
Abstract
Discrete element numerical simulations can help researchers

find potential problems in the design phase, shortening the devel-
opment cycle and reducing costs. In the field of agricultural engi-
neering, more and more researchers are using discrete element
methods (DEM) to assist in designing and optimising equipment
parameters. Model parameters calibration is a prerequisite for dis-
crete element numerical calculations, and the angle of repose
(AoR) is commonly used to calibrate the parameters. However,
the measurement of AoR in DEM was not seriously considered in
industrial or academic fields. In practice, AoR is measured manu-
ally, using 2D digital image processing or using a 3D scan.
However, reliable and consistent measurements of AoR in DEM
are rarely mentioned. This study suggests an accurate and consis-
tent way to measure AoR in DEM using a novel method to read
particle coordinate information directly from the data file; then,
the AoR is calculated by linearly fitting the centre coordinates of
the outermost particles. Influences of input variables on AoR
acquisition are discussed through several examples using cus-
tomised templates with known angles. Then a comparative study

of the accuracy of the measurement of AoR in DEM and the reli-
ability of the parameter calibration results by the manual measure-
ment, 2D digital image processing, and algorithm proposed in this
paper was conducted. In case studies with four seed materials, this
method prevented the subjective selection of AoR, improved the
identification accuracy, and increased the precision and accuracy
of DEM calibration. In addition, the time consumption for obtain-
ing AoR using the novel method for measurement is much less
than that of 2D.

Introduction
In the field of agricultural engineering, more and more

researchers are using discrete element methods (DEM) to assist in
designing and optimising equipment parameters (Sun et al., 2022).
To study the shooting performance of the kinds of wheat, Wang et
al. (2022) conducted DEM-CFD coupling simulation experi-
ments. Gao et al. (2021) studied the motions of maize particles in
a novel high-speed seed metering device based on the DEM.
Based on coupled simulations using CFD and DEM, Hu et al.
(2021) conducted a numerical study of various structural and
working parameters of an air-assisted centralised seed-metering
device. Wang et al. (2020) used the DEM to simulate vibrating
tillage to gain a clear understanding of the dynamic forces and soil
behaviour of vibratory tools. 

Model parameters calibration is a prerequisite for discrete ele-
ment numerical calculations, and the angle of repose (AoR) is
commonly used to calibrate the parameters. However, the mea-
surement of AoR in DEM was not seriously considered in indus-
trial or academic fields (Roessler and Katterfeld, 2018). For exam-
ple, as shown in Figure 1A, the stacking of particles can be pro-
duced in many ways, such as ‘emptying,’ ‘submerging,’ ‘piling,’
and ‘pouring’ (Frączek et al., 2007). Regardless of the different
formation processes of the static particle heap, the value of AoR
can be obtained by reading the heap’s surface value directly by a
protractor or calculating the deal with the measured heap’s diam-
eter and height (Geldart et al., 2006; Frączek et al., 2007; Qi,
Chen, and Sadek, 2019). In most recent cases, the quoted authors
invoke optical methods inherent in image analysis carried out
based on a single or a set of pictures. For example, the boundary
contours of the particle pile images were extracted by performing
greyscale and binarization, then using the least-squares method,
the fitted equations were obtained by linear fitting, and the AoR
was calculated by the arctangent function (Frączek et al., 2007;
Cheng and Zhao, 2017; Li et al., 2017; Wójcik et al., 2018; Li et
al., 2020; Cao et al., 2021). Now several research groups proposed
3D coordinate measurement, and the measured object of which a
set of digital photographs has been made can be viewed as a 3D
model and subsequently subjected to analysis characteristics of
coordinate metrology (Figure 1B) (Rackl et al., 2017; Wójcik et
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al., 2018, 2019; Tan et al., 2020; Klanfar et al., 2021). Among the
methods described above, only the first two can be used to measure
the AoR in the DEM software, and the last way is only applicable
to measure the AoR of the actual object. However, two
unneglectable problems are lower repeatability (errors between
two measurements performed by one operator) and lower repro-
ducibility (errors between the measurements by different operators
in different laboratories). Considering the significant influences of
interaction properties, particle-wall interaction, or intergranular
interaction on the AoR, the calibration based on unreliable mea-
surements of DEM values could lead to quite distorted simulation
results (Tan et al., 2021). Due to the weakness and nonstandard
calibration of parameters based on the comparison between mea-
sured and simulated AoR, more precise and reliable calibration is
necessary to simulate irregular materials in DEM industrial appli-
cations (Marigo and Stitt, 2015). Considering the above analysis,
the authors decided to propose a novel method for precise mea-
surement of the AoR of granular seed materials in DEM. Our study
aims to provide an efficient and standard calibration method with
reduced time cost and increased repeatability. 

