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Abstract: To obtain the physical parameters and contact parameters of ramie stalk decorticating
simulation, the structural dimensions, density, moisture content, elastic modulus, and contact param-
eters of the ramie stalk were measured in this study based on the phloem and xylem of the ramie
stalk. The physical stacking angles of the phloem and xylem were measured by the cylinder lift
method and the extraction of the partition method, respectively. The contact parameters between the
xylem and phloem of the ramie stalk were directly calibrated. Additionally, the contact parameters
of the phloem—phloem, phloem—Q235A steel, xylem—xylem, and xylem—Q235A steel were used as
calibration objects, and the simulated stacking angle was used as the evaluation index. Then, the
Plackett-Burman test was designed to screen for the parameters which were significantly affecting
the simulated stacking angle. Furthermore, the steepest ascent test determined the optimal range of
values for two significant parameters of the phloem and three significant parameters of the xylem.
Based on the central composite design, the second-order regression equations between the significant
parameters of the phloem and xylem and the stacking angle were established, respectively. The
physical stacking angles of 37.93° for phloem and 27.17° for xylem were the target values to obtain
the optimal parameter group. The results showed that the restitution, static, and rolling friction
coefficients between the xylem and phloem were 0.60, 0.53, and 0.021, respectively. The static and
rolling friction coefficients between the phloem and phloem were 0.41 and 0.056, respectively. The
rolling friction coefficient between the xylem and Q235A steel was 0.033, and the static and rolling
friction coefficients between the xylem and xylem were 0.44 and 0.016, respectively. The verification
test showed that the relative error values were less than 2.11%, which further indicated that the
modeling method and parameter calibration of the ramie stalk phloem and xylem models were
accurate and reliable. They can be used for the subsequent calibration simulation tests of ramie stalk
bonding parameters and ramie stalk decorticating simulations.

Keywords: ramie stalk; discrete element method (DEM); parameter calibration; stacking angle;
contact parameters

1. Introduction

Ramie is a culturally significant and traditional economic crop in China. It is widely
cultivated in the Yangtze River Basin and southern China, with the planting area and
fiber production accounting for over 95% of the global output [1]. Ramie is a perennial
herbaceous plant belonging to the family Urticaceae [2], with its entire body being highly
valuable. Its fiber exhibits excellent properties, such as strong moisture absorption, great
breathability, antibacterial properties, and biodegradability [3-5], which makes it widely
useful in textiles, medicine, military, agriculture, and ecofriendly packaging industries.
However, the fiber of ramie must be decorticated and processed before use in the textile
industry [6]. The ramie decorticator is the main processing equipment for decorticating
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ramie fiber. The high-speed rotating rollers can crush and eject the xylem through bending
and beating the ramie stalk frequently while at the same time keeping the bast fiber intact,
thereby obtaining pure raw ramie fiber [7]. However, the movement of each component of
the ramie stalk is complex during decorticating, and traditional research methods are unable
to simulate and analyze this movement state, which has so far hindered the optimization
of decorticating equipment.

Simulation technology is widely used to optimize agricultural machines due to the
rapid development of computational speed [8,9]. The EDEM simulation software based
on the discrete element method can accurately analyze the movement law of agricultural
materials in agricultural machinery. In agricultural machinery simulation operations, agri-
cultural materials can be modeled as particles or clusters. The EDEM software can record
the real-time movement trajectory and mechanical behavior of agricultural materials and
conduct in-depth research on the interaction mechanism between materials and machinery;
this can guide the optimization of the machinery design [10,11]. However, it is crucial to
input the accurate physical and contact parameters of the materials to establish a discrete
element model, which can faithfully reproduce the characteristic properties of the material
and adapt to the real-world operating conditions of the machinery.

The DEM simulation modeling requires the input of intrinsic physical and contact
parameters [12]. Due to the individual differences in materials, errors in physical tests,
and differences in model constructions, obtaining accurate discrete element parameters
through physical tests is difficult. Therefore, the calibration of physical tests and virtual
simulations must be conducted to ensure consistency between the simulation and physical
results. A stacking angle test can effectively calibrate discrete element parameters [13].
Various stacking angle measurement methods have been developed for different material
characteristics, such as the injection, tilted box, cylinder lifting, and extraction of partition
methods [14-17]. These methods are widely used to calibrate discrete element simulation
parameters in materials such as soil, fertilizer, seeds, and biomass stalks. Xiang et al. [18]
built a soil simulation model based on soil stacking tests of physical measurements and
EDEM-software-recommended parameters. They used the stacking angle as the response
value and completed the calibration and optimization of soil simulation’s physical parame-
ters through the Plackett-Burman, steepest ascent, and Box—Behnken tests. Liu et al. [19]
obtained the stacking angle of a wheat grain heap through physical and simulation tests
under the response value of different parameter combinations, which were finally based on
response surface optimization, and they calibrated the discrete element simulation parame-
ters of wheat. Xiao et al. [20] explored the influence of compound fertilizer characteristic
parameters on the stacking angle, and they determined the rolling friction coefficients of
the three types of granular fertilizers under two particle modeling methods. Shi et al. [21]
measured the interval values of the contact parameters of fallen jujube through stacking
angle tests. They used EDEM software to establish a simulation test of a fallen jujube stack-
ing angle. They used Plackett-Burman, steepest ascent, and central composite design tests
to obtain specific values of simulation parameters from the interval values. Dai et al. [22]
used 3D scanning technology to construct a discrete element model of lily bulbs, and they
calibrated the contact parameters between the lily bulbs and Q235 steel through bench tests
and simulation parameter tests, and then established a regression model for the relative er-
rors of the parameters and optimized the response surface to calibrate the discrete element
contact parameters of the lily bulbs. Zhang et al. [17] determined the contact parameters
between corn stalks and shredder blades, as well as corn stalks themselves. They used the
extraction of the partition method to calibrate the contact parameters for corn stalk discrete
element simulation. The research on discrete element simulation modeling and the param-
eter calibration of agricultural materials mainly focuses on spherical and quasi-spherical
particles, such as soil, crop seeds, and fertilizers, and large spherical particles, such as
fruits and plant bulbs. Unlike traditional spherical and quasi-spherical particle materials,
the ramie stalk has a cylindrical shape in its xylem, and its phloem is strip-shaped after
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being decorticated from the xylem. Few scholars have studied the calibration of the contact
parameters of discrete element models on the ramie stalk.

To establish a discrete element simulation model of ramie stalks, this study established
the discrete element models of the phloem and xylem on ramie stalk through the physical
and simulation tests. Based on the measurement results of the phloem and xylem of
ramie stalks, the stacking angle of the phloem and xylem particle mixture was taken as
the response value. This study employed Plackett-Burman, steepest ascent, and response
surface tests to complete the calibration and optimization of the contact parameters of the
phloem and xylem on ramie stalks. This can provide a basic model and technical support
for simulating the decorticating process of ramie fiber.

2. Materials and Methods
2.1. Measurement of the Physical Parameters of Ramie Stalk Phloem and Xylem

We selected the “Zhongzhu No. 1” variety of ramie as the experimental object to
measure the structural dimensions, density, shear modulus, and other parameters of the
ramie stalk’s phloem and xylem. The “Zhongzhu No. 1” variety of ramie was planted at
the Shijihu test base of Bast Fiber Crops of the Chinese Academy of Agricultural Sciences
Institute in Yuanjiang City, Hunan Province.

2.1.1. Dimensional Measurements

We employed a five-point sampling method to obtain 100 random samples of ramie
stalks. The plant height was measured using a tape measure (with an accuracy of 1 mm),
and the xylem outer diameter, xylem inner diameter, and phloem thickness of the ramie
stalk were measured using a DL91150 Vernier caliper (with an accuracy of 0.01 mm). The
results are the average values of the measurements.

The results of the measurements are shown in Table 1. The average values of the ramie
plant height, xylem outer diameter, xylem inner diameter, and phloem thickness were
1969.38 mm, 12.56 mm, 7.98 mm, and 0.71 mm, respectively.

Table 1. Structural dimensions of the ramie.

Standard

Parameters Max/mm Min/mm Mean/mm . .. Variance/mm
Deviation/mm

Plant height 2307.00 1457.00 1969.38 217.27 477 x 104

Xylem outer 16.11 9.00 12.56 1.58 2,51
diameter

Xylem inner 13.07 531 7.98 1.26 1.60
diameter

Phloem thickness 1.21 0.45 0.71 0.15 0.02

2.1.2. Density and Moisture Content

The density of the phloem and xylem of a fresh ramie stalk was measured using a
liquid immersion method [23] by immersing a certain mass of phloem and xylem in water
and measuring the drainage volume to obtain the volume of each component of the ramie
stalk and then calculating its density. The test was repeated ten times, and the average
value was taken. The average densities of the phloem and xylem were 1618.95 kg/m? and
751.50 kg/m3, respectively.

