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Abstract. Tea [Camellia sinensis (L.) O. Ktze] is loved by people all over the world. For ac-
curate simulation of the falling motion characteristics of fresh tea leaves, this study took one
bud and two leaves of fresh tea leaves as the research object, and established a 1:1 three-
dimensional (3D) model of fresh tea leaves by using 3D scanning and reverse modeling tech-
nologies. The 3D fresh tea leaves model was filled with discrete element particles, and the
motion pattern of fresh tea leaves within a certain distance from the ground was simulated.
The falling shape of fresh tea leaves was captured by the high-speed camera to verify the es-
tablished model. By adjusting parameters to optimize the model, it was concluded that the
simulation was in good agreement with the test, indicating that the established model is cor-
rect. According to the simulation, the fall analysis of four kinds of fresh tea leaves, A, B, C,
and D, placed on the transmission belt was carried out. The distance between the transmis-
sion belt and the ground was 80 cm. Among them, A leaves were 45 cm, B leaves were
55 cm, C leaves were 55 cm, and D leaves were 65 cm away from the ground. The movement
characteristic of fresh tea leaves is vertical on the ground. In different positions from the
ground during the falling process, it was found that all kinds of fresh tea leaves were rotated
around the stalk axis and the middle part of the fresh tea leaves. In conclusion, the establish-
ment of a discrete element model of fresh tea leaves’ movement morphology and the analy-
sis of movement morphology during the falling process laid a theoretical foundation for the
study of air suction sorting of fresh tea leaves in the later period.

With the rapid advancement of agricultural
modernization, the level of agricultural mecha-
nization in China is constantly improving, and
machinery and tools are gradually developing
in the direction of intelligence and efficiency
(Dong et al. 2017). Pneumatic conveying has
begun to be widely used in a variety of agricul-
tural equipment, such as seeding, fertilization,
and harvesting machinery (Qi et al. 2016; Wang
et al. 2015; Xing et al. 2019). At the same time,
with the gradual rise of labor costs and the aging
population trend, tea-leaf picking has become an
important factor restricting the development of
the tea industry, and machine tea picking will
gradually become important (Tang et al. 2015).
At present, the cost of picking fresh leaves with
a reciprocating tea-cutting machine is low and
the yield is excellent; however, dealing with the
components of fresh tea leaves in tea picking by
reciprocating machine are more complex. These
include, for example, picking leaves, bud heads,
one bud, one leaf, one bud and one leaf, one bud
and two leaves, one bud and three leaves, dam-
aged buds and leaves, and so on. Direct
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processing will affect the quality and price of
late tea, so the sorting and classification of fresh
tea leaves are particularly important, but the air
suction sorting method focuses on the movement
shape of fresh tea leaves.

In recent years, with the wide application of
the discrete element method in the simulation
analysis of agricultural granular materials, schol-
ars have analyzed corn stalk particles (Li et al.
2015; Wang et al. 2018, 2021), stalk broken par-
ticles (Liao et al. 2020), soil particles (Wang
et al. 2017), fertilizer particles (Peng et al. 2018,
Wen et al. 2020), potato particles (Liu et al.
2018; Wang et al. 2017), rice particles (Lu et al.
2018; Yuan et al. 2018), spinach root (Li et al.
2021), for example. The discrete element model
of agricultural materials with relatively simple
appearance is thus established and simulated. On
this basis, existing equipment is continuously op-
timized and upgraded, and new equipment is de-
veloped. In recent years, scholars in China and
elsewhere have attempted to establish and simu-
late the discrete element model of fresh tea
leaves. For example Lv et al. (2022), based on
the discrete element method of EDEM software,
optimized the classification parameters of vibrat-
ing classifier for fresh tea leaves by machine. Li
et al. (2019) adopted a spherical particle polymer
filling model and contact mechanics model for
fresh leaves of various grades and conducted a
sorting simulation in EDEM. Wang (2020) estab-
lished a similar discrete element model of fresh
tea leaves through particle accumulation and con-
ducted relevant simulation studies. However, it
has been shown that there are differences between

discrete element simulation particles and real
models, and these will directly affect the accu-
racy and results of the simulation. Therefore,
the establishment of a discrete element model
of a 1:1 multiscale machine for picking fresh
tea leaves has significance for the accuracy of
discrete element simulation.

