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ABSTRACT

To address the lack of contact parameters in designing hazelnut harvesting machinery, this study measured
the physical properties of hazelnuts through experiments and obtained a 3D model via scanning. A DEM model
was established accordingly. Contact parameters between hazelnuts and steel were calibrated through
physical and simulated tests, yielding a restitution coefficient of 0.31, static friction of 0.39, and rolling friction
of 0.04. Using the relative error of repose angle as the response variable and hazelnut-hazelnut contact
parameters as factors, a quadratic regression model was developed by steepest ascent and Central
Composite tests. The optimal contact parameters of hazelnuts were 0.11 (restitution), 0.21 (static friction), and
0.04 (rolling friction), with a 1.84% error.
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INTRODUCTION

Hazelnuts (Corylus spp., family Betulaceae) are among the world’s four major nuts and serve as a vital
oilseed crop. Their kernels are rich in essential amino acids, minerals, and unsaturated fatty acids that help
lower blood lipids and support cardiovascular health (Kruk et al., 2024; Bonisoil et al., 2015; Delprete et al.,
2014). With recognized nutritional and medicinal value, hazelnuts are in growing demand globally. Rising
health awareness and improved economic conditions have further boosted hazelnuts consumption. China is a
leading producer, with output reaching 0.6 million tons in 2023 and showing steady annual growth (Zhao et al.,
2023; Guo et al., 2024).

The growing hazelnut market has driven the development of related machinery, with mechanization
seen as a key solution to labor shortages intensified by China’s aging population. However, equipment in this
field remains in its early stages, lacking standardization and widespread adoption. To address terrain
challenges, Ren et al. (Ren et al., 2022; Ren et al., 2024) developed a pneumatic harvester achieving a 96.332%
picking rate with only 1.679% foreign material content. Further improvements enhanced operational stability.
For shelling, He et al., (2024), proposed a conical sheller capable of processing hazelnuts of varying sizes,
effectively improving shelling efficiency and reducing kernel breakage. The design and optimization of
hazelnut-related machinery increasingly rely on computer-aided technologies such as DEM, CAE, and CAD,
which streamline development and shorten design cycles. The Discrete Element Method (DEM), widely used
in civil engineering, mining, and agricultural machinery, enables accurate simulation of granular material
behavior. For example, Zhang et al., (2024), developed a DEM model for alfalfa seeds, calibrating contact
parameters via repose angle comparisons. Similarly, Zhang et al., (2024), established a safflower seed model
using the Hertz—Mindlin (no slip) contact model and orthogonal testing. Shi et al., (2024), proposed a DEM
model for cotton seeds, achieving accurate simulation of coated seed behavior for planting applications.
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Mohammad et al., (2024), proposed a comprehensive five-step framework of a DEM grain model
calibration and validation of flow and grain impacts on equipment was investigated. The flow model of corn
during hopper unloading of the harvester was established and verified.

Currently, no studies have reported the development of a discrete element model (DEM) for hazelnuts
or the calibration of their contact parameters, despite their importance for machinery design and optimization.
In this study, the basic physical properties of hazelnuts were obtained through experimental measurement and
theoretical calculation (Sun et al., 2022). Contact parameters between hazelnuts and steel - including
restitution, static friction, and rolling friction coefficients - were measured and calibrated using physical and
simulated repose tests (Wang et al., 2022; Xu et al, 2021, Xu et al., 2022). Using the relative error of repose
angles as the response variable, and inter-hazelnut contact parameters as factors, the optimal parameter
combination was identified through steepest ascent and the central composite tests (Xu et al., 2018). Further
validation confirmed the accuracy and reliability of the DEM model and calibrated parameters.

MATERIALS AND METHODS
Size Parameters

This study focuses on Corylus avellana (European hazelnut) as the target material. The hazelnut
exhibits an approximately elliptical shape, with a nearly circular center that tapers toward both ends. Based on
morphological features, the husk end is defined as the bottom and the pointed end as the top. During
maturation, natural linear textures form along the husk surface. As shown in Figure 1, a three-dimensional
rectangular coordinate system was established: the distance between the two vertices is defined as length (L),
the axis along the husk’s linear texture as width (W), and the axis perpendicular to it as thickness (T). A total
of 200 hazelnuts were randomly selected for dimensional analysis. Using a digital caliper with 0.01 mm
precision, the average values measured were 22.48 + 0.96 mm (L), 18.23 £ 0.78 mm (W), and 17.46 + 0.81

mm (7).

