basis for parameter calibration by a single-factor test.

5.1. Study on the Sensitivity of Coefficients of Rolling Friction between Seed Particles and between
Seed Particles and Boundary to Angle of Repose

When more than two parameters need to be calibrated, there may be more than one
set of the simulation parameters meeting the test requirements. If a single-factor test is
selected to calibrate parameters, it is necessary to prove that the calibration test is sensitive
to only one parameter. Therefore, the coefficient of rolling friction between seed particles
and the coefficient of rolling friction between seed particles and the boundary is taken as
7 levels, and a 7 × 7 comprehensive test is carried out to investigate the sensitivity of the
coefficients of rolling friction between seed particles and between seed particles and the
boundary to the piling angle.

5.2. Analysis of the Sensitivity of Coefficients of Rolling Friction between Seed Particles and
between Seed Particles and Boundary to Piling Angle

Figure 9a–c shows the effect of coefficients of rolling friction (between seed particles
and between seed particles and boundary) of seed particles of three maize varieties on
the piling angle. For Liangyu 99, Xianyu 335, and Zhengda 999, the coefficient of rolling
friction between seed particles and the boundary has no effect on the piling angle, and the
piling angle is highly sensitive to the coefficient of rolling friction between seed particles.
Therefore, the coefficient of rolling friction between seed particles can be calibrated by the
single-factor test of the piling angle.



Processes 2021, 9, 914 10 of 17
Processes 2021, 9, 914 10 of 17 
 

 

 
Figure 9. Sensitivity of coefficients of rolling friction between seed particles and between seed par-
ticles and boundary to piling angle for three varieties: (a) Liangyu99, (b) Xianyu 335 and (c) 
Zhengda 999. 

Figure 9. Sensitivity of coefficients of rolling friction between seed particles and between seed
particles and boundary to piling angle for three varieties: (a) Liangyu99, (b) Xianyu 335 and
(c) Zhengda 999.



Processes 2021, 9, 914 11 of 17

6. Calibration of Coefficients of Rolling Friction between Seed Particles and between
Seed Particles and Boundary

In this section, the coefficients of rolling friction between seed particles and between
seed particles and the boundary are calibrated by two single-factor tests.

6.1. Calibration of the Coefficient of Rolling Friction between Seed Particles

According to the sensitivity study in Section 5, the angle of repose is highly sensitive to
the coefficient of rolling friction between seed particles and is insensitive to the coefficient
of rolling friction between seed particles and the boundary. Therefore, the coefficient of
rolling friction between seed particles and the boundary is fixed to 0.03, and six levels (0.01,
0.02, 0.03, 0.04, 0.05, and 0.06) of the coefficient of rolling friction between seed particles
are selected to carry out the single-factor piling test. By comparing the simulation results
with the experimental results, the coefficient of rolling friction between seed particles can
be calibrated.

6.2. Calibration of the Coefficient of Rolling Friction between Seed Particles and the Boundary

After the coefficient of rolling friction between seed particles is determined, the
coefficient of rolling friction between seed particles and the boundary (organic glass) is
also calibrated by the single-factor piling test.

The calibration method of the coefficient of rolling friction between seed particles and
the boundary is as follows. Because the coefficients of rolling friction are not associated
with the shape of particles or boundaries, organic glass spheres (the diameters of the
spheres are 10 mm) with the same material as the boundary are added into the maize
seeds (see Figure 10). The coefficient of rolling friction between maize seeds and organic
glass spheres is determined by single-factor piling tests, which is equal to the coefficient of
rolling friction between seed particles and the boundary (organic glass).
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The coefficient of static friction between the boundaries (organic glass) is determined
by the slope method, and the coefficient of restitution between boundaries (organic glass)
is measured by the dropping test. The coefficient of rolling friction between the boundaries
(organic glass) is measured by the slope method, as shown in Figure 11.
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6.3. Determination of Coefficients of Rolling Friction between Seed Particles and between Seed
Particles and Boundary
6.3.1. Determination of the Coefficient of Rolling Friction between Seed Particles

Figure 12a–c shows the relationship between the piling angle and coefficient of rolling
friction between seed particles for three maize varieties. Taking the calibration of the
coefficient of rolling friction between seed particles of Liangyu 99 as an example, Figure 12a
shows that the piling angle increases with the increase in the coefficient of rolling friction
between seed particles. The linear relationship between the piling angle and coefficient of
rolling friction between seed particles is obtained by linear fitting, and the formula of the
linear relationship is as follows.

