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ABSTRACT

To improve the accuracy of discrete element simulation parameters for tiger nuts, this study suggests the
measurement of the triaxial dimensions of tiger nuts using MATLAB. This method exhibited a maximum
error of no more than 0.16% compared to the traditional measurement techniques. Experimental
measurements were used to obtain the basic physical parameters of the seeds. Physical tests on the angle
of stacking of tiger nuts were conducted. A discrete element model for tiger nuts was constructed. The
Plackett-Burman test and the steepest climb test were used to identify critical parameters affecting the
angle of accretion and to delineate the optimal range of parameters impacting larger parameters
proportionately. The optimum values for the coefficient of static and rolling friction between tiger nuts were
established at 0.32 and 0.24, respectively, using response surface methodology. The average tangent of
the simulated stacking angle obtained was 0.731 from three tests that carried out using the optimized
parameters, representing a mere 0.41% deviation from the physical test average of 0.734. The
experimental outcomes confirm that these parameters can provide reliable data for discrete element
simulation experiments involving tiger nuts.
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INTRODUCTION

Tiger nut, a crop notable for its substantial oil content, is endowed with considerable nutritional value
and exhibits a robust adaptability to arid and sandy areas (Guo et al., 2021). In recent years, there has been
a growing demand for edible oil in China, and the tiger nut, with its uniquely high oil yield, has strategically
aligned with national needs. Additionally, its large cultivable area and high harvest rate offer a promising
foundation for extensive research (Li et al., 2022).

The mechanized sowing of tiger nuts using precision planters introduces intricate interactions among
the seeds themselves, and between the seeds and the planter. The constrained dimensions within the seed
dispenser render the analysis of these dynamics challenging, necessitating an operational investigation
encompassing seed filling, clearing, transporting, and dissemination processes (Peng et al., 2022; Zhang et
al., 2023). During the seeding process, particles exhibit distinct motion traits individually, along with
characteristics of continuous fluid motion, demonstrating pronounced bulk particle dynamics (Tsa et al.,
2021). The discrete element method is the leading technique for studying the motion of bulk particles,
enabling effective simulation of their dynamics and force interactions.
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It is widely used in the design of specialized seeders. Due to the irregular surface texture of the tiger
nut, both in shape and material properties, it is unsuitable for conventional seeding techniques. To devise a
seeder tailored for tiger nuts, an initial investigation into the material properties of these nuts is essential to
refine the structural parameters of the specialized seeder, thereby enhancing sowing precision (Zhang et
al., 2021; Xu et al., 2020).

In seed characterization studies, employing the discrete element EDEM simulation necessitates
calibration of several critical parameters, such as inter-particle friction, friction between particles and
surfaces, and restitution coefficients (Chen et al., 2012; Chen et al., 2017; Zhou et al., 2018; Hou et al.,
2020). Some researchers have developed a mung bean model using the bonding model approach,
calibrating contact parameters in EDEM simulations to minimizing discrepancies between simulation results
and physical testing, thereby refining parameter accuracy (Zhang et al., 2022). Some researchers have
employed reverse engineering techniques to create discrete element models for cotton seeds, calibrating
the contact parameters and aligning the discrepancies in the angle of repose between physical and
simulation tests, thereby optimizing the parameters and improve the simulation accuracy (Wang et al.,
2022). Some researchers have used a rotating drum apparatus to ascertain the contact parameters and
angles of repose for cotton seeds, employed these contact parameters as indicators for the mathematical
model, and solved the multifactorial optimization through response surface methodology, which proved the
reliability and consistency of the discrete element simulation method combined with physical test method
(Hu et al., 2022; Zeng et al., 2021).

To augment the precision of meta-parameters for tiger nuts, this study proposes integrating
theoretical analysis with experimental measurements to derive the seeds' geometrical characteristics,
contact parameters and physical properties. Physical and simulation tests were conducted on tiger nuts .
Using the Plackett-Burman design, parameters significantly impacting the stacking angle - considered a key
evaluation index - were identified. Hill-climbing tests were employed to fine-tune the experimental
parameters and obtain the best combination of important parameters, similar to the real-world conditions,
for experimental validation. This research provides theoretical references for the study of precision sowing
of tiger nuts and the structural parameters of the seeder.