Materials and Methods
As shown in Figure 2, in this paper: i) four seeds were selected

as the objects of study; ii) briefly introduced the basic model of
DEM; iii) the DEM models for seed and stacking angle tests were
established; iv) elaborated the Python-based AoR measurement
method; v) using a fixed-angle template to find the optimisation of
the measured parameters; vi) comparing the AoR values obtained
by the three methods of the algorithm presented in this paper
(DEMpy), digital image analysis (2D), and manual measurements
using a virtual protractor (MVM).

Material characteristics of seeds
The investigated seeds (including maize, rice, soybean, and

wheat) were selected from seed varieties widely grown in China,
contributing to the differences in AoR. Figure 3 shows pho-
tographs of four representative seed materials with different basic
particle shapes and size distributions. All relevant properties are
listed in Table 1, where Poisson’s ratio and shear modulus of each
material is taken from references, bulk density, particle density,

                             Article

Figure 1. Methods of cone formation (A), the angle of repose acquisition method (B).

Table 1. Discrete element parameters.

Parameters                      Soybean                         Rice                                  Wheat                               Maize                               Wall
                                         (Jia et al., 2018)             (Lu et al., 2016)                     (Liu et al., 2019)                 (Ding et al., 2019)               (Liu et al., 2018; 
                                                                                                                                                                                                                            Zhu et al., 2018)

Poisson’s ratio                             0.40                                  0.3                                           0.42                                        0.40                                     0.394
Shear modulus, Pa                   6.1×108                            1.8×108                                    5.1×107                                  1.3×108                                8.9×108

Bulk density, kg/cm3                 761.3                               619.5                                        752.1                                      750.2                                    1060
Particle density, kg/cm3            1202.1                             1109.6                                      1236.2                                    1184.2                                       -
Moisture, %                                11.4                                 12.3                                          11.6                                        12.5                                         -
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and moisture content are measured experimentally; the measure-
ment method is consistent with the literature (Mousaviraad and
Tekeste, 2020; Kalman and Portnikov, 2021) and will not be
repeated in this paper. 

One hundred seeds were randomly selected among the above
seeds, and their length, width, and thickness were measured using
a digital display vernier calliper. The shape distribution of maize
seeds varies into flat and round with length × width × thickness of
11.38×8.72×5.34 mm and 10.17×8.69×7.09 mm; the shape distri-
bution of rice and wheat is spindle-shaped with length × width ×
thickness of 7.07×3.48×2.37 mm and 6.01×3.43×3.25 mm, respec-
tively, the shape of soybeans is nearly spherical, with a length ×
width × thickness of 7.04×6.65×6.22 mm.

Discrete element method
EDEM2020 of Altair Engineering, Inc., was used to numeri-

cally simulate the AoR of fertiliser particles. Since the moisture
content of selected seeds is low, the Hertz-Mindlin (no-slip) con-
tact model was adopted to calculate the contact between particle-
particle and particle-geometry interactions shown in Figure 4.
Hertz-Mindlin (no-slip) is the default model used in EDEM, accu-
rate and efficient in force calculation. This model’s normal force
component is based on Hertzian contact theory (Hertz, 1881). The
tangential force model is based on the research work of Mindlin-
Deresiewicz (Mindlin, 1949; Mindlin and Deresiewicz, 1953). As
described in the literature (Tsuji et al., 1992), both normal and tan-
gential forces have damping components, and the damping coeffi-
cient is related to the restitution coefficient. Tangential friction
complies with Coulomb’s law of friction reference (Cundall and
Strack, 1979). The contact-independent directional constant torque
model realises the rolling friction force, referring to the literature
(Sakaguchi et al., 1993).