We considered “one bud and two leaves” of
machine-picked fresh tea leaves as the simula-
tion and test objects and conducted inverse
modeling of 3D scanning of fresh tea leaves, dis-
crete element simulation, and experimental re-
search. We used high-speed cameras to track the
falling morphology of fiesh tea leaves and compare
the results and thus verify the feasibility of the mul-
tiscale simulation test of the falling morphology of
fresh tea leaves by machine-picked tea leaves based
on discrete elements. According to the test results,
the discrete element model was refined, laying a
theoretical foundation and discrete element model
for the separation of fresh tea leaves by air suction.

Materials and Methods

Fresh tea leaves. The fresh tea leaves used
in the experiment were one bud and two
leaves, and the geometric size of the long
axis of the material was randomly distributed
between 55 and 80 mm. The mass of one bud
and two leaves was measured by scientific
balance, and an average value was obtained.
The mass was 0.21 g.

3D scanning system and high-speed cam-
era system. The 3D scanning system adopted
in this research included the OKIO noncontact
optical 3D scanner (jointly developed by Bei-
jing Tianyuan 3D Technology Co., Ltd. and
Tsinghua University with independent intel-
lectual property rights), automatic turntable,
and computer. The scanners mainly in-
cluded industrial 5-megapixel cameras and
raster-generating devices, with scanning ac-
curacy of 0.005 to 0.015 mm and average
sampling point distance of 0.04 to 0.016 mm,
as shown in Fig. 1. The high-speed camera
system captured and recorded the falling mo-
tion patterns of fresh tea leaves and verified
the discrete element model in this study. The
high-speed camera system consists of a high-
speed camera and a computer. The resolution
of the camera is 1920 x 1080, and the frame
number is 2150 frames per second.

Discrete element simulation method. The
discrete element method was used to simulate
multiscale motion characteristics of fresh tea
leaves falling from the conveyor belt. The basic
model selected for this study was the Hertz—
Mindlin (No Slip) model, which is accurate and ef-
ficient in force calculation. In this model, the nor-
mal force component is based on Hertzian contact
theory, and the tangential force model is based on
Middlin—Deresiewicz’s research theory. Both the
normal force and tangential force have damping
components, which are related to the damping co-
efficient and recovery coefficient. The tangential
friction force complies with Coulomb’s law of fric-
tion. Rolling friction independent directional cons-
tant torque model through contact (Di Renzo and
Di Maio 2004; Oka et al. 2005; Potyondy and
Cundall 2004; Sakaguchi 1993). For the
normal force F,,, the expression is as follows:
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Fig. 1. Three-dimensional scanner.

F,= gE*\/z?ai [1]

For the equivalent Young’s Modulus E*,
the equivalent radius R* is defined as

L -y, (%)

2]
=t [3]

E;, v;, R;, and E}, v;, and R;, are Young’s Mod-
ulus, Poisson ratio, and Radius of each sphere
in contact. Additionally, there is a damping
force, F Z, given by
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Fig. 2. The discrete element model of fresh tea
leaves was established by various scholars.
(A) Single pellets instead of fresh tea leaves.
(B) A multipellet combination replaces fresh
tea leaves.
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where m is the equivalent mass, v;?” is the nor-
mal component of the relative velocity, 3 and
S, is the normal stiffness, and e is the recovery
coefficient. For tangential forces F,, the ex-
pression is

F, = — 8G"\/R*3,5, [5],

where G* is equivalent shear modulus, o, is
tangential overlap quantity.

For tangential damping force F° ‘T’ , the ex-
pression is

5 Ine / -

Fl= —2\/:4 2E*\/R*S ret
' 6 \/In%e + w2 .