MATERIAL AND METHODS
Rapid calculation of triaxial dimensions of tiger nuts based on image detection

Currently, vernier gauges are predominantly utilized to measure the three-axis dimensions of seeds
(Peng et al., 2022), a method characterized by low-precision, high labor cost and time-consuming nature. In
this study, a MATLAB-based image processing technique is used to ascertain the three-axis dimensions
(length L, width W, and thickness T) of tiger nutss, providing sufficient data for EDEM simulation, as
illustrated in Fig. 1. Predominantly, tiger nuts exhibit an oval geometry with elongated or abbreviated
semiaxes, but also instances of round or irregularly shaped beans occur in random samples. Seeds were
sourced from Jiyoudou 21 (JYD-21), a cultivar native to the southern periphery of the Xinjiang Uygur
Autonomous Region, China. Considering the practicality and in order to enhance germination efficacy,
seeds randomly selected for testing underwent a hydration process, immersing them in water for 4 days
before sowing (Zheng et al., 2024).

ZA

Fig.1 - Schematic diagram of tiger nut characteristic size
Note: L, W, and T are the length, width and thickness of tiger nuts particles)
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Seeds were positioned on a shooting plane, photographed by a high-definition industrial camera, and
uploaded to a computer (Lenovo R7000p_3050ti) for further analysis with MATLAB. Some of the functions
used are not included in the MATLAB library but are still applicable. First of all, the use of function imread
was deployed to import the image, as depicted in Fig. 2 (a). Subsequently, the rgb2gray function was
applied for grey scale processing, as shown in Fig. 2 (b). The function im2bw was then applied to binarize
image processing, as seen in Fig. 2 (c). Owing to significant noise inherent in the image due to capture
conditions, a two-dimensional median filtering function medfilt was utilized to denoise the image, as
demonstrated in Fig. 2 (d). Considering only the peripheries of the tiger nuts, the use of fill function imfill on
the image of the structural elements of the expansion of the processing, as illustrated in Fig. 2 (e). Finally,
the use of the regionprops function of the image was calibrated, with the boundaries marked by the red box,
as shown in Fig. 2 (f). The centroid, width and length of the depicted tiger nuts were analyzed using the
MajorAxisLength and MinorAxisLength functions. The image was scaled in pixel units, with the pixel scale
calibrated to a 1 mm unit ratio using the getpois function, which in turn gave the length (mm) and width
(mm) dimensions of the tiger nuts. To ascertain the thickness, seeds were positioned on a flat surface in the
direction of the thickness and measured in the same way as above.

Fig. 2 - Seed image calibration process

In the extant body of research concerning the triaxial dimensional analysis of seeds, vernier gauges
are predominantly employed, with no alternative measurement methodologies reported. In order to
ascertain the reliability of the data, 60 tiger nuts were randomly selected from a sample of 100 for analysis.
The resultant measurements were averaged and contrasted with those typically recorded using vernier
gauges, as detailed in existing literature. In this study, compared with the vernier gauge (German SYNTEK
digital vernier gauge, accuracy of 0.01 mm), as depicted in Table 1, the measurement errors of the
three-axis dimensions (length L (mm), width W (mm), and thickness 7' (mm) are 0.16 mm, 0.06 mm, and
0.13 mm, respectively, averaging 0.12 mm. In tiger nuts, given the minimal variation in measurement
positioning, the occurrence of small discrepancies is expected, however, the rapidity and appropriateness
of this method align with the measurement requirements of this paper.

Table 1
Comparison of three-axis dimensional measurements of tiger nuts
Parametric Length L (mm) Breadth W (mm) Thickness T (mm)
13.07/13.00 12.38/12.33 8.48/8.45
14.77/14.73 13.67/13.61 7.24/7.16
Image Inspection/Vernier 14.39/14.11 12.66/12.66 9.28/9.22
Calipers 14.46/14.00 13.22/13.02 7.12/7.10
12.88/12.88 12.17/12.15 8.12/8.02
13.04/13.02 12.63/12.52 10.11/10.04
Average error in length, 016 0.06 013

width and thickness

Basic physical parameters of tiger nuts

For this study, two hundred seeds were randomly selected and analyzed. Each seed was
photographed, and its three-axis dimensions - length (L), width (W), and thickness (7) - were measured. As
shown in Table 2, the average values were 12.43 mm, 11.68 mm, and 9.14 mm, respectively, with standard
deviations of 1.52 mm, 1.33 mm, and 1.01 mm.
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The distribution of these dimensions, illustrated in Fig. 3, follows a bell-shaped curve, i.e., most
values are concentrated near the mean, with a gradual decrease and convergence as the values move
away from the mean - indicating a normal distribution.

Equation 1 demonstrates that when the size of the three axes is larger, the sphericity is higher, the
volume is larger, and the mobility is greater; consequently, the collision force generated by the collision will
also increase. Therefore, the selection of materials for seeders needs to be considered to avoid causing
significant collision damage to the seeds.