The moisture content of the ramie stalk was determined according to the “Method for
determination of the moisture content of wood” [24] using a high-precision balance (with a
weighing range of 220 g and an accuracy of 0.001 g) and a DGT-G220 blast drying oven.
The moisture content of the ramie stalk was calculated to be approximately 79.72%.

2.1.3. Elastic Modulus and Shear Modulus

Tensile testing is a common method for obtaining the elastic modulus. This method
has been used to measure the elastic modulus of wood [25], corn straw [26], rice stalk [27],
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bamboo stalk [28], and reed stalk [29], providing the most concentrated measurement of
the elastic modulus [30]. In this study, based on the standard “Method of sample logs
sawing and test specimens selection for physical and mechanical tests of wood” [31] and
the relevant literature [32], tensile tests of the phloem and xylem of the ramie stalks were
performed using a microcomputer-controlled electronic universal material testing machine
(produced by Shanghai Tuofeng Instruments Co., Ltd., Shanghai, China), model TFW-
508, with a 500 N transducer, and the accuracies of the force transducer as well as the
displacement transducer were within £0.1%. The test parameters were set to a loading
speed of 5 mm/min. The stopping condition was judged to be a drop in the force value of
more than 80% of the peak force. The tensile test is shown in Figure 1. The elastic modulus
was calculated based on the slope of the linear region of the stress—strain curve. The shear
modulus was derived from the elastic modulus using a conversion formula.

(b)

Figure 1. Tensile test to determine the modulus of elasticity: (a) xylem tensile test; (b) phloem

tensile test.

The results show that the average elastic modulus of the phloem and xylem were
1721.4 MPa and 630.3 MPa, respectively. The average shear modulus values of the phloem
and xylem were calculated to be 614.8 MPa and 242.4 MPa, respectively, using Equation (1):

F;
F- ﬁ AL
= L M)
_ E
G= 2(14wv)

where E represents the elastic modulus of ramie, MPa; F represents the axial load on ramie,
N; A represents the contact area, mm?Z; e represents the strain value; AL represents the
deformation of the ramie after tension, mm; L represents the length of the tensile area of the
ramie specimen, mm; G represents the shear modulus, MPa; and v is the Poisson’s ratio.

2.2. Method for Determining Contact Parameters

The contact parameters of the ramie stalk discrete element simulation model included
the coefficient of restitution, coefficient of static friction, coefficient of rolling friction
between the phloem and phloem, phloem and Q235A steel, phloem and xylem, xylem
and xylem, and xylem and Q235A steel. Among them, the physical tests mainly measured
the contact parameters between the phloem and Q235A steel, phloem and xylem, and
xylem and Q235A steel. As the phloem-phloem and xylem—xylem contact parameters are
difficult to obtain directly from physical tests, physical tests of the stacking angle of phloem
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and xylem needed to be carried out and calibrated by subsequent simulation tests of the
stacking angle.

2.2.1. Coefficient of Restitution

In this study, we mainly measured the coefficient of restitution between phloem and
(235A steel, xylem and Q235A steel, and phloem and xylem. The coefficient of restitution
is a parameter that measures the ability of an object to return to its original shape after a
collision. It is defined as the ratio of the normal relative separation velocity after a collision
to the relative approach velocity before collision (i.e., the ratio of the highest rebound
height (1’) and the initial drop height (k) during the collision between the test object and
the material) [33]. When an object falls freely and collides with the test object, the object
bounces freely after the collision, and only gravity works during the falling and rising
process. The formula for calculating the coefficient of restitution is as follows (2):

oo |2 | v )
U1 — 02 \/2gh h

where v1 and v, are the velocities of the test object and the material before collision, m/s;
vy and vy are the velocities of the test object and the material after collision, m/s; h and I’
are the initial drop height and the highest rebound height, mm; and g is the acceleration
due to the fact of gravity, m/s.

The maximum rebound height of the coefficient of restitution can be measured using
a high-speed camera system. The experimental process was recorded by connecting the
high-speed camera, HiSpec5 (Fastec Imaging Inc., San Diego, CA, USA) to a computer. The
camera was set to a frequency of 500 Hz, with a resolution of 1280 x 1024 pixels, and a
sampling rate of 2 ms. Considering that the ramie stalk has a lower density, the air resistance
significantly impacts the experimental results when the falling speed is high. Therefore, the
object to be measured was dropped freely from an initial height (h) of 205 mm, collided
with the contact material, and the highest rebound height (h’) was captured and recorded.
The experimental process is shown in Figure 2.

(a) (b)

Figure 2. Measurement of the restitution coefficient: (a) test equipment; (b) keyframe of the rebound’s
highest point.

The rebound height (h’) was recorded by capturing the keyframe when the tested object
reached the highest position after the collision, from which the coefficient of restitution
was calculated. Each group of tests was repeated ten times to analyze the positive collision
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process between the phloem and Q235A steel, xylem and Q235A steel, and phloem and
xylem, the coefficient of restitution was then calculated according to Equation (2), and the
average value was taken.

2.2.2. Coefficient of Friction
Measurement of the Static Friction Coefficient

In this study, we mainly measured the static friction coefficients of phloem—Q235A
steel, xylem—Q235A steel, and phloem—xylem. The static friction coefficient is the ratio
of the maximum static friction force applied to the object to the normal pressure. It is
usually measured by the incline plane method [34,35]. The ramie stalk with a high degree
of roundness was selected, and the phloem was peeled with a cutter knife to create the test
sample. A self-made inclinometer and a digital angle measuring instrument (accuracy of
0.05°) were used to measure and calculate the required static friction coefficient, as shown
in Figure 3.

(b)

Figure 3. Measurement of the static friction coefficient: (a) test equipment; (b) sliding angle.

The test object was placed on a steel plate when the static friction coefficients of the
ramie stalks for phloem—-Q235A steel and the xylem—Q235A steel were measured. The
handle of the inclinometer was shaken to raise the incline angle, and the sliding angle was
recorded when a sliding trend occurred. When measuring the static friction coefficient
of the phloem—xylem, the phloem was attached to the steel plate, and the xylem was
axially placed above it for the test. The sliding angle was recorded, and the coefficient of
static friction was calculated. The calculation of the static friction coefficient is shown in
Equation (3):

f  mgsina

1 = 5= ingcosa =tana (©)]

where y; is the static friction coefficient, f is the static friction force between the object
and the inclined plane, N; F; is the force perpendicular to the inclined plane, N; m is the
measured material mass, g; and « is the inclination angle, °.

Measurement of the Rolling Friction Coefficient

The coefficient of rolling friction pertains to the deformation-induced resistance when
an object rolls or tends to roll without slipping on another surface [36]. The experimental
setup and method for measuring the rolling friction coefficients in this study were the
same as those for measuring the static friction coefficients. According to the rolling friction
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coefficient measurement method provided in the literature [37,38], the test object was placed
radially on the test plate. The handle of the inclinometer was shaken to raise the inclination
angle of the test plate, and the rolling angle was recorded when the test object showed
a rolling trend. The coefficient of rolling friction coefficient was then calculated. When
measuring the rolling friction coefficient between phloem—-Q235A steel, a high-roundness
ramie stalk was selected, and rolling was achieved by external phloem contact. When
measuring the rolling trend between the phloem and xylem, the phloem was peeled off in
advance and glued to the steel plate. The xylem was placed radially on the phloem plate,
the inclination angle was increased, and the rolling friction coefficient was calculated.

2.3. Physical Test of the Stacking Angle

The stacking angle is a microparameter that characterizes the granular materials’ flow
and friction characteristics. Its numerical value is related to the material type, surface shape,
and moisture content, and it is affected by the coefficient of restitution and the coefficient of
friction [39]. The stacking angle test is usually used to calibrate discrete element parameters
of granular materials. Therefore, we conducted a physical test of the stacking angle. The
measurement results can calibrate the contact parameters between phloem and Q235A
steel, phloem and phloem, xylem and Q235A steel, and xylem and xylem.

Through preliminary comparative tests, the cylindrical lifting method was found to
be suitable for measuring the phloem’s stacking angle, and the extraction of the partition
method was suitable for measuring the stacking angle for the xylem.

Due to the ramie phloem fibers’ lengthy and highly flexible nature, forming a stacking
angle is difficult. We referred to the material processing method for calibrating the discrete
element parameters of sugarcane leaves [40] and tobacco rods [16], and the phloem was
peeled from the ramie stalks with a utility knife and trimmed into 5.6 x 5.6 mm specimens
without altering the surface shape of the material. The stacking angle method for the
ramie phloem was the cylinder lifting method, where a 20 g sample was placed into a steel
cylinder with a diameter of 45 mm and a height of 57 mm. The cylinder was then lifted at a
uniform speed of 4 mm/s using a TFW-508 mechanical universal testing machine, and the
phloem sample fell onto a 250 mm x 250 mm x 2 mm (length x width x thickness) steel
plate from the bottom of the cylinder. After all phloem specimens had come to a complete
stop, a stable phloem material pile was formed. The Canon EOS 70D DSLR camera was
used to capture the main view of the phloem material pile from 50 cm in front of the pile,
as shown in Figure 4a.