[6]

For simulation, rolling friction is impor-
tant, considered by applying a torque to the
contact ground, the expression is

T = — uFuRiw; [7],

where, u,. is the rolling friction coefficient, R;
is the distance from the contact point to the
center of mass, and w; is the unit angular ve-
locity vector of the object at the contact point.

The Bonding V2 model in EDEM should
also be loaded because fresh tea leaves are
flexible sheets and have certain bending de-
formation behavior. The bonding force/torque
in the model is complementary to the basic
contact model. Because the bonds involved
in this model can function when the particles
are no longer in physical contact, the contact
radius should be set higher than the actual ra-
dius of the sphere, and the bond will break
when the normal and tangential shear stresses
exceed a certain predetermined value. The

weight of fresh tea leaves is relatively light,
and thus it is necessary to consider the influ-
ence of air resistance during falling on the
motion state of fresh tea leaves. The air resis-
tance contact model was added to EDEM.
The resistance model was applied to fresh
tea leaves particles, and the direction of
movement was opposite to that of fresh tea
leaves.

Results

Inverse modeling of fresh tea. Fresh tea
leaves are flexible, and it is difficult to estab-
lish 3D models for them because there are cer-
tain deviations in contour and thickness. At
present, the models of fresh tea leaves estab-
lished by scholars based on discrete elements
are mostly similar in geometry; for example,
fresh tea leaves were replaced with spherical
particles or with similar buds, leaves, and
leaves composed of stacked spheres, as shown
in Fig. 2 (Li et al. 2019; Wang 2020). Several
studies have shown that the closer the dis-
crete element simulated particle is to the ac-
tual object, the higher the accuracy of the
simulation.

A 3D scanner was used to conduct 3D
scanning of fresh tea leaves picked by a multi-
scale machine. After scanning, the scanned
point cloud image was repaired using Geoma-
gic Wrap software, and then reverse modeling
was performed on the repaired point cloud
image using Geomagic Design X software. A
multiscale tea fresh leaf model of one bud,
two leaves, one bud, one leaf, and single leaf
was established, but this study focuses on one
bud and two leaves of fresh tea.

Discrete element particle filling. The 1:1
fresh tea leaves model was imported into the
EDEM discrete element software. The fresh
leaves of one bud and two leaves were filled
with particles. A total of 2384 particles were
filled, and the average pellet radius was
0.162 mm. By adjusting the density of fresh
tea leaves within the allowable range, it
was determined that the mass of the model
after the fresh tea leaves of one bud and
two leaves filled was 0.2042 g, which was
similar to the 0.21 g measured by the test.
Moreover, the particle filling was all within
the model contour, and the filling rate was
greater than 97.6%, as shown in Fig. 3.

A

Fig. 3. Tea leaf model discrete element particle
filling. (A) Discrete element particle filling
model of fresh leaves of one bud and two
leaves of tea. (B) The filled discrete particles
are arranged in a three-dimensional model.
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Fig. 4. (A) Discrete element simulation and test bench of fresh tea leaves based on EDEM. (B) Discrete element
simulation of the falling movement pattern of fresh tea leaves. Tea leaf falling motion from the test bench.

Physical parameters of fresh tea. Due to
the influence of tea tree growth, environment,
and other factors, fresh tea leaves of the
same variety have different outline shapes,
and their bud and leaf lengths are different.
In this study, 200 samples of one bud and
two leaves of fresh tea leaves were selected
to measure the size of fresh tea leaves. It
was found that the bud length of one bud
and two leaves ranged from 10 to 15 mm,
and the leaf length ranged from 20 to
35 mm. The toughness, ductility, and me-
chanical properties of fresh tea leaves were
tested by a texture analyzer. Through the
compression test on the stem of fresh tea
leaves, the average elasticity modulus and
shear modulus of tea leaves were measured
at 9.3 and 3.3 MPa, respectively.