Table 2
Tiger nuts triaxial dimensions
Parametric Length L (mm) Breadth W (mm) Thickness T (mm)
maximum value 15.21 14.11 12.32
minimum value 9.97 8.91 7.01
average value 12.43 11.68 9.14
standard deviation 1.51 1.33 1.01
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Fig. 3 - Normal distribution of triaxial dimensions of tiger nuts

The volume ¥, equivalent grain size d, and sphericity S, of tiger nuts were calculated, with sphericity
approaching 100% indicating fuller seeds that more closely approximate a spherical shape (Chen et al.,
2023; Ma et al., 2015). Repeated 20 times, the mean values of tiger nuts volume V/, equivalent particle size
d and sphericity S were 1.54 cm?, 11.15 mm and 85%, respectively, with corresponding standard deviations
of 0.12 cm3, 0.71 mm and 0.97% as listed in Table 3.

The weighing method was used to randomly measure 10 tiger nuts using an MTB1000D-B high
precision electronic balance (minimum reading accuracy of 0.01 g). Using a 350 ml beaker, 10 seeds were
placed in sequence after the addition of 200 ml of water, ensuring that no air bubbles were present when
recording the results of the rise in water level. This process was repeated 10 times, and the average density
of tiger nuts was determined to be 1062.22 kg/m?3 (Chen et al., 2023). This value is similar to those reported
in the relevant literature and is used in this paper to set the structural parameters for subsequent
simulations.

A high-precision electronic balance scale (accuracy 0.01 g) was employed to determine the
thousand-seed weight, which averaged 789.32 g after 10 repetitions, as shown in Table 3.

V=LWT
d=3Lwr )
Sy =1x100%

L

where: V' - volume of tiger nuts, cm3; L - length of tiger nuts, mm; ¥ - width of tiger nuts, mm; 7 - thickness
of tiger nuts, mm; d - equivalent particle size of tiger nuts, mm; S, - sphericity of tiger nuts, %.

Table 3
Basic physical parameters of tiger nuts

Parametric Maximum value Minimum value Average value Star.1dz.:1rd

deviation
Volumetric/(cm3) 2.64 0.62 1.54 0.12
Equivalent particle size/(mm) 13.83 8.54 11.15 0.71
Sphericity/(%) 91 81 85 0.97
Particle density/(kg m3) 1063.03 1060.46 1062.22 0.78
Kernel mass/(g) 791.20 787.99 789.32 0.52
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Elastic Modulus

The elastic modulus, critical for simulation studies, was assessed using the RGM - 4002 universal
testing machine (Sun et al., 2017), as shown in Fig. 4. Twenty seeds underwent compression testing along
the seed thickness axis (Chen et al., 2023). The compression test was conducted on the seed along its
thickness direction. The speeds were maintained at 2 mm/s before loading, reduced to 0.02 mm/s during
loading, and then restored to 2 mm/s after loading. The elastic modulus is calculated as:

o Fl,
= A, (2)

where: E - elastic modulus of tiger nuts, MPa; o - compressive stress of tiger nuts, Pa; v - compressive
strain of tiger nuts, Pa; F' - exert external force of tiger nuts, N; /, - initial compression direction length of
tiger nuts, mm; A/ - length distortion distance of tiger nuts, mm; S, - initial cross-sectional area of tiger nuts,
mm?Z,

Fig. 4 - Seed compression test of tiger nuts

The experiment was replicated 10 times and the elastic modulus of the tiger nuts was 8.22x106Pa.

Table 4
Elastic modulus of tiger nuts

Parametric Maximum value Minimum value Average value Standard deviation

Elastic modulus/Pa 9.68x106 6.37x106 8.22x106 0.97

Poisson’s ratio and shear modulus

For this experiment, 10 tiger nuts were randomly selected and subjected to a mechanical test using
the RGM - 4002 universal testing machine. The seeds were loaded gradually at a speed of 0.2 mm/s in the
length direction. Loading was halted when the display indicated that seeds had reached their rupture
breakpoints. Simultaneously, a camera mounted parallel to the seed loading platform captured the
deformation. The deformations were analyzed using MATLAB, in a manner consistent with the three-axis
dimensional measurements, to record the deformation in both the length and the thickness directions
(Khodabakhshian, 2012). Poisson's ratio was calculated as follows:
Y| Al
T, M 3)

where: J - Poisson's ratio; y; - lengthwise strain of tiger nuts, mm; 2 - thickness direction strain of tiger
nuts, mm; A/ - longitudinal deformation value of tiger nuts, mm; / - original dimensions in length

direction of tiger nuts, mm; Af¢ - deformation values in the thickness direction of tiger nuts, mm; T -
original dimensions in thickness direction of tiger nuts, mm.
Subsequent analysis revealed the shear modulus of the tiger nuts can be obtained. The shear
modulus was derived as:
G=7 5 4)
(1+90)

where:
G - shear modulus of tiger nuts, Pa; E - elastic modulus of tiger nuts, Pa;
O - Poisson's ratio of tiger nuts.
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As shown in Table 5, the experiment was repeated 10 times and the mean values of Poisson's ratio
and shear modulus of tiger nuts were taken as 0.39 and 3.03x106Pa, respectively.