β = 65.22µrp + 28.613(R2 = 0.947) (7)
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Substituting the experimental result of the piling angle, 30.461, into Equation (7), the
coefficient of rolling friction between seed particles is obtained as 0.028.

Similarly, the coefficients of rolling friction between seed particles of Xianyu 335 and
Zhengda 999 were calculated as 0.026 and 0.051, respectively.

6.3.2. Determination of the Coefficient of Rolling Friction between Seed Particles and
the Boundary

Figure 13a–c shows the relationship between the piling angle and coefficient of rolling
friction between seed particles and organic glass spheres for three maize varieties. Taking
the calibration of the coefficient of rolling friction between maize seed particles and organic
glass spheres of Liangyu 99 as an example, it can be seen from Figure 13a that as the
coefficient of rolling friction between seed particles and organic glass spheres increases,
the piling angle increases. The linear relationship between seed particles and organic glass
spheres is obtained by linear fitting, and the formula of the linear relationship is as follows.

β = 68.419µrw + 26.422(R2 = 0.99) (8)
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Substituting the experimental result of the piling angle, 27.179, into Equation (8), the
coefficient of rolling friction between seed particles and organic glass spheres is obtained,
which is 0.011. The coefficient of rolling friction between seed particles and organic
glass spheres is equal to the coefficients of rolling friction between seed particles and the
boundary (organic glass).

Similarly, the coefficients of rolling friction between seed particles and the boundary (organic
glass) for Xianyu 335 and Zhengda 999 are calculated as 0.015 and 0.023, respectively.

7. Physical Verification Test

In this section, by comparing the simulation results using the calibrated parameters
(RPC) and the experimental results in the lifting cylinder and self-flow screening tests, the
accuracy of the calibrated parameters is validated. Meanwhile, the difference between the
simulation results without considering the rolling friction (RWR) and the experimental
results is investigated.

7.1. Lifting Cylinder Test

The device of the lifting cylinder test is shown in Figure 14a, and the diameter and
height of the cylinder made of organic glass are 80 mm and 200 mm, respectively. In
addition, the coefficients of rolling friction between maize seed particles and between the
seed particles and the boundary are adopted from the values calibrated in the previous
section. Other parameters used in the simulation are shown in Table 1.

The process of the lifting cylinder test is as follows. First, the cylinder is placed
horizontally on the organic glass plate and 0.6 kg seeds are piled in the cylinder. Second,
with the cylinder moving upward at the speed of 5 mm/s, the seed particles slowly
accumulated on the plate. Lastly, when the seed particles stop moving, a piling angle is
formed on the plate (see Figure 14b,c), and the piling angles are got by the image processing
method. In the lifting cylinder test, the ratio of the diameter of the base circle of the pile
to the averaged particle size meets the requirements in FEM standards [18]. The test is
repeated 3 times.
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organic glass are 1.5 mm, 580 mm, and 300 mm, respectively, and the collecting box is 
divided into 4 compartments defined as Section 1, Section 2, Section 3, and Section 4 
from right to left (Figure 16a–c). In addition, a round sieve aperture of 9 mm diameter is 
determined [19]. The inclination angle of the sieve deck is 24°. Additionally, the coeffi-
cients of rolling friction between maize seed particles and between the seed particles and 
the boundary are selected from the values calibrated in the previous section. Other pa-
rameters used in the simulation are shown in Table 1. 

Figure 14. Schematic of the lifting cylinder test: (a) apparatus of the lifting cylinder test, (b) experimental result of the lifting
cylinder test and (c) simulation result of the lifting cylinder test.