(b)

Figure 4. Physical test of the stacking angle: (a) stacking angle of the phloem; (b) stacking angle of

the xylem.

For the xylem, a ramie stalk xylem radial stacking angle measurement device with
removable partitions was created based on reference [17]. The device was made of Q235A
steel and had dimensions of 500 mm x 200 mm x 300 mm for the length, width, and height,
respectively. To measure the xylem, the ramie stalk sheath was removed, and the phloem
was peeled entirely clean. All xylem lengths were controlled at approximately 140 mm.
A certain number of xylem stalks were placed into one side of the radial stacking angle
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measurement device. The entire ramie xylem stalk was moved to the other side after the
partition was vertically lifted, forming a radial stacking angle upon collision with the wall.
The main view of the radial stacking angle formed after the movement of the xylem stalks
was captured using the Canon EOS 70D DSLR camera, as shown in Figure 4b.

2.4. Discrete Element Virtual Simulation Test
2.4.1. Selection of the Contact Model

In this study, Q235A steel was used as the contact material for both the ramie phloem
and ramie xylem in the physical tests. Since there was no adhesion between the phloem
and xylem and the steel plate during the physical tests, and there was no significant
deformation during the accumulation process, the phloem and xylem were idealized as
rigid bodies without considering their mechanical properties, only exploring their contact
relationship. Therefore, the Hertz—-Mindlin (no slip) contact model was selected for the
discrete element simulation. The contact parameters included the coefficient of restitution,
coefficient of static friction, and coefficient of rolling friction between the phloem and
Q235A steel, phloem and phloem, phloem and xylem, xylem and Q235A steel, and xylem
and Q235A xylem.

2.4.2. Establishment of the Discrete Element Model for Ramie Stalk
Analysis of the Ramie Stalk Model

An analysis of the ramie stalk structure’s composition was conducted to establish
a discrete element model for the ramie stalk. The cross-section of the ramie stalk was
approximately circular, with the outer to inner cross-sections consisting of the green husk
layer, phloem, xylem, and central medulla, as shown in Figure 5. The central medulla is
foam-like, with a loose tissue structure and irregular shape. At the same time, the green
husk layer was very thin and brittle, both of which have negligible mechanical properties
compared to other components.

Central medulla

Figure 5. Schematic diagram of the structural composition of the ramie stalks.

Mechanical decortication of ramie stalks is performed by rolling and crushing the
xylem with a roller to separate the xylem from the phloem, indicating that the breaking
strength of the xylem was less than that of the phloem. From this apparent perspective, it
can be assumed that the material properties of the green husk layer and the central medulla
can be ignored, and the ramie stalk can be regarded as a combination of phloem and xylem
materials. Therefore, only the phloem and xylem should be considered when a discrete
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element model for the ramie stalk is established. The geometric model is shown in Figure 6.
In this paper, the phloem was a composite of the green husk layer and the phloem fibers,
and the physical tests did not remove the green husk layer.

Figure 6. Ramie stalk geometry model: (a) ramie stalk structure simulation; (b) idealized cross-section
of the ramie stalk.

Establishment of a Discrete Element Model for Ramie Stalk Phloem and Xylem

Simulation tests require the first step of building an accurate particle model. Ramie
stalk phloem and xylem are nonspherical, and in DEM simulations, the multispherical
method is usually used to construct irregular particle models [41-44]. In nonspherical
particle discrete element simulations, the multichemical packing model has the advantages
of fast calculation rate and simple contact judgment; however, as the number of filling
particle elements increases, the simulation time will greatly increase, so the number of
filling particle elements needs to be reasonable [45,46].

Since no significant deformation occurs during stacking, this study did not consider
introducing bonding. When building the model, the ramie stalk phloem and xylem are first
modeled and meshed using the Mesh submodule in the Workbench module of ANSYS 16.0
software. Then, the saved .msh file is imported into Fluent. The coordinate file containing
the mesh coordinate information is obtained by reading and compiling the source file
CalcRadjius.c through the userdefine module, followed by executing CalcRadiusVolume.
The coordinate data of the model are then imported into the .xml file saved by EDEM
software, and the particle coordinate import is completed by entering EDEM. Based on the
size measurement results of the ramie xylem, 732 circular spheres with a radius of 1.15 mm
are used to form a cylindrical ramie stalk xylem with an outer diameter and inner diameter
of 12.8 mm and 8 mm, respectively, and a length of 140 mm, as shown in Figure 7a.

The related study [40] showed that when calibrating the parameters of the discrete
element model if the modeling is performed exactly according to the actual size of the
material, it will greatly prolong the simulation time, increase the computational volume,
and thus reduce the simulation efficiency. The correct calibration of the discrete element
model with a moderately enlarged particle radius can truly reflect the contact parameters
of the target material. The ramie phloem was relatively thin, and the filling particles
according to the actual size will result in a low simulation efficiency due to the large
number of calculations. In the simulation, the thickness of the ramie phloem was doubled,
and 16 circular spheres with a radius of 0.7 mm were used to form a rectangular ramie
stalk phloem with a length and width of 5.6 X 5.6 mm and a height of 1.4 mm, as shown in
Figure 7b. Since the thickness of the ramie phloem is magnified in the simulation, it needs
to be redetermined. The mass of a single sphere particle remained unchanged, and the
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radius was doubled, so the volume increased eight times, and the density was one-eighth
of the physical test value of 1618.95 kg/m?, which is 202.37 kg/m3.

(@) (b)

Figure 7. Ramie stalk discrete element model: (a) xylem discrete element model; (b) phloem discrete
element model.

2.4.3. Calibration of Contact Parameters for Phloem—Xylem Discrete Element Model
Calibration of the Phloem-Xylem Restitution Coefficient

In the physical measurement tests of phloem—xylem restitution coefficients, the coeffi-
cient was measured by the rebound height of the phloem and xylem attached to the steel
plate. A discrete element simulation test was set up with the same experimental conditions.
The collision simulation test was set with an initial collision height of 205 mm, a time step
length of 20% of the Rayleigh time, and a save interval of 0.001 s. The rebound height was
obtained by reading the data through the analyst module.

Calibration of the Phloem—Xylem Static Friction Coefficient

Based on the physical measurement results of the phloem—xylem static friction co-
efficient, discrete element simulation tests with the same experimental conditions were
established. The friction test set the incline angle of the phloem plate to rise at a speed of
10 deg/s with a time step of 20% of the Rayleigh time and a save interval of 0.001 s. The
sliding angle was obtained by reading the data through the discrete element analyst module.

Calibration of the Phloem~-Xylem Rolling Friction Coefficient

Based on the physical measurement results of the phloem—xylem rolling friction
coefficient, discrete element simulation tests with the same experimental conditions were
established. The friction test set the incline angle of the phloem plate to rise at a speed of
10 deg/s with a time step of 20% of the Rayleigh time and a save interval of 0.001 s. The
rolling angle was obtained by reading the data through the discrete element analyst module.

2.4.4. Calibration of the Discrete Element Parameters for the Stacking Angle Test

In the simulation of the stacking angle test for the phloem, the inner diameter and
height of the cylinder were consistent with those used in the physical test. The interior of
the cylinder was set as a particle factory, where the particles were generated freely by the
“static” method. This ensured that the phloem was distributed in a relatively dispersed
state inside the cylinder, avoiding a situation where an uneven distribution would result in
a significant error in the stacking angle after being static. The total mass of the generated
particles was 20 g. Subsequently, the particles were allowed to fall freely under gravity, and
the simulation model was conducted for 1 s to reach a static equilibrium state. After, the
cylinder was lifted vertically at a speed of 4 mm/s. The phloem particles would flow out
slowly from the bottom of the cylinder, eventually forming a stable phloem particle heap
on the bottom plate, as shown in Figure 8.
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Figure 8. Ramie phloem stacking angle discrete element simulation test: (a) before stacking; (b) af-
ter stacking.

In the simulation of the stacking angle test for the xylem, the dimensions of the device
and partition were consistent with those used in the physical test. Thirty-six neat piles
of ramie xylem particles were generated at the right wall of the device. After the xylem
particle heap and partition became stable, the partition was given a speed of 0.1 m/s to lift
upward, and the xylem particle heap began to roll to the left to form the stacking angle. The
discrete element simulation of the stacking angle test for the xylem is shown in Figure 9.
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Figure 9. Ramie xylem stacking angle discrete element simulation test: (a) before stacking; (b) af-
ter stacking.