Table 5
Poisson's ratio and elastic modulus of tiger nuts
Parametric Maximum value Minimum value Average value Standard deviation
Poisson's ratio 0.51 0.28 0.39 0.94
Elastic modulus/Pa 3.58%x106 1.97x106 3.03x106 1.10

Friction factor and coefficient of restitution

The determination of the static coefficient of friction between the tiger nuts and various materials -
namely the steel plate, acrylic plate, PE polyethylene, and hard plastic plate - was conducted using the
oblique measurement method. The experimental setup is depicted in Fig. 5. The seed was placed on the
selected material plate, and the handle was rotated to slowly raise the plate. When the seed was about to
roll but did not, the rotation of the handle was stopped. The angle between the material plate and the plane
o was recorded. The static coefficient of friction was calculated as follows:

k=tana (5)
where: k - static friction factor of tiger nuts; « - angle between the material plate and the plane, °.

Test panel
Test sample

Seeds

gle gauge

Fig. 5 - Static friction test of tiger nuts

Static friction between the tiger nuts is essential for the accuracy of EDEM simulations. As illustrated
in Fig 6, A4 paper was employed as the sample plate, to which double-sided adhesive tape was applied.
Randomly selected tiger nuts of comparable size were randomly distributed on the sample plate, which was
subsequently positioned on the test bench. The handle was rotated until the seeds demonstrated a
tendency to roll downwards without actual rolling. At this juncture, the rotation of the handle was stopped.
The angle between the seed plate and the plane was recorded o, which could be substituted into the
aforementioned equation (Wu et al., 2020; Shi et al 2019). The static friction between the seeds can be
obtained by substituting into the above equation. The tests involving tiger nuts and various materials were repeated
20 times. The results are shown in Table 6. The resultant mean static friction values for tiger nuts in contact with
steel, acrylic, plastic and seed plates were 0.40, 0.41, 0.57 and 0.49 respectively.

Table 6
Static friction factor of tiger nuts
Parametric Maximum value Minimum value Average value Standard deviation
tiger nuts - steel plate 0.43 0.37 0.40 0.45
tiger nuts - acrylic sheet 0.49 0.23 0.41 0.51
tiger nuts - plastic sheet 0.63 0.51 0.57 0.49
tiger nuts - seed board 0.58 0.36 0.49 0.53
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Determination of rolling friction factor of tiger nuts

The rolling friction factor of tiger nuts correlates with their size, volume and sphericity. In this study,
10 tiger nuts with a high degree of sphericity were assessed using the oblique measurement method. Steel,
acrylic, plastic and seed boards were selected for the test. On the test bench, different test plates were
positioned, and the seed was placed on the material plate. The handle was then turned to gradually
increase the angle between the experimental plate and the horizontal plane. The adjustment was halted
when the seeds appeared to roll, and the angle of the inclined plane at this time was recorded as B. This
angle was then substituted into equation 5 to calculate the rolling friction factor.

The above tests were replicated 20 times for each group, as shown in Table 7, with the mean rolling
friction factors being 0.24, 0.21, 0.17, and 0.27 for steel, acrylic, plastic and seed plates, respectively.

Table 7
Rolling friction factor of tiger nuts

Parametric Maximum value Minimum value Average value Sta'.‘d?rd

deviation
Tiger nuts - steel plate 0.31 0.17 0.24 0.63
Tiger nuts - acrylic sheet 0.25 0.16 0.21 0.56
Tiger nuts - plastic sheet 0.24 0.11 0.17 0.55
Tiger nuts - seed board 0.33 0.19 0.27 0.59

Coefficient of restitution for tiger nuts

The coefficient of restitution was defined as the ratio of the relative normal separation velocity
post-collision to that prior to collision (i.e., the ratio of the maximum height of rebound of the tiger nuts after
collision with an object to the initial height of fall). The coefficient of restitution significantly influences the
realism of EDEM simulation metrics (Yu et al., 2020). In this study, the seeds were allowed to freely fall and
collide with a plate, with their trajectories subsequently recorded. Before the test, coordinate-scale paper
was placed at 90° to the material plate, forming a two-dimensional spatial coordinate system. Seeds were
released from a height of 250 mm above the plate. An iPhone 14 was employed to capture the rebound at a
slow-motion frame rate of 120fps, as depicted in Fig. 7, thereby facilitating accurate rebound height
measurements. The coefficient of restitution equation is:

h
n (6)

where: e - coefficient of restitution of tiger nuts; v' - instantaneous velocity of tiger nuts in the normal
direction before collision, mm/s; v - instantaneous velocity of tiger nuts before collision, mm/s; v;" -
velocity of tiger nuts before collision, mm/s; v, - velocity of material before collision, mm/s; v; - velocity
of tiger nuts after collision, mm/s; v, - velocity of material after collision, mm/s; g - gravitational
acceleration; / - initial drop height of tiger nuts, mm; /4" - maximum rebound height of tiger nuts after
collision, mm.