EDEM model parameter setting. The fall-
ing movement pattern of fresh tea leaves with

HorTScIENCE VoL. 58(9) SEPTEMBER 2023

one bud and two leaves was simulated. The
leaves fall on the conveyor belt, and the air
resistance when the leaves fall is ignored in
the simulation. The conveyor belt was 0.8 m
from the ground, 0.75 m long, and 0.5 m
wide, with a transmission speed of 0.6 m/s.
The particle factory in the simulation process
was in the dynamic generation mode, with a
total of 600 pieces generated and a produc-
tion capacity of 200 pieces per second. Be-
cause the size of the fresh leaves is different,
the size distribution of leaves can be set in
EDEM, and the setting modes are fixed, log-
normal, normal, and random. In this study,
the fixed size distribution of fresh tea leaves
was adopted, and leaves with the same shape
and size as the discrete element model were
selected for the test. The writing frequency of
the simulation data was set to 0.01 s. The
simulation mesh size was set to three times

the minimum particle radius, and the total
simulation time was 4 s.

Simulation and verification of falling
movement morphology of fresh tea leaves
based on EDEM. Through the discrete ele-
ment simulation, the particle factory gener-
ated a bud and two leaves of fresh tea at 0.1 m
above the belt, and the belt transported tea to
the edge of the belt at a speed of 0.6 m/s; the
fresh tea leaves then fell at 0.8 m above the
ground. A test bench identical to the discrete
element simulation model was built, and a
high-speed camera was used to photograph the
falling motion pattern of fresh tea leaves. The
same angle of view of simulation and test at
every 0.1-m interval from the ground was se-
lected for verification, and the motion pattern
of fresh tea leaves falling at different heights
was observed (Fig. 4).

Discrete tea particles with the same shape
as those placed before the fall of fresh tea
leaves were selected to verify the accuracy of
the established model. The falling pattern of
fresh tea leaves was captured by high-speed
cameras at critical points of the falling move-
ment: 0.7, 0.6, 0.5, 0.4, 0.3, 0.2, and 0.1 m
from the ground. Comparison was made with
the discrete element simulation results at the
same distances (Fig. 5).

Figure 5A shows the critical point where
fresh tea leaves are about to fall. It is shown
by high-speed camera and simulation that the
tea roots are all facing downward at the criti-
cal point of fall. Figure SB shows the point
where fresh tea leaves fall 0.7 m from the
ground. The comparison between the test and
the simulation shows that the fresh tea leaves
have a rotating trend and are parallel to the
ground, and the simulation and the test have
the same movement trend. Figure 5C shows
the place where fresh tea leaves fall 0.6 m
from the ground. Compared with the test and
simulation, the leaves here change from par-
allel to the ground at 0.7 m from the ground
to the “partial vertical” downward movement
of tea roots. Figure 5SD-H shows the drop dis-
tance of 0.5 to 0.1 m of the leaves from the
ground. The comparison between the test and
the simulated tea leaves showed that in the
same environment, the movement trend of
fresh tea leaves was the same as that of the
discrete element simulated tea leaves, with
the stem diameter of fresh tea leaves moving
downward and the page moving upward. In
conclusion, through the discrete element sim-
ulation and the verification of the falling mo-
tion patterns of fresh tea leaves at different
distances from the ground, agreement be-
tween the model and the test was greater than
95%, indicating the accuracy of the model.
Therefore, the falling motion patterns of fresh
tea leaves in different placement forms can be
analyzed with this model, laying a foundation
for research on the mechanism of fresh tea
leaf sorting by air suction in the later stage.

Discussion

The location of fresh tea leaves on the
transmission belt was selected, and we distin-
guished them according to the orientation of
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Fig. 5. The falling bench test of fresh tea leaves verified the discrete element simulation. (A) The state of fresh tea leaves before they are about to fall from the con-
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Fig. 5. (Continued)
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the fresh tea leaves: if the leaf faces up, it was
labeled “fresh tea leaf A”; leaves that face right
were marked “fresh tea leaf B”; leaves facing
down were marked as “fresh tea leaf C”; and
leaves facing left were labeled “fresh tea leaf
D.” Among these, the motion characteristics of
fresh tea leaf A were analyzed in simulation
and test verification, and the motion character-
istics of only fresh tea leaves B, C, and D are
analyzed in this section. The movement marks
of fresh tea leaves fall can be divided into rota-
tion around the stalk axis of fresh tea leaves
and rotation around the middle part of fresh tea
leaves, as shown in Fig. 6