Fig. 1 — Schematic diagram of size characteristics of hazelnut

The density of hazelnuts

The mass of the hazelnuts was measured using an electronic balance with a precision of 0.01 g. Volume
was determined via the liquid displacement method using a graduated cylinder (0.1 mL precision) filled with
99% ethanol. To minimize splashing and measurement error, the cylinder was tilted, and each hazelnut was
gently introduced at the opening, allowing it to slide in slowly and become fully submerged. The hazelnut
volume was calculated as the absolute difference between the initial and final liquid volumes. Ten hazelnuts
were randomly selected, and the test was repeated five times per sample, with the average taken as the final
result. Based on the standard formula for density (Liu et al., 2025), the average density of hazelnuts was
calculated to be 851 £ 15.37 kg/m>.

The Young's modulus and Poisson’s ratio of hazelnuts

The Young's modulus is a measure of a material's ability to resist deformation under tension or
compression and is one of the key mechanical properties of the hazelnut. The Young's modulus of the hazelnut
was measured using a texture analyzer, as shown in Figure 2. The hazelnut was placed horizontally on the
platform of the texture analyzer, and the hydraulic probe was manually adjusted to a suitable position above
the hazelnut. The loading speed was set to 10 mm/s and pressure was applied until the breaking force in the
dislocation-force curve in the computer reached its peak and decreased sharply, at which point the test was
stopped.
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The post-processing module of computer software was used to obtain the force-displacement curve
during the seed compression test, as shown in Fig. 3(b). The indentation method is used to calculate the
contact area, the surface of the hazelnut is coated with pigment, compressed to leave a near circular pattern
on the hydraulic probe, and the contact area is calculated by the formula 4 = 7. The test was repeated seven
times, and the average value was calculated. The Young's modulus of the hazelnut was then determined by
Equation (1), yielding £ = 1.254x10° Pa.

E=(§)/v (1)

where:
E'is the Young's modulus of hazelnuts, Pa; o represents the maximum compressive stress, Pa;
A represents the contact area of the compression head with the hazelnut, m2; v is the line strain.
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Fig. 2 — Hazelnuts mechanical properties test
(a) Hazelnuts compression test; (b) Load-displacement curve

Poisson’s ratio is defined as the ratio of lateral strain to axial strain under uniaxial compression, and
it is a key mechanical property of hazelnuts. In this study, a texture analyzer was used to perform compression
deformation tests. Five hazelnuts were randomly selected, and their initial width and thickness were measured
using a digital caliper. Each sample was placed on the test platform, and a hydraulic probe was manually
positioned until it contacted the surface. The loading rate was set to 0.5 mm/s for a duration of 4 seconds.
After compression, the width deformation was recorded. The test was repeated five times, and the average
was used to calculate Poisson’s ratio based on thickness and width changes. The resulting Poisson’s ratio of
hazelnuts was determined to be 0.38.

_AT/T
AW W

()
where:
A is Poisson's ratio of hazelnut; AT is the absolute deformation in the direction of the thickness of
hazelnuts, mm; T is the original thickness of hazelnuts, mm; AW is the absolute deformation in the

direction of the width of hazelnuts, mm; ¥ is the original length in the direction of the width of hazelnuts,
mm.

Discrete element method model

In this study, a three-dimensional model of a hazelnut was obtained using 3D scanning technology. A
sample with dimensions close to the average was selected (Figure 3a), and its surface geometry was captured
and smoothed using Materialise Magics 28.0 (Figure 3b). The processed model was exported in STL format
and imported into EDEM 2022 (Figure 3c), where a discrete element model was generated using the automatic
filling method (Figure 3d). This approach preserves the geometric fidelity and physical characteristics of the
hazelnut, improving the accuracy and realism of simulation results for harvesting and processing applications.
Contact interactions between hazelnuts and between hazelnuts and equipment surfaces were simulated using
the Hertz—Mindlin (no slip) contact model. This model incorporates both elastic and frictional properties of
materials, enabling accurate representation of collision and contact behaviors in the discrete element
framework (Li et al., 2024, Fan et al., 2021).
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@) ®) © )
Fig. 3 — Hazelnut model
(a) Actual hazelnut; (b) Hazelnut scanning model, (c) Hazelnut profile model; (d) Hazelnut discrete element model