Figure 15 shows the simulation results and the experimental results of the lifting
cylinder test. The relative errors between the simulation results using calibrated parameters
(RPC) and the experimental results in terms of the piling angle for the three maize varieties
are small, which are 0.27%, 5.09%, and 4.29%, respectively. However, the simulation results
without considering the rolling friction (RWR) are lower than those with considering
rolling friction for the three maize varieties and differ largely from the experimental results.
The relative errors between the simulation results without considering the rolling friction
(RWR) and the experimental results are 10.75%, 4.15%, and 16.39%, respectively.
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7.2. “Self-Flow Screening” Test

The accuracy of maize seed parameters was further validated by a “self-flow screening”
test. In the test, the thickness, length, and width of the sieve deck made of organic glass
are 1.5 mm, 580 mm, and 300 mm, respectively, and the collecting box is divided into
4 compartments defined as Section 1, Section 2, Section 3, and Section 4 from right to left
(Figure 16a–c). In addition, a round sieve aperture of 9 mm diameter is determined [19].
The inclination angle of the sieve deck is 24◦. Additionally, the coefficients of rolling friction
between maize seed particles and between the seed particles and the boundary are selected
from the values calibrated in the previous section. Other parameters used in the simulation
are shown in Table 1.
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test, (b) experimental result of the “self-flow screening” test and (c) simulation result of the 
“self-flow screening” test. 
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considering the rolling friction (RWR) differ largely from the experimental results. 

 
Figure 17. Comparisons between the experimental results and the simulation results in terms of 
total percentages passing for three varieties. 

Figure 16. Schematic of the “self-flow screening” test: (a) apparatus of the “self-flow screening” test, (b) experimental result
of the “self-flow screening” test and (c) simulation result of the “self-flow screening” test.

Figures 17 and 18 are the comparison of the simulated results and the experimental
results in terms of the total percentages passing and percentage passing of different statisti-
cal areas for the three maize varieties. As shown in Figure 17, the differences between the
simulation results using calibrated parameters (RPC) and the experimental results in terms
of the total percentages passing for the three maize varieties are small, which are 10.01%,
12.05%, and 0.34%, respectively. However, the simulation results without considering the
rolling friction (RWR) are significantly greater than the experimental results. Furthermore,
Figure 18 shows that the simulation results using calibrated parameters (RPC) are close to
the experimental results in terms of the percentage passing of different statistical areas for
the three varieties. The simulation results without considering the rolling friction (RWR)
differ largely from the experimental results.
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According to comprehensive analysis, the seed parameters obtained by the calibration
tests in this paper are accurate and valid. In addition, when rolling friction is not considered,
the simulation results differ largely from the experimental results. Therefore, rolling friction
needs to be considered in simulation tests of maize seeds.

8. Conclusions

Considering the problems existing in the process of calibrating maize seed parameters,
the influence of the coefficients of rolling friction between seed particles and between seed
particles and the boundary on the angle of repose and percentage passing is investigated
to explore the necessity of accurate calibration of the coefficients of rolling friction between
seed particles and between seed particles and the boundary. Subsequently, by studying the
sensitivity of the coefficients of rolling friction to the angle of repose, the calibration method
of the coefficients of rolling friction of maize seeds is determined. The main conclusions
drawn from this paper are as follows.

(1) With the increase in the coefficient of rolling friction between seed particles, the angle
of repose increases first and subsequently decreases. Additionally, as the coefficient
of rolling friction between seed particles and the boundary increases, the percentage
passing of maize seeds decreases significantly. Therefore, it is necessary to accurately
calibrate the coefficients of rolling friction between seed particles and between seed
particles and the boundary.

(2) The coefficient of rolling friction between seed particles and the boundary does not
affect the angle of repose, but the angle of repose is highly sensitive to the coefficient
of rolling friction between seed particles. It provides a basis for the calibration of the
coefficients of rolling friction between seed particles and between seed particles and
boundaries by a single-factor test.

(3) The coefficient of rolling friction between seed particles is calibrated by single-factor
piling tests. Then, because the coefficients of rolling friction are not associated with
the shape of particles or boundaries, spheres with the same material as the boundary
are added into the maize seeds. The coefficient of rolling friction between maize
seeds and spheres is determined by single-factor piling tests, which is equal to the
coefficient of rolling friction between seed particles and the boundary. By comparing
the simulation results and the experimental results in the lifting cylinder and “self-
flow screening” tests, the seed parameters obtained by the calibration test are accurate
and valid, and rolling friction must be considered in simulation tests of maize seeds.
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