In particular, the normal force Fn is a function of the normal
overlap amount δn, and the expression is as follows,

                                                                        (1)

Among them, when Young’s modulus E*, equivalent radius R*
is defined as:

                                                                                   

                                                                        (2)

                                                                        (3)

Ei, vi, Ri, and Ej, vj, Rj are Young’s modulus, Poisson’s ratio,
and the radius of the contact sphere, respectively.

In addition, the expression of the damping force Fdn is:
                                                                                                   

                                                                     (4)

Among them is the normal component of the relative veloc-
ity, m*, β, and Sn are the equivalent mass, damping coefficient, and
normal stiffness, respectively, defined as:

                                                                        (5)

                             Article

Figure 3. Photos of seeds used in the case study: A) maize; B) rice; C) soybeans; D) wheat.

Figure 2. Flow chart of research ideas. DEM, discrete element
methods; AoR, angle of repose; MVM, manual measurements
using a virtual protractor.
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                                                                       (6)  

                                                                       (7)  

e is the coefficient of restitution. The tangential force Ft depends
on the tangential overlap amount δt and the tangential stiffness St.

Among them: 

                                                                       (8)  

G* is the equivalent shear modulus. In addition, the expression
of tangential damping is:

                                                                (9)  

is the tangential component of the relative velocity. The tangential
force is limited by the Coulomb friction μsFn, where μs is the static
friction coefficient.

For simulation, rolling friction is essential and is considered by
applying a moment on the contact surface.

                                                              (10)  

Among them, μr is the coefficient of rolling friction, Ri is the
distance from the contact point to the centre of mass, and ωi is the
unit angular velocity vector at the contact point.

Simulation setup in EDEM2020
In DEM simulation, the shape of seed particles is combined

from multiple spheres, allowing for significant overlap (as shown
in Figures 4D and 5A). Maize grain, with 70% flat seeds and 30%
round seeds, is filled with 10 and 8 spheres, respectively. Rice,
soybean, and wheat are supplied with 7, 2, and 7 spheres, respec-
tively. The piled cone forming method applied here is to lift a
bottomless cylinder (Figure 5E), whose basic form was previous-
ly introduced by Wu et al. (2011). The simulation of the AoR test
started with the generation of an assembly of particles within a
virtual particle factory. In this case, the factory was located at the
top of the cylinder, and the resulting particles fell by gravity. The
diameter and height of the cylinder are 90 mm and 300 mm,
respectively. The number of maize, rice, soybean, and wheat
grains contained in the cylinders were 5172, 22970, 7785, and
28588, respectively. In addition, the diameter of the plate that
receives the particles to form the pile is 250 mm. After the cylin-
der is filled with particles, the cylinder is lifted upward at a speed
of 30 mm/s. Then, the particles start to flow, forming a self-
organising cone. The simulation was completed when the parti-
cles settled again.

The calculation capability was assessed using a workstation
(DELL Precision T7920). The total simulation time is 5 s, and the
time step is 5×10–6 s. Save data every 0.01 s. The particle-particle
and wall-particle contact parameters [including coefficient of
restitution (CoR), coefficient of static friction (CoSF), and coef-
ficient of rolling friction (CoRF)] used in the simulation are
shown in Table 2.

                             Article

Table 2. Fixed contact parameters of simulated particles with wall and particles.

Parameters                                   Soybean                                    Rice                                         Wheat                                      Maize
                                                        (Jia et al., 2018)                         (Lu et al., 2016)                            (Liu et al., 2019)                         (Ding et al., 2019)

CoR - PW                                                    0.6                                               0.52                                                 0.42                                               0.182
CoSF - PW                                                  0.3                                                0.5                                                  0.53                                               0.431
CoRF - PW                                                 0.1                                                0.1                                                  0.07                                               0.078
CoR - PP                                                     0.6                                                0.3                                                  0.51                                               0.621
CoSF - PP                                                   0.5                                               0.56                                                 0.55                                               0.459
CoRF - PP                                                  0.01                                              0.15                                                 0.05                                               0.093

Figure 4. Hertz-Mindlin (no-slip) contact model in EDEM2020.
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The methodology for the determination of angle of
repose

After completing the simulation, run the AoR post-processing
program based on Python 3.6 to connect the EDEMpy library. The
whole data processing process consists of three steps, as shown in
Figure 6.