Fo

Q

vy Oy Q

[ ]
Fig. 7 - Seed coefficient of restitution tests of tiger nuts

Observations indicate that when the rebound effect is not the desired effect, it notably affects the
coefficient of restitution test. Given the irregular geometry of the tiger nuts, it is difficult for them to rebound
vertically upwards after hitting a flat plate. Consequently, extensive testing is required to investigate this
phenomenon.
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The results of 20 tests in which the rebound path was parallel to the fall path are selected for
analysis. The average value from these tests was used in the above formula for calculation. As shown in
Table 8, the mean coefficients of restitution for collisions between tiger nuts and various materials — steel
plate, acrylic plate, plastic plate, and seed plate — were 0.63, 0.58, 0.55, and 0.53, respectively, with
corresponding standard deviations of 0.61, 0.56, 0.63, and 0.58.

Table 8
Coefficient of restitution of tiger nuts

Parametric Maximum value Minimum value Average value Star.\d'flrd

deviation
Tiger nuts - steel plate 0.81 0.47 0.63 0.61
Tiger nuts -acrylic sheet 0.78 0.37 0.58 0.56
Tiger nuts - plastic sheet 0.76 0.34 0.55 0.63
Tiger nuts - seed board 0.77 0.28 0.53 0.58

Physical stacking angle tests

The stacking angle embodies the comprehensive performance of seeds, including inter-crop mobility
and crop-material mobility, as well as inter-crop friction and crop-material friction properties (Xia et al.,
2019; Hamzah et al., 2018; Ma et al., 2020), which are pivotal for achieving accurate results in EDEM
simulations. The parameters for a single seed model, particularly for diverse shapes like those of tiger nuts,
are not universally applicable. In the present study, physical experiments were integrated with EDEM
simulations to calibrate the parameters of the seed stacking angle of tiger nuts for the above characteristics.

The determination of the stacking angle was performed using the draw plate method (Yu et al,
2021). The testing apparatus comprised a stainless steel cylindrical drum, 130 mm in outer diameter, 125
mm in inner diameter, and 150 mm in height, without a lid. This drum was positioned on a flat test bed and
filled to the brim with tiger nuts. As the cylinder was gradually raised, the seed freely formed a conical
shape, and the angle of the resultant seed slope was recorded as the stacking angle when no further seed
flow was observed, as shown in Fig. 8 (a).

In this study, the stacking angle was documented utilizing a MATLAB image processing technique
(Miiller et al., 2021). As illustrated in Fig. 8 (a), the image was captured using the imread function, Fig. 8 (b)
shows the image grayscale, and as shown in Fig. 8 (c), the grayscale image was binarized using the im2bw
function by selecting the appropriate threshold. As shown in Fig. 8 (d), the image, characterized by large
internal gaps and incoherent structures at the edges, was refined using the imfill function to improve the
definition of structural elements. The binarized contours were extracted with the bwperim function, as
indicated in Fig. 8 (e). Half of the edge information was imported into Origin and analyzed using the image
digitization tool to determine the tangent, as shown in Fig. 9.

Fig. 8 - Stacked corner contour extraction process
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Fig. 9 - Tangent value fit

The experiment was replicated across 10 groups, and the results of the physical slope tangent t
measurements of seed stacking angle are presented in Table 9, with an average value of 0.734 recorded.

Table 9
Measurements of the angle of accumulation of tiger nuts
Test number 1 2 3 4 5 6 7 8 9 10
Stacking angle -, 0.74 073 071 069 074 077 075 074 076
tangent

Stacking angle simulation test

From the data of 200 measurements, most of the tiger nuts were predominantly of an oblate-spheroid
shape, with variations within 3 mm in thickness. A seed model was constructed using SolidWorks, as
illustrated in Fig. 10 (b). Considering the variability in seed sizes, 50 percent of the seeds were model at
dimensions of 13.5 mm in height, 12 mm in width, and 8.15 mm in thickness, while 25 percent of the seeds
were scaled down by a factor of 0.9 and 0.8 respectively. The model was converted to STL format and
imported into EDEM, filled with particles no smaller than 1 mm with the smoothing value set to 1,
culminating in 245 different particles, as shown in Fig. 10 (c).