Determination and calibration of restitution coefficient

The collision restitution coefficient is defined as the ratio of separation velocity to approach velocity in
the normal direction of contact and is influenced by the material properties of the colliding bodies. As illustrated
in Fig. 4a, the restitution coefficient between hazelnuts and a steel plate was determined via a free-fall test. A
hazelnut was released from a height of 500 mm above a horizontal steel surface, with vertical grid paper used
for reference. The rebound motion was recorded using a high-speed camera, and the rebound height (%) was
measured accordingly. This test was repeated ten times, yielding an average rebound height of 9.42 mm. The
restitution coefficient was calculated using Equations 3-5, resulting in a value of 0.14 for the hazelnut—steel interaction.

Vs =W

e=——— (3)
Vom0

v, =+/2gh (4)

v, =+/2gH (5)

where, e is the collision restitution coefficient between hazelnuts and steel; v, is the velocity of the steel before
the collision, v; is the velocity of hazelnuts before the collision, mm-s-'; v; is the velocity of the steel after the
collision, mm-s'; v, is the velocity of hazelnuts after the collision, mm-s-'; H is the height from which the object
is dropped before free fall, mm; % is the rebound height, mm; g is the gravity acceleration, m-s2.

Due to deviations between physically measured and simulation-required restitution coefficients [30],
calibration is necessary before applying values in DEM. As shown in Figure 4b, a simulation was conducted
in EDEM 2022 under the same conditions as the physical free-fall test. The restitution coefficient ranged from
0.01 to 0.41 in steps of 0.05, while the static and rolling friction coefficients were fixed at measured values.
Nine simulations were performed with a 5 s duration and a 0.001 s time step. A quadratic fit of the results is
shown in Figure 5a. Substituting the physical rebound height (9.42 mm) into Equation (6) yielded a calibrated
restitution coefficient of 0.31. This value was then verified through five repeated simulations, producing an
average rebound height of 9.13 mm and a relative error of 3.08%. These results confirm that the calibrated
coefficient closely reflects actual behavior and is suitable for further DEM simulations.

y, =1.403—42.794x, +217.095x,> (6)

where, x; is the restitution coefficient; y; is the rebound height, mm.

Determination and calibration of static friction coefficient

The static friction coefficient is defined as the ratio of the maximum static friction force to the normal
force between two contact surfaces. It is influenced by material properties and surface roughness. In this study,
the inclined plane method was used to measure the static friction coefficient between hazelnuts and a steel
plate (Fig.4c). To prevent rolling, two hazelnuts were bonded together using adhesive. The inclined plane angle
was gradually increased at a constant rate using a hand-cranked mechanism until the hazelnut assembly
began to slide. The critical angle at the onset of sliding was recorded. This test was repeated 10 times, and
the average value was calculated. The resulting average maximum static friction angle between the hazelnuts
and the steel surface was 22.70°.

f =G sinf (7)

Fy = G cosé (8)

="t ©)
A

where: f'is the frictional force acting on hazelnuts, N; G is the gravitational force on hazelnuts, N; Fy is the
support force acting on hazelnuts, N; u is the static friction coefficient; 8 is the angle between the inclined plane
and the horizontal surface, °.
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The static friction coefficient was calculated using Equations (7)-(9), yielding a measured value of 0.42
for the hazelnut—steel interface. Calibration followed a similar procedure to that of the restitution coefficient. As
shown in Figure 4d, a simulation of the inclined plane test was constructed in EDEM 2022 using the same
initial and boundary conditions as the physical test. The restitution and rolling friction coefficients were fixed at
previously determined values, while the static friction coefficient varied from 0.1 to 0.5 in 0.05 increments,
requiring nine simulations. Each simulation lasted 15 s, with the plane rotating at 2°/s and a time step of 0.01s.
The simulation results and quadratic fitting curve are shown in Figure 5b. Substituting the physical result (y, =
22.70°) into Equation (10), the calibrated static friction coefficient was determined to be 0.39. Repeated
simulations yielded an average friction angle of 23.16°, with a relative error of 2.03%, confirming the
calibration’s accuracy.