2.5. Discrete Element Simulation Test

In order to achieve a simulation model of the ramie stalk that matched its actual
situation and ensured the reliability and authenticity of the model, this study used the
Design-Expert 10.0.1 software to carry out tests, such as Plackett-Burman design, steepest
ascent test design, and response surface design, to determine the key factors affecting the
stacking angle in the simulation parameters of the ramie phloem and xylem, as well as the
significant factor levels and parameter optimization of the ramie stalk phloem and xylem.
Based on the fitting of the simulation stacking angle and the physical stacking angle of the
ramie stalk phloem and xylem, the linear fitting method in MATLAB was used to compare
the boundary pixel slope of the simulation model stacking angle and the actual material
stacking angle to verify the accuracy of the model.
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2.5.1. Plackett-Burman Design

To quickly screen the key factors affecting the response value of the stacking angle
in the simulation parameters of ramie stalk phloem and xylem, this study used Design-
Expert software to conduct a Plackett-Burman test analysis, taking the stacking angle of the
phloem and xylem as the response value, using a 6-factor 2-level test method. The levels
were represented in coded form, with a total of 13 groups of tests, each repeated twice, to
compare the influence of each factor on the stacking angle of the phloem and xylem. The
experimental plan is shown in Table 2.

Table 2. Plackett-Burman test program.

Phloem Xylem
Levels Levels
Parameters Symbols Low High Parameters Symbols Low High
level(—1) level(+1) level(—1) level(+1)
Pholem—Q235A Xylem-Q235A
steel coefficient X3 0.05 0.45 steel coefficient X{ 0.17 0.57
of restitution of restitution
Pholem—Q235A Xylem-Q235A
steel coefficient Xo 0.27 0.67 steel coefficient Xé 0.36 0.76
of static friction of static friction
Pholem—Q235A Xylem-Q235A
steel coefficient X3 0.005 0.100 steel coefficient X4 0.005 0.143
of rolling friction of rolling friction
Pholem-Pholem Xylem-Xylem
coefficient of Xy 0.10 0.80 coefficient of Xfl 0.10 0.80
restitution restitution
Pholem-Pholem Xylem-Xylem
coefficient of X5 0.10 0.60 coefficient of Xé 0.10 0.80
static friction static friction
Pholem-Pholem Xylem-Xylem
coefficient of X6 0.005 0.100 coefficient of X} 0.005 0.050

rolling friction

rolling friction

A first-order polynomial linear model was used for the statistical modeling, as shown
in Equation (4). The significance of each factor was obtained through variance analysis,
and the significant influencing factors were selected.

6
Q=09+ Zkzl 01 Xx 4)

Here, () represents the stacking angle, °; oy is the intercept of the model; oy, is the
linear coefficient; and X refers to the coded level of the independent variable.

2.5.2. Steepest Ascent Test Design

To screen the optimal parameter range of the significant factors in the phloem and
xylem, Design-Expert software was used to conduct the steepest ascent test. During the
simulation, based on the results of the Plackett-Burman test, the values of the nonsignificant
factors were taken from the physical test values, and the values of the remaining factors
were taken from the median values of the Plackett-Burman experimental levels. The
significant factors were gradually increased according to the selected step size. The relative
error between the measured results and the simulated stacking angle was analyzed until
the minimum range of the upper and lower relative errors was selected as the basis for the
response surface test value.
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2.5.3. Response Surface Optimization Test and Regression Model Establishment

This study used the response surface analysis method to obtain the optimal parameter
combination based on the results of the Plackett-Burman test and the steepest ascent test.
The phloem and xylem were both using the central composite design method. Three
significant levels (high, medium, and low) were taken from the results of the phloem and
xylem climbing tests for the experimental design. The interaction effects of the significant
factors on the stacking angle were analyzed.

2.5.4. Parameter Optimization and Validation

The Design-Expert software’s Optimization module optimized the regression model
with the experimental values of the stacking angle as the objective. The steepest ascent test
determined the parameter optimization range, and a two-sample t-test was performed on
the simulation and physical results. The reliability of the optimal combination of parameters
was verified by checking whether there was a significant difference between the simulation
and physical results.

3. Results and Discussion
3.1. Measurement Results of the Required Parameters for the DEM Simulation

Based on the physical parameter measurement results of the ramie stalk’s phloem and
xylem, combined with an analysis of the bounce-back process of the phloem and xylem
using HiSpec Control Software, the experimental values of the restitution coefficient were
obtained. The friction coefficient was calculated by recording the sliding and rolling angle,
and the restitution coefficient and friction coefficient results are shown in Table 3.

Table 3. Parameters required for the discrete element simulation.

Parameter Type DEM Parameter Parameter Value Source

Density of Q235A steel (kg/ m?) 7850 Literature [47]
Shear modulus of Q235A steel (Pa) 7.90 x 1010 Literature [47]
Poisson’s ratio of Q235A steel 0.30 Literature [47]

Density of phloem (kg/m?3) 202.37 Section 2.1.2

Physical Parameters Shear modulus of phloem (Pa) 6.15 x 108 Section 2.1.3
Poisson’s ratio of phloem 0.40 Literature [48]

Density of xylem (kg/m?3) 751.50 Section 2.1.2

Shear modulus of xylem (Pa) 242 x 108 Section 2.1.3
Poisson’s ratio of xylem 0.30 Literature [48]

Phloem—-Q235A steel coefficient of restitution 0.25 Section 2.2.1

Phloem—Q235A steel coefficient of static friction 0.47 Section 2.2.2

Phloem-Q235A steel coefficient of rolling friction 0.05 Section 2.2.2

Contact Parameters Xylem-Q235A steel coefficient of restitution 0.37 Section 2.2.1

Xylem—-Q235A steel coefficient of static friction 0.56 Section 2.2.2

Xylem—Q235A steel coefficient of restitution 0.074 Section 2.2.2

3.2. Results of the Stacking Angle Measurement

The physical stacking angle images of the phloem and xylem were processed using
MATLAB for grayscale processing, binarization, and extraction of the image boundary
pixels. The slope of the boundary pixels was linearly fitted using the least squares method,
and the angle between the stacking angle tangent and the horizontal line was defined as
the stacking angle. The average of the two sides was taken as the stacking angle for the
phloem, and the left degree was taken as the stacking angle value for the xylem; the image
processing process is shown in Figure 10.
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Figure 10. Physical stacking angle image processing: (a) original image of the phloem stacking angle;
(b) grayscale processing of the phloem image; (c) binarization of the phloem image; (d) fitting phloem
image using the least squares method; (e) original image of the xylem stacking angle; (f) grayscale
processing of the xylem image; (g) binarization of the xylem image; (h) fitting xylem image using the
least squares method.
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The average value of the stacking angle of the xylem was determined to be 27.17°,
with a standard deviation of 1.27°. The average value of the stacking angle of the phloem
was 37.93°, with a standard deviation of 2.29°.

3.3. Calibration of the Contact Parameters between Phloem and Xylem
3.3.1. Phloem-Xylem Restitution Coefficient

The physical test result shows that the average maximum rebound height of the
ramie xylem on the phloem was 21.3 mm. In the discrete element simulations, to avoid
interference, all contact parameters, except the restitution coefficient between the xylem
and phloem, were set to 0. After the presimulation tests, the restitution coefficient between
the xylem and phloem ranged from 0.4 to 0.7. The simulation test design for the restitution
coefficient is shown in Table 4. Three repetitions were conducted for each group, and the
mean value was taken.

Table 4. Simulation test results for the restitution coefficient between xylem and phloem.

Maximum Bounce Height of Xylem,

No. Coefficient of Restitution, e
hmax/mm
1 0.40 9.46
2 0.45 11.26
3 0.50 13.67
4 0.55 16.78
5 0.60 20.80
6 0.65 26.32
7 0.7 34.91

The simulation test results in Table 4 were plotted as a scatter plot and fitted. The fitted
curve obtained is shown in Figure 11. The fitting equation for the coefficient of restitution
between the ramie xylem—phloem (e;) and the maximum rebound height (fmax) is shown
in Equation (5):

Ninax = 45.91 — 187e; + 244.5¢ (5)

where hmax represents the maximum rebound height, in millimeters; e; represents the
coefficient of restitution between the phloem and the xylem.

36 4

101 4

8 T I 1 I

0. 40 0. 45 0. 50 0.55 0. 60 0. 65 0.70
Coefficient of restitution e,

Maximum bounce height of xylem h_, / (mm)
[ ST S

Figure 11. Fitted curve of the restitution coefficient and maximum rebound height.
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The determination coefficient (R?) of the fitting equation is 0.996, indicating the high
reliability of the fitting equation. By substituting the measured maximum rebound height
into Equation (5), e; is calculated as 0.60. Using the coefficient of restitution (e;) for the
simulation tests, repeating five times, and taking the average value, the maximum rebound
height is 20.85 with an error of 2.11%. The results show that the simulation results after
the calibration are consistent with the physical test results. Therefore, the coefficient of
restitution between the ramie phloem and xylem was determined to be 0.60.