Fig. 10 - Seed model building process

To ensure consistency between the simulation process and the physical experiment, the material
dimensions used in the simulation are identical to those used in the physical experiment in SOLIDWORKS,
the material properties selected in EDEM are the same as the actual situation, and the input parameters are
consistent with the measured data. The different materials are shown in Table 10. In this study, 500
particles were selected for generation and subsequently deposited for a duration of 1.5 s. The cylindrical
container was elevated vertically at a velocity of 0.03 m/s, facilitating the autonomous flow of seeds, thereby
forming a stacking angle. The total simulation was conducted over a period of 6 s. The simulation outcomes
were documented upon completion. The results of the test are shown in Fig. 11. The resultant images were
processed in MATLAB and analyzed using the image digitization tool to derive the tangent values in Fig. 12.

Table 10
Contact material simulation parameters
Parametric Average parameters of steel plates Average parameters of plastic plates
Poisson's ratio 0.30 0.34
Density/kg m 7800 1160
shear modulus/MPa 79100 9420
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Fig. 12 - Simulation of the fitted image

Parameter optimization for discrete element simulation

Plackett-Burman design was employed for the screening test, utilizing Design-Expert 13 software.
This design encompassed a multi-parametric experiment with two levels, nine principal factors, and two
dummy factors to assess interactions between tiger nuts and various materials. The main effects of the
factors were estimated using the minimum number of trials required to identify those with significant
influence on the indicators being examined (Yuan et al., 2022; Liu et al., 2016).

Determination of significant impact parameters

X1~Xs represent the primary characteristics of tiger nuts, while Xo~X11 denote horizontally replicated
tests. The maximum and minimum settings of the 12 test parameters were coded as +1 and -1, based on
literature review and empirical data (e.g., Table 11) for each of the 12 sets of tests. Using the stacking angle
as the principal factor under investigation, the images obtained from each group of tests were analyzed

using MATLAB and the image digitization tool to record the values, as shown in Table 12.

160

Plackett-Burman Test Parameter Range Tables

Table 11

Symbols Test parameters Low level (-1) Hight level (+1)
X1 Poisson's ratio of tiger nuts 0.25 0.45
X2 tiger nuts shear modulus/MPa 25.9 35.9
X3 Tiger nuts - tiger nuts rolling friction coefficient 0.21 0.31
X4 Tiger nuts - tiger nuts coefficient of static friction 0.28 0.68
Xs Tiger nuts - tiger nuts coefficient of restitution 0.28 0.78
Xe Tiger nuts - acrylics plate coefficient of restitution 0.37 0.78
X7 Tiger nuts - acrylics plate static friction coefficient 0.23 0.49
Xs Tiger nuts - acrylics plate rolling friction coefficient 0.17 0.23
X, 10, 11 Tiger nuts -nylon Horizontal repetition test — —
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Table 12
Plackett-Burman test program and results

Stacking angle

No. X1 Xz X3 Xa Xs Xe/Xo X7/X10 Xa/X11
tangent
1 1 1 -1 1 1 1/-1 -1/ -1/-1 0.72
2 -1 1 1 -1 1 1/-1 1/-1 -11 0.87
3 1 -1 1 1 -1 1/-1 1/-1 1/-1 1.21
4 -1 1 -1 1 1 -11 1/-1 1/-1 0.71
5 -1 -1 1 -1 1 11 -1/1 1/-1 0.96
6 -1 -1 -1 1 -1 11 11 -11 0.76
7 1 -1 -1 -1 1 -1/-1 11 11 0.69
8 1 1 -1 -1 -1 11 -1/-1 11 0.73
9 1 1 1 -1 -1 -11 11 -1/-1 0.79
10 -1 1 1 1 -1 -1/-1 -1/1 11 1.09
11 1 -1 1 1 1 -1/1 -1/-1 -11 1.10
12 -1 -1 -1 -1 -1 -1/-1 -1/-1 -1/-1 0.71

Analysis of the results indicates that when the P-value is greater than 0.05, it signifies an absence of
significant influence on the stacking angle, whereas a P-value less than 0.05 denotes a substantial
influence on the stacking angle. As illustrated in Table 13, the P-values for X1, X2, Xs~ Xg exceeded 0.05,
with corresponding effects on the stacking angle of 0.36%, 5.66%, 1.33%, 0.75%, 1.90% and 4.16%,
respectively. The influence of X3 and X4 accounted for 64.89 percent and 16.08 percent, respectively.
Compared with other individual factors, X3 and X4 emerged as the predominant influences, collectively
accounting for 80.97 percent of the influence factors, thereby confirming them as the main influence factors.
By comparing the values, the primary and secondary order of parameter is: X3, Xa, X2, Xs, X7, X5, Xs, X.