Firstly, the particles of the simulated bulk pile are extracted.
Since the data storage format in EDEM2020 is H5, the particle
coordinate information can be read by calling the h5py package in
Python 3.6. The coordinates of the centre of the particle population
on plate O are then obtained, as shown in Figure 6A.

Secondly, the particle pile is evenly divided into n parts every
θ degree (Figure 6B), and n particle slices are obtained, then find
the coordinates of the outermost particles of the particles popula-
tion for a particular slice (Figure 6C), then divide each slice into
two parts, low domain D2-D1 and high domain D1, divide low
domain D2-D1 into m bins every D3, and obtain the coordinates of
the outermost particles within each bin separately (Figure 6D). A
linear fit to the particle coordinates in m bins (Figure 6E) is per-
formed as follows. Suppose the coordinates of the m particles are
(xi, zi), i=0, 1, … , m-1. To fit the straight line p(x) = a + bx, the
mean square error is:

                                      (11)  

In calculus theory, the minimal value of Q(a, b) has to satisfy:

                                      (12)  

The normal equation of the fitted curve is obtained after recti-
fication:

                                          (13)  

                             Article

Figure 6. Flowchart of the data processing method.

Figure 5. Photos of seeds used in EDEM2020: A) maize; B) rice;
C) soybeans; D) wheat; E) simulation set-up.
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Solve the equation by the elimination method or Klemm’s method:

                 (14)  

The degree δ of AoR is calculated as:

                                      (15)

Lastly, the AoR of multiple slices is counted to obtain the mean
value and standard deviation, then draw 3D graphics of fitted lines
and particles, as shown in Figure 6F.

Experimental validation
The developed method was validated and evaluated in two

steps. In the first step, the developed algorithm was calibrated with
four 36° angled 3D cone shape templates populated with maize,
rice, soybeans, and wheat (Figure 7A-D). Then, the effects of the
number of particle slices (n) and sampling bin diameter (D3) on the
accuracy of angle measurements were examined comprehensively.
As a result, the curves are obtained as described in 2.4, as shown
in Figure 7E. Then we can get the optimum value of the number of
particle slices (n) and sampling bin diameter (D3) when we use the
novel method to measure the AoR of granular seeds in EDEM.

In the second step, the AoR tests of maize, rice, soybean, and
wheat were conducted under different CoSFs and CoRFs. First, the
mean and standard deviation of AoR of maize, rice, soybean, and
wheat were obtained using the algorithm described in this paper
(DEMpy), digital image analysis (2D), and manual measurements
using a virtual protractor (MVM), respectively. Then the linear
models and correlation coefficients were fitted between CoSFs and
CoRFs and the mean AoR values of different seeds. Finally, the
AoR values under different CoSFs and CoRFs were predicted
based on the linear models and compared with the actual AoR val-
ues obtained from simulations to verify the reliability and accuracy
of the algorithm described in this paper.

Results and Discussion
Calibration of D3 and n on the accuracy of angles
measurement

Nine different values of n and D3 are selected to discuss
whether the results from the algorithm described in this paper
depend on the number of particle slices (n) and the sampling bin
diameter (D3). The results are presented in Figures 8 and 9.

As shown in Figure 8, the D3 values of maize, rice, soybean,
and wheat were set to 12 mm, 9 mm, 8 mm, and 9 mm. When the
value of n gradually increased from 4 to 36, the values of the angle
obtained by the algorithm tended to 36° for soybean and wheat. In
contrast, for maize, when the value of n gradually increases from 
4 to 32, the angle value gradually increases, tending to 36°, and
then gradually decreases when the value of n continues to increase.
For rice, when the value of n gradually increases from 4 to 28, the
angle value gradually decreases, tending to 36°, and then increases
when the value of n continues to increase. When the relative error
between the angle measured by the program and the actual angle
of the 3D template was minimal, the n values were 32, 28, 36, and
36 for corn, rice, soybean, and wheat, respectively.