3.3.2. Phloem—Xylem Static Friction Coefficient

The coefficient of the static friction (jt5) between the ramie phloem and xylem was
determined by measuring the average sliding angle of the xylem on the phloem’s surface
during inclined plane sliding. The physical test result shows that average sliding angle
between the phloem and xylem was measured to be 31.61°. In the DEM simulation test,
the coefficient of restitution was set to the calibrated value, and the range of the coefficient
of the static friction was set to 0.1 ~ 0.7 with an interval of 0.1. The remaining contact
parameters were all set to 0. The simulation test of the static friction coefficient is shown in
Table 5. Each group of tests was repeated three times, and the average value was acquired
to obtain the relationship between the sliding angle and the static friction coefficient.

Table 5. Simulation test results for the static friction coefficient between the xylem and phloem.

No. Coefficient of Static Friction, g Sliding Angle, « (°)
1 0.10 8.43
2 0.20 14.28
3 0.30 20.75
4 0.40 25.72
5 0.50 30.19
6 0.60 34.26
7 0.70 37.93

The simulation test results were plotted as a scatter plot and fitted, and the fitting
curve is shown in Figure 12. The fitting equation for the static friction coefficient between
the ramie phloem—xylem (ys) and the sliding angle (x) is shown in Equation (6):

o = 1.393 + 72.01p5 — 28.44p,> (6)

where « is the sliding angle in degrees, °; and ys is the static friction coefficient between the
phloem and xylem.

The fitting results show that the determination coefficient (R?) of the fitting equation
is 0.996, indicating that the reliability of the fitting equation is high. By substituting the
measured sliding angle into Equation (6), s is calculated to be 0.53. A simulated verification
test was performed, and the average sliding angle was obtained by repeating the test five
times, which was 31.54°. The relative error between the simulated and physical test results
was 0.22%, indicating that the calibrated simulation results are consistent with the physical
test results. Therefore, the coefficient of the static friction between the ramie phloem and
xylem was determined to be 0.53.
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Figure 12. Fitting curve of the static friction coefficient and sliding angle.

3.3.3. Phloem-Xylem Rolling Friction Coefficient

The coefficient of the rolling friction was measured similarly to that of the coefficient
of static friction. The xylem was placed radially on the surface of the phloem, and the
inclined device was slowly and uniformly raised to gradually increase the phloem plate’s
inclination angle. When the xylem began to roll, the raising was immediately stopped,
and the inclination device was fixed. The rolling angle () was measured and recorded by
an angle display device. The test was repeated ten times, and the average rolling angle
between the phloem and xylem was measured to be 3.91°.

In the DEM simulation test, the values of the restitution coefficient and static friction
coefficient that had been calibrated were input. The range of the rolling friction coefficient
was set to 0.01-0.04 with an interval of 0.005, and all other contact parameters were set to
0. The simulation test for the rolling friction coefficient was designed as shown in Table 6,
and each group of tests was repeated three times to obtain the average value.

Table 6. Simulation test results for the rolling friction coefficient between the xylem and phloem.

No. Coeff;crliirtlitoif’ I;:)lllng Rolling Angle, S (°)
1 0.010 2.90
2 0.015 3.36
3 0.020 3.83
4 0.025 4.20
5 0.030 4.61
6 0.035 5.10
7 0.040 5.50

The simulation test results in Table 6 were plotted as a scatter plot and fitted, and the
fitting curve is shown in Figure 13. The fitting equation for the rolling friction coefficient
between the ramie phloem—xylem (y;) and the rolling angle (B) is provided by Equation (7):

B = 2.031 48899y, — 57y, @)

where B represents the rolling angle in degrees, mm; and y, represents the rolling friction
coefficient between the xylem and phloem.
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Figure 13. Fitting curve for the rolling friction coefficient and rolling angle.

The fitting result indicates that the determination coefficient (R?) of the fitting equation
is 0.999, thereby indicating a high reliability of the fitting equation. By substituting the
measured rolling angle into Equation (7), yt, was calculated to be 0.021. Through simulation
verification tests conducted five times and taking the average value, the rolling angle was
found to be 3.90°, with a relative error of 0.3% compared to the physical test results. This
shows that the simulated test results after calibration were consistent with the physical
test results, thus confirming the rolling friction coefficient between the phloem and xylem
as 0.021.

Thus, the calibration of the contact parameters between the phloem and xylem of the
ramie stalk by the discrete element method was completed, and the calibrated coefficients
of restitution (e1), coefficient of the static friction (ys), and coefficient of the rolling friction
(yr) between the phloem and xylem were 0.60, 0.53, and 0.021, respectively.

3.4. Plackett—Burman Parameter Significance Analysis
3.4.1. Significance Analysis of Phloem Parameters
The Plackett-Burman test results for the phloem are shown in Table 7, and the Design-

Expert software was used to perform a significance analysis of the results, as shown in
Table 8.

Table 7. Phloem Plackett—-Burman test results.

X1 Xz X3 X4 X5 X6 Angle ©)
-1 -1 -1 -1 -1 -1 18.19
-1 1 1 -1 1 -1 38.94
1 -1 1 -1 -1 -1 19.40
-1 1 -1 -1 -1 1 30.67
0 0 0 0 0 0 36.35
1 1 -1 1 -1 -1 20.19
1 1 1 -1 1 1 42.99
1 -1 1 1 -1 1 30.03
1 1 -1 1 1 -1 39.12
-1 -1 -1 1 1 1 41.25
-1 -1 1 1 1 -1 38.64
-1 1 1 1 -1 1 31.28

1 -1 -1 -1 1 1 41.59




Agriculture 2023, 13, 1070 19 of 32

Table 8. Parameter significance analysis of the Plackett-Burman test in the phloem.

Parameters Degree of Sum of F-Value p-Value Effect Value Slgmﬁc‘ance
Freedom Squares Ranking
X1 1 2.67 0.59 0.5239 —0.94 6
Xy 1 16.52 3.65 0.1433 2.35 3
X3 1 8.82 1.95 0.2647 1.71 4
Xy 1 6.35 1.40 0.3370 1.45 5
X5 1 717.30 158.39 <0.0001 15.46 1
X6 1 156.46 34.55 0.0021 7.22 2
The p-values of the static friction coefficient between the phloem and phloem (X5) and
the rolling friction coefficient between the phloem and phloem (X4) were less than 0.05,
indicating that X5 and Xy have a significant effect on the stacking angle of the phloem. In
contrast, the other factors have a relatively small effect. Therefore, only significant factors
(i.e., X5 and X4) were considered for the subsequent steepest ascent test and response
surface design of the phloem.
3.4.2. Significance Analysis of the Xylem Parameters
The Plackett-Burman test results for the xylem are shown in Table 9, and the Design-
Expert software was used to perform a significance analysis of the results, as shown in
Table 10.
Table 9. Xylem Plackett-Burman test results.
X X, X, X, X5 X5 Angle ()
1 1 1 -1 1 1 38.61
1 1 -1 1 1 -1 27.52
1 -1 1 -1 -1 -1 27.33
-1 1 1 -1 1 -1 31.96
-1 -1 -1 1 1 1 33.84
-1 -1 1 1 1 -1 32.07
1 1 -1 1 -1 -1 22.26
-1 1 1 1 -1 1 34.02
0 0 0 0 0 0 31.10
1 -1 -1 -1 1 1 33.71
-1 1 -1 -1 -1 1 30.55
-1 -1 -1 -1 -1 -1 19.65
1 -1 1 1 -1 1 3491
Table 10. Parameter significance analysis of the Plackett-Burman test in the xylem.
Parameters Degree of Sum of F-Value p-Value Effect Value Slgmﬁc‘ance
Freedom Squares Ranking
X1 1 0.43 0.33 0.5620 0.38 6
Xs 1 0.97 0.75 0.3900 0.57 4
X3 1 82.05 63.22 0.0001 523 2
Xy 1 0.66 0.51 0.4741 0.47 5
X5 1 70.05 53.98 0.0002 4.83 3
X6 1 167.58 129.14 <0.0001 7.47 1

The results show that the p-values of the rolling friction coefficient between the xylem
and Q235A steel (X5), the static friction coefficient between the xylem and xylem (Xx),
and the rolling friction coefficient between the xylem and xylem (X4/) were all less than
0.05. Thus, it can be concluded that these three factors are the most critical factors affecting
the stacking angle of the xylem, while other factors have relatively small effects. As a
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result, only the significant factors (i.e., X3, X5, and X,/) were considered for the subsequent
steepest ascent test and response surface design of the xylem.