¥, =0.944+59.548x, —7.836x,” (10)

where, x;is the static friction coefficient; y, is the maximum static friction angle,®.

Determination and calibration of rolling friction coefficient

Rolling friction refers to the resistance encountered when an object rolls over a surface without slipping,
primarily caused by surface deformation at the contact interface. In this study, the bevel rolling method was
used to determine the rolling friction coefficient between hazelnuts and a steel plate. As illustrated in Figure
4e, the inclined plane formed a 20° angle with the horizontal. Each hazelnut was placed at a distance of § =
150 mm from the incline's base and released from rest (initial velocity = 0 m/s). The hazelnut rolled freely until
it came to a stop, and the horizontal rolling distance L was recorded. The test was repeated 10 times, and the
average rolling distance was calculated to be 322.81 mm.

= GLsin (1)
G(Lcosf+S)

where, G is the gravitational force on the hazelnut, N; f is the angle of inclination of the inclined plane, °; S'is
the distance traveled by the hazelnut while rolling on a flat surface, mm; L is the distance traveled by the
hazelnut while rolling on an inclined plane, mm; ' is the rolling friction coefficient of the hazelnut and steel plate.
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Fig. 4 - Physical test and simulated test for measuring contact parameters of hazelnuts and steel
(a) Physical collision test; (b) Simulated collision test; (c) Physical static friction coefficient test; (d) Simulated static friction coefficient
test; (e) Physical rolling friction coefficient test; (f) Simulated rolling friction coefficient test.
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The rolling friction coefficient is calculated using Equation (11). The rolling friction coefficient between
hazelnuts and the steel plate is calculated to be 0.11.

A simulation test replicating the physical rolling friction experiment was constructed in EDEM 2022, as
shown in Figure 4f. The restitution and static friction coefficients were fixed at their calibrated values. The
rolling friction coefficient was varied from 0.01 to 0.17 in 0.02 increments, resulting in nine simulations. The
simulation results and the corresponding quadratic fitting curve are presented in Figure 5c. By substituting the
physical rolling distance (ys = 322.81 mm) into Equation (12), the calibrated rolling friction coefficient was
determined to be 0.04. This value was then applied in a second round of simulations (n = 10), producing an
average rolling distance of 313.46 mm. The relative error between the physical and simulated results was
2.90%, confirming that the calibrated rolling friction coefficient closely reflects actual behavior and is reliable
for subsequent discrete element simulations.

y, =345.71—680.14x, +2059.71x,> (12)

where, x;3 is the rolling friction coefficient; y; is the rolling distance, mm.
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Fig. 5 - Simulation results of hazelnut and steel contact parameters and polynomial fitting
(a) Simulation results of restitution coefficient test and quadratic fitting; (b) Simulation results of static friction coefficient test and
quadratic fitting; (c) Simulation results of rolling friction coefficient test and quadratic fitting.

Calibration of contact parameters between hazelnuts

Direct measurement of contact parameters between hazelnuts using conventional methods is
challenging. Therefore, this study employs a combined approach of physical and simulated repose angle tests
for calibration. The relative error between physical and simulated repose angles serves as the response
variable, while the restitution coefficient, static friction coefficient, and rolling friction coefficient between
hazelnuts are treated as experimental factors. Using steepest ascent and orthogonal test methods, a
regression model is established, and the optimal combination of inter-hazelnut contact parameters is
determined for accurate discrete element simulation (Ucgul et al., 2018, Gu et al. 2020).