As shown in Figure 9, the n values of maize, rice, soybean, and
wheat were set to 32, 28, 36, and 36. As the D3 value increases
from 6 to 14, the maize angle measured by the program gradually
increases and tends to 36°. As the D3 value increased from 4 to 12,
the relative errors between the program-measured rice, soybean,
wheat, and the 3D template angles decreased and then increased.
When the relative errors were the smallest for maize, rice, soybean,
and wheat, the corresponding D3 values were 14, 9, 10, and 9.

In summary, the relative error between the values of the angle
obtained by the algorithm and the theoretical values was the smallest
when the n values of maize, rice, soybean, and wheat were 32, 28, 36,
and 36, and the D3 values were 14 mm, 9 mm, 10 mm, and 9 mm, the
algorithm was most accurate to calculate the particles angles in EDEM.

Impact of angle of repose measurement accuracy
compared to other methods

In this section, three methods: the algorithm presented in this
paper (DEMpy), digital image analysis (2D), and MVM, will be
used to measure the AoR obtained from the simulation experi-
ments, respectively. The values of n and D3 when measuring the

                             Article
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Figure 7. 3D template for input parameters optimisation in the EDEM2020: A) maize; B) rice; C) soybeans; D) wheat; E) fitted line graph.
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simulated AoR of maize, rice, soybean, and wheat using DEMpy
are referenced to 3.1. The sample size for estimating the AoR of a
single heap using MVM and 2D is 10 and 5 in this paper. Because
Frączek et al. (2007) reported that minimum sample sizes of 3-10
and 2-5 for AoR can be accurately obtained using MVM and 2D. 

Mean and standard deviation of angle of repose
The relationship between the CoSF and the AoR between dif-

ferent seeds is shown in Figure 10. The values of CoR and CoRF
are shown in Table 2. The CoSF of AoR for maize, rice, soybean,
and wheat ranged from 0.376 to 0.536, 0.2 to 0.6, 0.4 to 0.8, and 0.3
to 0.7, respectively. After three repeats of the simulation were com-
pleted, the AoR was calculated using three methods: DEMpy, 2D,

and MVM. As can be seen from Figure 10, the AoR gradually
increases with the increase of CoSF. In most cases, the AoR
obtained for 2D is slightly higher than that of MVM. The standard
deviation obtained for 2D is marginally smaller than the standard
deviation of MVM. This result is consistent with the results
obtained from Fraczek et al.’s study (2007). In addition, there is no
significant difference between the AoR and standard deviation
obtained from 2D and DEMpy.  For CoRF, a similar phenomenon
can be derived in Figure 11, the AoR values measured by all three
methods increased with increasing CoRF, but the AoR values mea-
sured by 2D and DEMpy were not significantly different. However,
they were significantly larger than those measured by MVM, and
comparing the standard deviation, it can be seen that the standard

                             Article
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Figure 8. Means and standard deviations of angles of repose (AoR), relative error between measured and actual values for varied sample
amounts (n).

Figure 9. Means and standard deviations of angles of repose (AoR), relative error between measured and actual values for varied sample
bin diameter (D3).
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deviation of the AoR values measured by MVM is larger, indicating
that the data obtained by MVM is less stable compared with 2D and
DEMpy. It shows that the same accuracy as a 2D measurement of
AoR can be obtained when using DEMpy to measure AoR in DEM.

The linear model of angle of repose with coefficient of
static and rolling friction

A least-squares regression was performed on the CoSF, and
CoRF obtained with the AoR data to determine whether AoR has a
linear relationship with CoSF and CoRF, and the results are shown

in Figures 12 and 13. As can be seen from Figures 12 and 13, AoR
was observed to vary essentially linearly with CoSF and CoRF,
consistent with the findings of Han et al. (2014). The correlation
coefficients R2 of AoR with CoSF and CoRF obtained from the
three measurement methods of DEMpy, 2D, and MVM are all
greater than 0.95, indicating the linear fit of AoR with CoSF and
CoRF is high. Furthermore, the R2 obtained by DEMpy and 2D is
more significant than the R2 obtained by MVM. This is because the
AoR obtained by MVM mixed with human subjective judgment
increases the uncertainty of the measurement results. On the other

                             Article
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Figure 10. Relationship between coefficient of static friction (CoSF) and angle of repose (AoR) for different seeds: A) maize; B) rice; 
C) soybean; and D) wheat. DEM, discrete element methods; MVM, manual measurements using a virtual protractor.