3.5. Results of the Steepest Ascent Test
3.5.1. Steepest Ascent Test of the Phloem

Based on the significant factors affecting the stacking angle obtained from the phloem
Plackett-Burman test, the phloem—phloem static friction coefficient (X5) and phloem-—
phloem rolling friction coefficient (X4) were taken as the independent variables to carry out
the steepest ascent test of the phloem. The test results are shown in Table 11. The results
show that, as the values of X5 and Xg increased, the relative error between the simulated
stacking angle and the physical stacking angle first decreased and then increased. The
minimum relative error was obtained when the fifth level was selected, indicating the
existence of the optimal value range for the fifth level. Therefore, the stacking angle test
result of level 5 was taken as the center point, and the stacking angle test results of levels 4
and 6 were taken as the low and high levels for the subsequent response surface design.
The optimization ranges of the phloem—phloem static friction coefficient (X5) and rolling
friction coefficient (X¢) were determined to be 0.35-0.52 and 0.053-0.084, respectively.

Table 11. Results of the steepest ascent test of the phloem.

No. X5 X6 Stacking Angle (°) Relative Error (%)
1 0.10 0.005 19.50 50.43
2 0.18 0.021 25.49 35.21
3 0.27 0.037 31.35 20.31
4 0.35 0.053 35.56 9.62
5 0.43 0.068 39.57 0.58
6 0.52 0.084 40.45 2.82
7 0.60 0.100 43.13 9.61

3.5.2. Steepest Ascent Test of the Xylem

Based on the Plackett-Burman test for the xylem to derive the significant influences
on the stacking angle, the steepest ascent test was carried out with the xylem-Q235A steel
rolling friction coefficient (X5/), xylem—xylem static friction coefficient (X5 ), and xylem—
xylem rolling friction coefficient (X,/) as the independent variables. The test results are
shown in Table 12. The results show that as the values of Xy, X5/, and Xy increased, the
relative error between the simulated stacking angle and the physical stacking angle first
decreased and then increased. The minimum relative error was obtained when the third
level was selected, indicating the existence of the optimal value range for the third level.
Therefore, the stacking angle test result of level 3 was taken as the center point, and the
stacking angle test results of levels 2 and 4 were taken as the low and high levels for the
subsequent response surface design. The optimization ranges of the xylem—Q235A steel
rolling friction coefficient (X3/), xylem—xylem static friction coefficient (Xy), and xylem—
xylem rolling friction coefficient (X,/) were determined to be 0.028-0.074, 0.22-0.45, and
0.013-0.028, respectively.

Table 12. Results of the steepest ascent test of the xylem.

No. Xy X Xg Stacking Angle (°)  Relative Error (%)
1 0.005 0.10 0.005 16.50 39.27
2 0.028 0.22 0.013 24.60 9.45
3 0.051 0.33 0.020 28.22 3.87
4 0.074 0.45 0.028 29.72 9.40
5 0.097 0.57 0.035 32.41 19.30
6 0.120 0.68 0.043 32.90 21.08
7 0.143 0.80 0.050 33.13 21.93
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3.6. Response Surface Design Results
3.6.1. Regression Model Establishment and Experimental Results
Analysis of the Variance of the Regression Model in Phloem

To investigate the impact of the static friction coefficient (X5) and rolling friction
coefficient (X) between the ramie phloem and phloem on the phloem stacking angle (Y1)
during the response surface optimization test, we utilized the range of values obtained from
the steepest ascent test. The central composite design test was then conducted using Design-
Expert to optimize the response surface. Tables 13 and 14 display the factor encoding level
values and central composite design experimental results, respectively. A total of thirteen
parameter combinations were tested, of which five were center-level repeats.

Table 13. Factor level codes for the phloem central composite design test.

Phloem-Phloem Coefficient Phloem-Phloem Coefficient

Coding of Static Friction X of Rolling Friction X
1414 031 0.047
1 0.35 0.053
0 0.43 0.068
1 0.52 0.084
1414 0.56 0.090

Table 14. The phloem central composite design test scheme and results.

No X5 Xe Stacking Angle Y7 (°)
1 —1.414 0 35.82
2 -1 -1 35.65
3 -1 1 37.57
4 0 —1.414 37.25
5 0 0 39.69
6 0 0 39.53
7 0 0 39.51
8 0 0 39.56
9 0 0 39.55
10 0 1.414 39.78
11 1 -1 39.43
12 1 1 40.45
13 1.414 0 40.39

By employing the Design-Expert software, a second-order polynomial equation was
developed through a multiple regression analysis of the central composite design exper-
imental outcomes. The equation was used to fit the phloem stacking angle and achieve
the multivariate nonlinear regression model fitting of the static friction coefficient (Xs5) and
rolling friction coefficient (X;) related to the phloem stacking angle (Y). Furthermore, the
model and coefficients were subjected to a significance test, and the regression equation is
shown in Equation (8):

Y, = 39.54 4 1.64X5 + 0.81X4 — 0.23X5Xs — 0.74X2 — 0.54X> (8)

Table 15 shows the results of the variance analysis. The significance test of the regres-
sion model for the stacking angle of the ramie phloem indicated p < 0.0001, a lack of fit of
p = 0.1123, a determination coefficient of 0.9976, and an adjusted determination coefficient
of 0.9958. The regression model was extremely significant, the lack of fit was nonsignificant,
and the model was effective. The high value of the determination coefficient (close to 1)
indicates a good fit of the regression equation. The coefficient of variation was only 0.45%,
and the adequate precision was 68.357, indicating a high correlation between the actual and
predicted values and the high reliability of the experimental results. As shown in Table 15,
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the static friction coefficient (X5) and rolling friction coefficient (X¢) of the ramie phloem, as
well as their quadratic terms (X52 and X42), all have an extremely significant effect on the
equation. Combined with the linear regression equation, the order of the factors affecting
the stacking angle is the static friction coefficient (X5) > rolling friction coefficient (X¢) of
the ramie phloem.

Table 15. ANOVA results of the phloem stacking angle.

Stacking Angle Y7 (°)

Source Sum of df Mean F-Value p-Value
Squares Square
Model 32.21 5 6.44 576.29 <0.0001 **
X5 21.53 1 21.53 1925.51 <0.0001 **
Xg 5.31 1 5.31 475.01 <0.0001 **
X5Xg 0.20 1 0.20 18.11 0.0038 **
X2 3.81 1 3.81 340.97 <0.0001 **
X% 1.99 1 1.99 178.27 <0.0001 **
Residual 0.078 7 0.011
Lack of Fit 0.058 3 0.019 3.86 0.1123
Pure Error 0.020 4 5.020 x 1073
Cor Total 32.29 12

**, Indicate significance at the 0.01 level.

To visually analyze the model’s reliability, Design-Expert software’s Diagnostics mod-
ule was used to obtain a quadratic model residual diagnostic plot, as shown in Figure 14.
Figure 14a shows a normal plot of the residual, which can be observed to be linearly dis-
tributed on both sides of the line for each test group, indicating that the model describes
the relationship between the influencing factors and phloem simulation stacking angle
with sufficient reliability. Figure 14b is the residual plot of the equation and the predicted
values. The random dispersion of the residuals shows an irregular distribution, indicating
a good prediction of the equation. Figure 14c shows the distribution of the ratio of the
predicted and experimental values of the phloem simulation stacking angle, and the linear
distribution indicates a good fit of the model. Overall, these results indicate that the model’s
reliability is extremely high.
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Figure 14. Diagnostic plot of the phloem quadratic model residuals: (a) normal plot; (b) residual vs.
predicted; (c) predicted vs. actual.

Analysis of the Variance of the Regression Model in Xylem

Based on the interval of the values of the xylem—-(Q235A steel rolling friction coeffi-
cient (Xy), xylem—xylem static friction coefficient (Xx), and xylem—xylem rolling friction
coefficient (Xy/) among the ramie xylem obtained from the steepest ascent test in order to
investigate the effect of the influencing factors (i.e., X5, X5/, and Xg) on the xylem stacking
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angle (Y7) of the response surface optimization test, the central composite design test was
carried out using Design-Expert. The stacking angle simulation test was conducted for
23 sets of parameter combinations of which three sets were repeated at the central level.
The results of their factor coding level values and central combination tests are shown in
Tables 16 and 17.

Table 16. Factor level codes for the xylem central composite design test.

Xylem—Q235A Steel Xylem—Xylem Xylem—Xylem
Coding Coefficient of Coefficient of Static Coefficient of
Rolling Friction X Friction X Rolling Friction X

—1.682 0.012 0.14 0.007
-1 0.028 0.22 0.013
0 0.051 0.33 0.020
1 0.074 0.45 0.028
1.682 0.090 0.53 0.033

Table 17. The xylem central composite design test scheme and results.