Table 13
Significance analysis of Plackett-Burman test parameters
Standardization Sum of Contribution
Parameters F value P value
effect squares rate/%
model 0.35 8.91 0.04
X1 0.21 0.01 0.36 0.27 0.64
X2 -0.08 0.02 5.66 4.24 0.13
X3 0.28 0.24 64.89 48.61 0.01
X4 0.14 0.06 16.08 12.05 0.04
Xs -0.04 0.01 1.33 1.00 0.39
Xe 0.03 0.01 0.75 0.56 0.51
X7 -0.05 0.01 1.90 1.42 0.32
Xs 0.07 0.02 4.16 3.1 0.18

Note: * indicates a significant impact ( 0.01<P<0.05 ) ; ** indicates that the effect is extremely significant ( P<0.01 ).

Steepest climb test based on the Plackett-Burman test

It was determined from the significance influence parameter test that Xs and X4 exerted the most
substantial impact on the stacking angle; hence, they were selected as the test factors in the steepest climb
test. The remaining parameters were modeled based on the values derived from the physical experiment
results. Xs, X4 showed that the standardized effect was positive, so it was incrementally increased at a fixed
step size during the steepest climb test. The relative error 3 was calculated by bringing the steepest climb
test stack angle tangent 6 and the physical test stack angle tangent t into Eq. 7.

The results of the steepest climb test are shown in Table 14, in which the rolling friction coefficients
and static friction coefficients between the seeds were taken as 0.21~0.31 and 0.28~0.68, respectively, and
the relative error of test 2 of the test results was the smallest, so test 2 was chosen as the center of the
subsequent center-conformity response surface test. The optimal intervals are the values in the vicinity
where the error is minimized: test 1 and test 3, the low and high values, respectively.

=
(=——x100% (7)

T
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Table 14
Steepest Climb Test Program and Results
No. X3 X4 Climbing test stacking angle tangent Relative error/%

1 0.21 0.28 0.72 2.09
2 0.24 0.38 0.76 1.48
3 0.26 0.48 0.78 5.41

4 0.29 0.58 0.80 8.37
5 0.31 0.68 0.82 10.27

RESULTS AND DISCUSSION
Analysis of simulation results

Based on the range of interval values of rolling and static friction factors selected for tiger nuts in the
steepest climb test using Design-Expert 13, the central composite test was conducted in Design-Expert 13.
Stacking angle tests were performed for 11 sets of parameters. In order to increase the precision and
reliability of the test and to reduce the effect of random errors on the test results, three of the groups of
parameters were horizontally repeated tests. This was done to assess the impact of the rolling friction factor
X3 and static friction factor X4 on the response surface optimization test for the formation of stacking angle
of tiger nuts. The coding of the test factors and the results are displayed in Table 15. The maximum error in
this test result was 4.84%, which is a substantial reduction of 5.43% relative to the maximum error of
10.27% for the steepest climb test. The minimum error of 0.12% is 1.35% less than the minimum error of
1.47% for the steepest climb test. The results show a substantial increase in the accuracy and reliability of
the results obtained in this interval.

Table 15
Centre composite test results

No. X3 Xa Stacking angle tangent Errors/%

1 -1 -1 0.75 2.54

2 1 -1 0.73 0.55

3 -1 1 0.75 3.19

4 1 1 0.76 4.84

5 -1.41 0 0.75 2.80

6 1.41 0 0.75 2.54

7 0 -1.41 0.74 0.12

8 0 1.41 0.76 4.59

9 0 0 0.74 1.49
10 0 0 0.74 1.36
11 0 0 0.74 1.49

Multiple regression fitting by Design-Expert 13-centre composite test yielded the second-order
regression equations for the coefficients of rolling and static friction between the simulation test stacking
angle and the tiger nuts as:

6=0.918+0.0844 X, +0.0284 X, —0.0785 X, X, —0.0575 X,* —0.084.X > (8)

As can be seen from Table 16, the P-value for the tiger nuts model is less than 0.0001. The misfit
direction P is 0.8422, and the coefficient of determination R2 is 0.9992, which is close to 1, indicating an
extremely significant regression equation. A comparison between the adjusted coefficient of determination
Adjusted R? and Predicted R? is 0.013, which is less than 0.2. The coefficient of variation (CV) is relatively
small at 5.8%, which indicates a higher reliability of the model, as evidenced by these experimental results.
It is concluded that the regression model not only accurately captures the real situation but also effectively
predicts the stacking angle of tiger nuts.