Physical repose test

The physical repose angle tests were conducted using the cylindrical lifting method. The test apparatus
comprised a steel cylinder (100 mm diameter, 400 mm height) and a steel plate (400 x 400 mm, 2 mm thick).
Before testing, the cylinder was placed at the center of the plate and filled with hazelnuts. It was then lifted
vertically at a constant speed of 30 mm/s, allowing the hazelnuts to form a natural pile, as shown in Figure 6a.
Image processing was performed in MATLAB, including binarization, hole filling (Figure 6b), edge extraction,
and linear fitting using the least squares method to determine the slope on both sides of the pile (Figures 6¢
and 6d). Due to asymmetry, the average of the absolute values of both side slopes was taken as the repose
angle for each test. The procedure was repeated 10 times, yielding an average repose angle of 23.38 + 0.72°.
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Fig. 6 - Physical repose tests and experimental processing.
(a) Physical angle of repose test; (b) Using MATLAB to process the figures; (c) Right side repose curve; (d) Left side repose curve.

Simulation repose test

A simulated repose angle test replicating the physical test was established in EDEM 2022, as shown in
Figure 7a. Contact parameters between hazelnuts and the steel tube/plate were set according to values listed
in Table 2. The lifting direction of the steel tube was aligned with the positive z-axis, at a velocity of 0.03 m/s.
The total simulation time was set to 8 s, with a data-saving interval of 0.1 s, as only the final repose state was
of interest. The simulation process and resulting particle pile formation are illustrated in Figures 7b—7d. For
analysis, the post-processing view was set to the XZ plane, and particle color was rendered black. The final
pile shape was processed using MATLAB, where edge detection and least squares fitting were performed to
extract the slope values, as shown in Figure 7e.

A SIS I IS A NI I I IR I R B I IR I IR AN N

Fig. 7 - Simulated Repose Tests and Experimental Processing.
(a) Before simulated tests; (b) During simulated tests; (c) After simulated tests; (d) Hazelnuts stacking; (e) Repose angle measurement

The steepest climb test
The steepest ascent method was employed to quickly approach the optimal range of these significant
factors. The experimental design is shown in Table 1.

Table 1
Design of the steepest climb test
NO. Test factors
X1 X2 X3
1 0.1 0.1 0.01
2 0.2 0.2 0.02
3 0.3 0.3 0.03
4 0.4 0.4 0.04
5 0.5 0.5 0.05
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Central composite design with quadratic orthogonal rotations

Based on the optimal factor ranges determined from the steepest ascent test, three levels of restitution
coefficient, static friction coefficient, and rolling friction coefficient were selected for a central composite design
with quadratic orthogonal rotation. A response surface model was then established using the experimental
results, and a regression equation was derived. This equation was used to predict the optimal combination of
contact parameters between hazelnuts that best approximates the actual repose angle, enabling improved
accuracy in the discrete element simulation.

RESULTS
Results of the steepest climb test

The results of the steepest ascent test are presented in Figure 8. As the restitution coefficient, static
friction coefficient, and rolling friction coefficient increased, the relative error between simulated and physical
repose angles initially decreased and then increased. Test Group No. 2 produced the lowest relative error of
2.61% and was therefore selected as the zero level for the subsequent response surface design. The optimal
range of factor levels was determined to lie between those of Group No. 1 and Group No. 3, providing the
basis for refined parameter optimization.

50
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r r : : :
1 2 3 4 5
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Fig. 8 — Results of the steepest climb test

Results of the quadratic orthogonal rotating combination test
The results and analysis of variance for the three-factor, five-level orthogonal rotating combination test
are presented in Table 2 and Table 3.

Table 2
Test result of the central composite test

No. X1 X2 X3 Relative Error (Y)
1 -1 -1 -1 48.10
2 1 -1 -1 51.65
3 -1 1 -1 3.63
4 1 1 -1 3.55
5 -1 -1 1 24.16
6 1 -1 1 20.78
7 -1 1 1 1.54
8 1 1 1 19.37
9 -1.682 0 0 2.52
10 1.682 0 0 0.51
11 0 -1.682 0 64.73
12 0 1.682 0 0.51
13 0 0 -1.682 26.38
14 0 0 1.682 19.37
15 0 0 0 0.51
16 0 0 0 11.03
17 0 0 0 0.51
18 0 0 0 2.61
19 0 0 0 0.56
20 0 0 0 0.51
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The data in Table 4 were analyzed using Design-Expert 13.0. A regression model was established to
describe the relative error of repose angle as a function of the restitution coefficient (X:), static friction
coefficient (X2), and rolling friction coefficient (Xs) between hazelnuts. The fitted regression equation is shown
in Equation (13).