No. X3 X5 X6 Stacking Angle Y5 (°)
1 1 0 0 28.01
2 1 1 —1 27.64
3 1 1 1 29.73
4 0 0 0 27.83
5 -1 -1 1 27.11
6 0 0 0 27.81
7 1 -1 1 28.34
8 0 0 0 28.22
9 0 0 0 28.08
10 0 0 0 28.13
11 -1 1 1 27.98
12 1 -1 -1 26.05
13 —1.682 0 0 26.60
14 1.682 0 0 28.80
15 0 0 0 27.94
16 0 0 —1.682 25.32
17 -1 1 -1 26.28
18 0 1.682 0 28.40
19 0 0 0 28.16
20 0 0 1.682 29.07
21 0 0 0 28.31
22 0 —1.682 0 26.02
23 -1 -1 -1 24.62

A multivariate regression analysis was conducted on the results of the central com-
posite design test using Design-Expert software. After eliminating the insignificant factors
while ensuring the model significance and insignificance of the lack-of-fit terms, the second-
order regression model was optimized to obtain a new regression equation:

Y, = 28.06 + 0.69X; + 0.70X5 + 1.09X, — 0.12X5 X, — 0.15X;? — 0.32X52 — 0.33X,>  (9)

The results of the variance analysis are shown in Table 18. The p-value (p < 0.0001) of
the model confirms its significance within the 95% confidence interval. The p-value of the
lack-of-fit term was 0.6381, less than 0.05, indicating the effectiveness of the second-order
model for the xylem stacking angle. In addition, the determination coefficient and adjusted
determination coefficient were 0.9899 and 0.9829, respectively, both close to 1, indicating
good agreement between the calculated model and experimental data. The difference
between the adjusted determination coefficient and the predictive determination coefficient
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of 0.9657 was less than 0.2, indicating a good fit, and the adequate precision was 46.594,
indicating a high correlation between the actual and predicted values.

Table 18. ANOVA results of the xylem stacking angle.

Stacking Angle Y; (°)

Source Sum of df Mean F-Value p-Value
Squares Square
Model 33.18 9 3.69 141.54 <0.0001 **
X3 6.57 1 6.57 252.10 <0.0001 **
X5 6.63 1 6.63 254.38 <0.0001 **
Xe 16.21 1 16.21 622.14 <0.0001 **
X3Xs5 0.025 1 0.025 0.97 0.3422
X3Xe 4512 x 1073 1 4512 x 1073 0.17 0.6840
X5Xg 0.12 1 0.12 4.70 0.0492 *
X2 0.35 1 0.35 13.34 0.0029 **
Xg 1.64 1 1.64 62.83 <0.0001 **
X% 1.69 1 1.69 64.93 <0.0001 **
Residual 0.34 13 0.026
Lack of Fit 0.10 5 0.021 0.70 0.6381
Pure Error 0.24 8 0.029
Cor Total 33.52 22

**,* Indicate significance at the 0.01 and 0.05 levels, respectively.

Based on the Diagnostics module in the Design-Expert software, the residual diagnos-
tic plots of the quadratic model were obtained, as shown in Figure 15. Figure 15a shows
a normal plot of the residual, which can be observed to be linearly distributed on both
sides of the line for each test group, indicating that the model describes the relationship
between the influencing factors and the xylem simulation stacking angle with sufficient
reliability. Figure 15b is the residual plot of the equation and the predicted values. The
random dispersion of the residuals shows an irregular distribution, indicating a good
prediction of the equation. Figure 15c shows the distribution of the ratio of the predicted
and experimental values of the xylem simulation stacking angle. The linear distribution
indicates a good fit for the model. Overall, these results suggest that the model’s reliability

is extremely high.
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Figure 15. Diagnostic plot of the xylem quadratic model residuals: (a) normal plot; (b) residual vs.
predicted; (c) predicted vs. actual.

3.6.2. Analysis of the Interaction Effects among the Factors
Interaction Effects of the Factors in the Phloem on the Simulation Stacking Angle

Based on the variance analysis of the phloem simulation stacking angle, the static
friction coefficient (X5) and rolling friction coefficient (X) between the phloem and phloem
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had an extremely significant impact on the phloem simulation stacking angle. Therefore,
the Design-Expert software was used to analyze the nonlinear relationship between X5, Xg,
and the phloem simulation stacking angle. Figure 16 shows the response surface of the
interaction between X5 and X4 on the phloem simulation stacking angle. When the static
friction coefficient among the phloem was constant, the phloem simulation stacking angle
increased with the rise in the rolling friction coefficient between the phloem and phloem.
When the rolling friction coefficient between the phloem and phloem was constant, the
phloem simulation stacking angle increased with the rise in the static friction coefficient
between the phloem and phloem. However, the contour slope of X5 was steeper than X,
indicating that the static friction coefficient between the phloem and phloem (X5) had a
more significant impact on the phloem simulation stacking angle than the rolling friction
coefficient between the phloem and phloem (Xg). Therefore, the order of the effects of each
factor on the phloem simulation stacking angle is X5 > X, which is consistent with the
results of the variance analysis.

Design-Expert Software

Factor Coding: Actual

Angel (°)

® Design points above predicted value
]

40.42

35.62 41
X1=A: X5
X2 =B: X6

Angel (°)

35

0.084 0.52
00778 0486
0.0716 0452

0.0654 0418
B: X6 0.0592 0.384 A: X5

0053035

Figure 16. Response surface of the interaction effects of the factors in the phloem on the stacking angle.

Interaction Effects of the Factors in the Xylem on the Simulation Stacking Angle

Based on the analysis of the variance of the xylem simulation stacking angle (X%l), X%l

and Xél had an extremely significant impact on the simulation stacking angle. X5 and X
significantly affected the simulation stacking angle, while X3 and X5 and Xy and Xy had
no significant effect on the simulation stacking angle. Therefore, Design-Expert software
was used to analyze the relationship between the static friction coefficient (Xs), rolling
friction coefficient (X4), and xylem and the xylem simulation stacking angle. Figure 17
shows the response surface of the interaction between Xz and Xy on the simulation
stacking angle. When X was constant, the simulation stacking angle increased with the
increase in Xy. When X was constant, the simulation stacking angle increased with the
rise in X5 . However, the contour slope of X was steeper than that of X5/, indicating that
Xg had a more significant impact on the simulation stacking angle. Therefore, the order
of the effects of each factor on the simulation stacking angle is Xy > X5 > X3, which is
consistent with the results of the variance analysis.
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Figure 17. Response surface of the interaction effects of the factors in the xylem on the stacking angle.

3.6.3. Parameter Optimization and Validation
Optimization of the Parameters in the Phloem

Based on the results of the Plackett-Burman test and the steepest ascent test in the
phloem, the ranges of X5 and X were 0.35-0.52 and 0.053-0.084, respectively. Taking
the physical test value of the stacking angle of the phloem as the optimization objective,
using the parameter Optimization module built into the Design-expert software, the non-
significant factors were taken as the physical test values, and the rest were taken as the
middle values of the steepest ascent test level to determine the optimal combination of the
static friction coefficient (X5) and rolling friction coefficient (X4) of the phloem-phloem; the
optimization objective function and constraints are shown in Equation (10):

tarY; = 37.93
0.35 < X5 < 0.52 (10)
0.053 < X¢ < 0.084

After solving, 44 sets of optimized solutions were obtained. The simulated results
of the optimized parameter group were compared with the physical test results. The
optimized solution with the most similar shape of the cylindrical lifting physical test
stacking angle was found. The static friction coefficient (X5) between the phloem and
phloem particles was determined to be 0.41, and the rolling friction coefficient (X4) between
the phloem and phloem particles was 0.056.

Optimization of the Parameters in the Xylem

Based on the results of the xylem Plackett-Burman and steepest ascent test, the ranges
of Xy, Xz, and X were 0.028-0.074, 0.22-0.45, and 0.013-0.028, respectively. Taking the
physical test value of the xylem stacking angle as the optimization objective, using the
parameter Optimization module built into the Design-expert software, the nonsignificant
factors were taken as the physics test values, and the rest were taken as the middle values
of the steepest ascent test level to determine the optimal combination of the xylem—-Q235A
steel rolling friction coefficient (X5/), static friction coefficient (X5/) of the xylem—xylem, and
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rolling friction coefficient (X4/) of the xylem-xylem; the optimization objective function and
constraints are shown in Equation (11):

tarY, = 27.17

0.028 < X5 < 0.074
022 < X5 <£0.45
0.013 < X¢ < 0.028

(11)

After solving, 100 sets of optimized solutions were obtained. The simulated results
of the optimized parameter group were compared with the physical test results. The
optimized solution with the most similar shape of the xylem stacking physical test angle
was found. The rolling friction coefficient (X5/) between the xylem and Q235A steel was
determined to be 0.033, the static friction coefficient (X5/) between the xylem and xylem
was 0.44, and the rolling friction coefficient (X¢/) between the xylem and xylem was 0.016.