Figure 11. Relationship between coefficient of rolling friction (CoRF) and angle of repose (AoR) for different seeds: A) maize; B) rice;
C) soybean; D) wheat. DEM, discrete element methods; MVM, manual measurements using a virtual protractor.
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hand, measuring AoR with DEMpy and 2D is almost fully auto-
matic, which avoids personal human judgment and improves the
consistency and accuracy of measurement. Therefore, the AoR
obtained by DEMpy and 2D is closer to the valid AoR, and the cor-
relation coefficient R2 is tendency 1. In general, both DEMpy and
2D methods are basically the same in terms of AoR measurement
accuracy; both are significantly more stable and have less error
than the AoR values measured by MVM.

The relative error between predicted and simulated angle
of repose

To further confirm the authenticity and reliability of the AoR
obtained by DEMpy, 2D, and MVM, the prediction of AoR was
performed according to the linear fitting equations obtained by
each method, respectively. First, the prediction point was selected
as the average value between each adjacent two CoSFs in Figure
12 and CoRFs in Figure 13. Then, the relevant parameters were

                             Article
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Figure 12 Fitted lines between coefficient of static friction (CoSF) and angle of repose (AoR) for different seeds: A) maize; B) rice; 
C) soybean; D) wheat. DEM, discrete element methods; MVM, manual measurements using a virtual protractor.

Figure 13. Fitted lines between coefficient of static friction (CoSF) and angle of repose (AoR) for different seeds: A) maize; B) rice; 
C) soybean;  D) wheat. DEM, discrete element methods; MVM, manual measurements using a virtual protractor.
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substituted into EDEM for simulation tests. Finally, the AoR was
measured by DEMpy, 2D, and MVM methods, respectively, to
compare the relative errors of the predicted AoR and the simulated
AoR, as shown in Figures 14 and 15.

As shown in Figures 14 and 15, for the relative error between
the predicted AoR and the simulated AoR, DEMpy, and 2D are
smaller than MVM. On the one hand, the correlation coefficients
of the fitted equations obtained by DEMpy and 2D are significant,
so the predicted values are closer to the simulated values; On the

other hand, the AoR values obtained by MVM have an extensive
range and uncertainty, which increases the chance of error.

For DEMpy and 2D, the consistency and accuracy of the
obtained AoR are high because both methods avoid the interfer-
ence of human subjective factors. Since 2D has to open and read
the data file in EDEM first, this process takes about 10s, then arti-
ficially get 5 pictures of particle piles, this process takes about 
30 s ~50 s, then use MATLAB or other software to analyse the pic-
tures, which takes 1 s ~2 s, while DEMpy uses Python to read the

                             Article
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Figure 14. Relative error between predicted and simulated angle of repose for different seeds: A) maize; B) rice; C) soybean; D) wheat
at different coefficient of static friction. DEM, discrete element methods; MVM, manual measurements using a virtual protractor.

Figure 15. The relative error between predicted and simulated angle of repose for different seeds: A) maize; B) rice; C) soybean; D) wheat
at different coefficient of rolling friction. DEM, discrete element methods; MVM, manual measurements using a virtual protractor.

Non
-co

mmerc
ial

 us
e o

nly



particle coordinate information directly and convert and fit the
coordinate information, the total time is less than 2 s, so using
DEMpy to measure AoR can significantly reduce the time con-
sumption and improve the efficiency of scientific research.

Conclusions
This study presents a fully automated and consistent method to

measure the AoR of granular materials in DEM software using lin-
ear regression analysis and particle coordinate acquisition algo-
rithm based on Python. 

The AoR values measured by DEMpy, 2D, and MVM were
compared, and it was found that the mean and standard deviation
of the measured AoR, the fit to CoRF and CoSF, and the relative
errors of the predicted and simulated values were basically the
same for DEMpy and 2D, and all had better consistency and sta-
bility compared with the AoR values measured by MVM.

From an operational point of view, the time consumption for
obtaining AoR using DEMpy measurements is much less than that
of 2D so that DEMpy can be used instead of 2D for automatic mea-
surement of AoR in DEM software post-processing.
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