Table 16
Analysis of variance results of the central composite response surface regression model
Parameters Sum of squares Degrees of Mean square F value P value
freedom
model 0.0011 5 0.0002 1204.94 <0.0001
X3 0.000003 1 0.000002 15.47 0.0110
X4 0.0007 1 0.00007 3710.36 <0.0001
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Parameters Sum of squares Degrees of Mean square F value P value
freedom

X3Xa 0.0002 1 0.0002 1040.67 <0.0001

X3? 0.0001 1 0.0001 652.97 <0.0001

X4? 0.0002 1 0.0002 962.79 <0.0001
residual 0.0000009 5 0.0000002 / /

lost proposal 0.0000003 3 0.0000001 0.2750 0.8422
pure error 0.0011 2 0.0000003 / /

Note: *indicates a significant impact ( 0.01<P<0.05 ) ; ** indicates that the effect is extremely significant ( P<0.01 ).

The stacking angle response surface is depicted in Fig. 13, where variations in the effect on the
stacking angle are associated with changes in dynamic and static friction. The coefficient of rolling friction
has a small interval of variation, whereas an increase in the coefficient of static friction correlates with an
increase in the stacking angle. The most pronounced impact on the stacking angle occurs when the rolling
friction coefficient is 0.21 and the static friction coefficient is 0.48. When the rolling friction coefficient is
between 0.23~0.26, the model shows a slowly increasing trend. When the static friction of the seeds
increases, the effect on their stacking angle is greater regardless of whether the rolling friction is smaller or
greater. This indicates that the coefficient of static friction has a greater effect on the change in the value of
the tiger nuts stacking angle compared to the coefficient of dynamic friction. Combined with the previous
analyses in this paper, the significance of the influence of static friction and rolling friction on the stacking
angle between the tiger nuts were better verified.

Fig. 13 - Stacking angle response surface plot

Experimental verification

In order to make the simulated stacking angle close to the physical experiment, this analysis is based
on the central composite test and the second-order regression equation. From the objective of minimizing
the error of the test results, the optimal solution analysis is carried out for the rolling friction and static
friction between the seeds, which have the most influence in the test. The objective function and constraints

are set as follows:
min o(X;,X,)
0.21<X,<0.26
£ 3 ©)
0.28<X,<0.48

The optimal parameters for static and rolling friction between tiger nuts were identified as 0.32 and
0.24, respectively. The stacking angle of the simulation test is closest to the stacking angle of the physical
test, indicating that this combination is the best parameter combination to be used in the simulation test.
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To confirm the reliability of the parameter results, the optimal parameters were applied to simulation
tests in EDEM, and the tests were replicated three times, yielding the simulation stacking angle tangent
values of 0.720, 0.732, and 0.741, respectively. The error between the simulation test stacking angle mean
value of 0.731 and the result from the physical test, recorded at 0.734 is 0.41%. A high degree of
congruence is observed between the physical test 14(a) and the simulation of stacking angle 14(b)
employing the selected optimal parameters, with no significant difference evident. This suggests that the
parameters of this simulation test are set with precision. This result further validates the reliability and
realism of the simulation test.

Compared with existing studies, this paper improves the accuracy of the model through a
combination of physical and simulation tests. The obtained parameters can be directly used in the testing of
tiger nutsing tools and provide a reliable discrete element parameter model.

e
Fig. 14 - Simulation of stacking angle after parameter optimization of tiger nuts

CONCLUSIONS

In this study, MATLAB was used to make accurate and fast measurements of the three dimensions of
tiger nuts to obtain reliable discrete meta-model dimensions. The average density and thousand grain
weight of tiger nuts were measured to be 1062.22 kg/m? and 789.32 g, respectively. The average volume,
equivalent particle diameter and sphericity were 1.54 cm3, 11.15 mm and 85%, respectively. The modulus
of elasticity, Poisson's ratio and shear modulus of tiger nuts were measured in physical tests: 8.22x106 Pa,
0.39, 3.03x106 Pa.

Dimensional measurements and physical tests of tiger nuts were used as a basis for selecting
parameters for simulation tests. Through the Plackett-Berman screening experiment and the
steepest-climbing test, the parameter intervals that had a large influence on the stacking angle were
identified: inter-seed rolling friction (0.21 to 0.31), and inter-seed static friction (0.28 to 0.68). The optimal
simulation parameters were obtained from the central composite response surface test: inter-seed rolling
friction of 0.24 and inter-seed static friction of 0.32, the relative error in the stacking angle was minimized.

In this paper, the relevant parameters obtained from the discrete element calibration test using tiger
nuts can be used as the parameters for tiger nuts simulation, and can be used as a reference for the
optimized design of tiger nuts sowing machine structure. By simulating the process of stacking angle
formation of tiger nuts, it is possible to predict the pass rate and breakage rate of sown seeds under
different factors. This optimizes the structure of the tiger nuts planter, reduces the number of physical
pre-tests, avoids the problem of not being able to conduct seeding tests due to external environmental
factors, reduces production costs, and improves research efficiency.
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