Determination and Validation of the Optimal Parameter Combination

The optimized solutions for the phloem were subjected to simulation tests, and the
simulated stacking angles were 38.23°, 38.06°, 37.84°, 37.93°, and 38.12°. The simulated
results were close to the cylindrical lifting physical test angle, as shown in Figure 18, with
relative errors of 0.79%, 0.34%, 0.24%, 0.11%, and 0.5%, respectively.

Figure 18. Comparison of the physical test and simulation test of the ramie phloem stacking angle:
(a) physical test; (b) simulation test.

To evaluate the difference between the simulation and physical results of the phloem
stacking angles, a two-sample t-test was conducted. Before conducting the two-sample
t-test, the existence of significant differences in the variance between the two samples
needed to be determined. Therefore, an F-test was conducted on the physical stacking
angle results to test the simulation results. Table 19 shows the F-test results of the phloem.

Table 19. Results of the phloem F-test.

o . p(F<S) F One-Tailed
Mean (°) Variance Observed Value df F One-Tailed Critical
Simulated value 38.04 0.0219 5 4 0.0041 5.1495 x 107> 0.1565
Physical value 37.93 5.2639 5 4

The phloem samples showed a significant difference between the two variances, with
a two-tailed probability of 2p < 0.01. Therefore, a two-sample heteroskedasticity f-test was
conducted to assess the significance between the simulation and physical results. Table 20
displays the results of the two-sample heteroskedasticity t-test of the phloem.
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Table 20. Results of the phloem two-sample heteroskedasticity -test.
i ) Observed Assume p(T<H t Qne- p(T <D t "ljwo-
Mean (°) Variance val Average df t Stat One- Tailed Two- Tailed
alue Difference Tailed Critical Tailed Critical
S‘I‘i‘;ﬁ‘zed 38.04 0.02193 5 0 4 0.1120 0.4581 21318 09162 2.7764
Physical = 57 93 52639 5
value

According to Table 20, || < “t two-tailed critical” and “p two-tailed critical” > 0.05,
indicating that there was no significant difference between the phloem simulation and
physical results after calibrating the simulation parameters.

The simulated accumulation angles of the xylem were 27.13°, 27.3°, 27.38°, 27.05°, and
27.12°. The simulated results were close to the physical results, as shown in Figure 19, with
relative errors of 0.15%, 0.48%, 0.77%, 0.44%, and 0.18%, respectively.

Figure 19. Comparison of the physical test and simulation test of the ramie xylem stacking angle:
(a) physical test; (b) simulation test.

To evaluate the difference between the simulation and physical results of the xylem
stacking angles, a two-sample t-test was conducted. Before performing the two-sample
t-test, it was important to assess the variance between the two samples to determine if
there was a significant difference. Therefore, an F-test was performed on the simulation
results based on the physical stacking angle results, and Table 21 shows the F-test results
for the xylem.

Table 21. Results of the xylem F-test.

. pF<f) F One-Tailed
Variance Observed Value df F One-Tailed Critical
Simulated value 0.0190 5 4 0.0119 0.0004 0.1565
Physical value 1.6004 5 4

The xylem samples showed a significant difference between the two variances, with a
two-tailed probability of 2p < 0.01. Therefore, a two-sample heteroskedasticity t-test was
conducted to assess the significance between the simulation and physical results. Table 22
displays the results of the two-sample heteroskedasticity t-test of the xylem.

According to Table 22, 1t] < “t two-tailed critical” value and “p two-tailed” > 0.05,
indicating no significant difference between the xylem simulated and physical results after
calibrating the simulation parameters.
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Table 22. Results of the xylem two-sample heteroskedasticity f-test.
Observed Assume p(T<H t One- p(T <D t Two-
Mean (°) Variance val Average df t Stat One- Tailed Two- Tailed
alue Difference Tailed Critical Tailed Critical
S“i‘;féed 27.20 0.0190 5 0 4 0.0459 0.4828 21318 0.9656 2.7764
Physical -7 17 1.6004 5
value

The results show that after optimizing the simulation parameters, the optimal parame-
ter combination for the stacking angle simulation test and the physical test was when: the
static friction coefficient (X5) between the phloem and phloem was 0.41; rolling friction
coefficient between the phloem and phloem (Xg) was 0.056; rolling friction coefficient (X/)
between the xylem and Q235A steel was 0.033; the static friction coefficient (X5/) between
the xylem and xylem was 0.44; and rolling friction coefficient (X,/) between the xylem and
xylem was 0.016. There was no significant difference between the stacking angle simulation
test results and the physical test results. The similarity in the shape and result of the
stacking angle between the two indicates that the simulation parameters were accurately
set. In addition, the maximum relative error between the simulated and physical results
for the phloem was 0.79%, and for the xylem it was 0.77%. The average relative error
between the two was only 0.4%. This further verifies the reliability and authenticity of the
simulation test. The obtained parameters can be used for subsequent simulation tests on
calibrating the ramie stalk’s bonding parameters and the ramie stalk’s discrete element
decorticating simulation test.

4. Conclusions

(1) By comparing the results of the physical and simulation tests, the contact parameters
between the ramie stalk phloem and xylem were calibrated. The coefficient of restitu-
tion between the ramie stalk phloem and xylem was calibrated to 0.60 by the collision
rebound test. The coefficient of the static friction between the ramie stalk phloem and
xylem was calibrated to be 0.53 using the sliding test. The coefficient of the rolling
friction between the ramie stalk phloem and xylem was calibrated to be 0.021 using
the beveled rolling test. The calibration errors of the parameters were 2.11%, 0.22%,
and 0.3%, respectively. The results indicate that the calibration results of the contact
parameters between the ramie stalk phloem and xylem are reliable.

(2) By using the Plackett-Burman and steepest ascent tests, the significant factors that
influence the stacking angle of the ramie stalk phloem and xylem were screened, and
their ranges were determined. The Plackett-Burman test results showed that the static
friction coefficient (X5) and rolling friction coefficient (X4) between the phloem and
phloem had a significant influence on the stacking angle of the phloem, while the
rolling friction coefficient (X5/) between the xylem and Q235A steel, static friction coef-
ficient (X5), and the rolling friction coefficient (X¢/) between the xylem and xylem had
a significant influence on the stacking angle of the xylem. The results of the steepest
ascent test showed that the optimized ranges of the static friction coefficient (X5) and
rolling friction coefficient (X¢) between the phloem and phloem were 0.35-0.52 and
0.053-0.084, respectively, and the optimized ranges of the rolling friction coefficient
(X5) between the xylem and Q235A steel, static friction coefficient (X5), and rolling
friction coefficient (X)) between the xylem and xylem were 0.028-0.074, 0.22-0.45,
and 0.013-0.028, respectively.

(3) Using the response surface methodology, the interaction effects of the various factors
in the phloem and xylem on the stacking angle were analyzed. Based on the results of
the phloem central composite design test, a regression model was established between
the static friction coefficient (X5) and rolling friction coefficient (X¢) of the phloem—
phloem and the stacking angle of the phloem. The results indicate that when the static
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friction coefficient (X5) between the phloem and phloem was constant, the phloem
simulation stacking angle increased with the rise in the rolling friction coefficient of
the phloem-phloem. When the rolling friction coefficient (X¢) of the phloem-phloem
was constant, the phloem simulation stacking angle increased with the rise in the
static friction coefficient (X5) between the phloem and phloem. Factor X5 had a more
significant effect on the stacking angle than X4. Based on the results of the xylem
central composite design test, a regression model was established between the rolling
friction coefficient (X3 ) of the xylem-Q235A steel, the static friction coefficient (X5/) of
the xylem—xylem, and the rolling friction coefficient (X,/) of the xylem—xylem and the
stacking angle of the xylem. The results indicated that the order of the influence of
each factor on the stacking angle is Xy > X5 > Xy.

(4) Utilizing the Optimization module in the Design-Expert software, the optimal parame-
ters for the significant factors of the phloem, xylem, and stacking angle were obtained.
Specifically, the static friction coefficient (X5) between the phloem and phloem was
0.41, and the rolling friction coefficient (X4) between the phloem and phloem was
0.056. The rolling friction coefficient (X5/) between the xylem and Q235A steel was
0.033, the static friction coefficient (X5/) between the xylem and xylem was 0.44, and
the rolling friction coefficient (X/) between the xylem and xylem was 0.016. A two-
sample heteroscedastic t-test was performed on the optimized simulation parameter
results and the physical stacking angle measurement results. The results showed no
significant difference between the simulated and physical values, with a maximum
relative error of 0.79% for the phloem and 0.77% for the xylem, and an average relative
error of only 0.4%. This verified the reliability and authenticity of the simulation test,
which can provide technical support for subsequent simulation tests on ramie stalk
bonding parameters to optimize ramie decorticating machines.
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