Y =257+1.06X,-16.45X,-3.87X,+2.20X X, +1.37X X, +8.57X,X, —0.05X12 + 10.94X22 + 7.50X32 (13)

The ANOVA results for the regression model (Equation 13) are summarized in Table 5. A P-value <
0.0001 indicates the model is highly significant, while the lack of fit (P = 0.1813) is not significant, confirming
the model's adequacy. The coefficient of determination (R?) is 0.9586, indicating strong predictive reliability.
Among the factors, the static friction coefficient (Xz) has a highly significant effect, followed by the rolling friction
coefficient (X3), while the restitution coefficient (X:) shows no significant impact. Only the interaction between
X2X; is statistically significant. The response surface of XzX; (Figure 10) shows that as both static and rolling
friction coefficients increase, the relative error first decreases and then rises. The steeper, denser contours of
Xz indicate its greater influence, consistent with the ANOVA findings. The factors affecting repose angle error,

in order of significance, are Xz, X5, and X: (Zhuang et al, 2023).

Table 3
ANOVA for quadratic equation model
Parameters Sum of Squares Df Mean square | F value | P value
Modal 6922.69 9 769.19 25.74 | <0.0001"
X1 15.48 1 15.48 0.5181 0.4882
X2 3693.92 1 3693.92 123.63 | <0.0001"
X3 204.67 1 204.67 6.85 0.0257"
X1Xz2 38.63 1 38.63 1.29 0.2820
X1X3 15.07 1 15.07 0.5044 0.4938
X2X3 587.22 1 587.22 19.65 0.0013"
X1? 0.0413 1 0.0413 0.0014 0.9711
X2? 1725.98 1 1725.98 57.76 <0.0001"
X3? 810.28 1 810.28 27.12 0.0004™
Residual 298.79 10 29.88
Lack of Fit 210.47 5 42.09 2.38 0.1813
Pure Error 88.33 5 17.67
Cor Total 7221.49 19

Parameter optimization

Based on the experimental data and regression equation, the optimization module in Design-Expert 13.0
was used to minimize the relative error (Y). The software identified the optimal combination of significant factors
that resulted in the lowest predicted error, providing the best-fit contact parameters for accurate repose angle

simulation.

Y (%)

0.01 0.1
Fig. 10 - Effect of static friction coefficient and rolling friction coefficient on the relative error
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The objective function and constraints are as following equation (14):
minY(X,, X,,X;)
0.1<X,<03 (14)
0.1£X,<03
0.01<X,<0.05

The optimized contact parameters between hazelnuts were: restitution coefficient 0.11, static friction
coefficient 0.21, and rolling friction coefficient 0.04. These values were applied in EDEM, and 10 simulated
repose angle trials were conducted. The average simulated repose angle was 23.82°, with a relative error of
only 1.84 + 0.009%. This confirms that the optimized parameter set is highly accurate and suitable for use in
subsequent discrete element simulations.

CONCLUSIONS

1. The fundamental physical properties of hazelnuts—including size, density, Young’s modulus, and
Poisson’s ratio—were measured through physical testing. Contact parameters between hazelnuts and steel
were obtained and calibrated using a combination of experiments and simulations. A 3D model was built via
scanning, and a DEM model was generated using the automatic filling method. The calibrated parameters
were: restitution coefficient 0.31, static friction 0.39, and rolling friction 0.04.

2. Contact parameters between hazelnuts were calibrated using combined physical and simulated
repose tests. Image analysis in MATLAB enabled accurate measurement of the repose angle. A steepest
ascent test identified optimal parameter ranges, followed by response surface optimization. The final calibrated
values were 0.11 (restitution), 0.21 (static friction), and 0.04 (rolling friction), yielding a relative error of 1.84 +
0.009% in validation tests—demonstrating high model accuracy.

3. The calibrated contact parameters provide a reliable foundation for DEM-based design and
optimization of hazelnut harvesting, handling, and cleaning machinery, helping reduce development costs and
improve efficiency.
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