Analysis of falling motion characteristics
of fresh tea leaf B. Figure 7 shows the falling
motion patterns of fresh tea leaf B at different
distances from the ground. The falling mor-
phology of fresh tea leaves at different distan-
ces from the ground is analyzed respectively.
Starting from the right side of the transmission
belt facing the fresh tea leaves, the distance
between the fresh tea leaves and the ground is

1062

65 cm in Fig. 7A. The leaves rotate around
their middle and rotate from the right side to
the upside. Figure 7B shows leaves 55 cm
from the ground. At this time, the leaves are in
the trend of a leaf upward and stalk downward
movement, reaching a vertical orientation to
the ground. Compared with Fig. 7A, the leaves
rotate around the stalk axis and the middle
part of the leaves. Figure 7C is 45 cm from the
ground; at this time, the fresh tea leaves have
a tendency to rotate around their middle, and,
compared with Fig. 7B, the leaves have an ob-
vious rotation pattern around the stalk axis.
Figure 7D is 35 cm from the ground. At this
time, the leaf movement tends to tilt to the
right, and the leaves have a tendency to rotate
around the stalk axis. Figure 7E is 20 cm from
the ground, where the fresh tea leaves are in-
clined to the right. Compared with Fig. 7D,
the leaves rotate around the stalk axis and the
middle part of the leaves. Figure 7F is 5 cm
away from the ground. Compared with
Fig. 7E, there is still an obvious trend of

turning around the middle of leaves and
moving around the stalk axis.

Given the preceding analysis, it was found
that when the fresh tea leaves fall in this posi-
tion, they rotate around the middle part of the
leaves and rotate around the stem axis. In the
process of falling, when the fresh tea leaves
are vertically downward, they gradually rotate
around the middle part of the leaves and rotate
around the stem axis, finally falling to the
ground with the leaves facing the right side of
the belt.

Analysis of falling motion characteristics
of fresh tea leaf C. Figure 8 shows the move-
ment morphology of fresh tea leaves marked
“tea leaf C” at different heights from the
ground during the falling process. Figure 8A
shows that the leaves move downward from
the transport belt at a distance of 65 cm from
the ground, turn in the air, and are inclined
to the left. Figure 8B is 55 cm from the ground,
at which time the leaves are in a vertical falling
state. Compared with Fig. 8A, the leaves rotate
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Fig. 6. The position and movement mode of tea fresh leaf transport belt. (A) Different forms of tea leaves on the transmission belt, including A/B/C/D four
forms. (B) There are two motion states of fresh tea leaves in the falling process, including rotation around the axis of the tea stem and rotation around the

middle line of the tea.

around the stalk axis and around the middle
part of the leaves. Figure 8C is 45 cm from the
ground. Compared with Fig. 8B, the fresh tea
leaves continue to rotate around the stalk axis
and rotate around the middle of the leaves, and
the leaves have tilted from the vertical position
to the right. Figure 8D is 35 cm away from the
ground, where the leaves are parallel to the
ground and continue to turn. Figure 8E is
20 cm away from the ground, at which time the
leaves are oriented toward the ground. Figure
8F is 5 cm from the ground, where the fresh tea
leaves are still facing the ground. Compared
with Fig. 8E, there is only minor rotation of the
leaves around the stalk axis.

In conclusion, the falling motion pattern of
the transmission belt marked “fresh tea leaf C”
mainly rotates around the stalk axis and around
the middle part of the leaf. Within the fixed dis-
tance in this study, the fresh tea leaves placed
at this position rotate 360° around the middle
part of the leaf, and their falling patterns are
different at different distances from the ground.

Analysis of falling motion characteristics
of fresh tea leaf D. Figure 9 shows the move-
ment patterns of fresh tea leaves marked “tea

HorTSciENcE VoL. 58(9) SEPTEMBER 2023

leaf D™ at different heights from the ground dur-
ing the falling process. Figure 9A is 75 cm from
the ground, where the leaves fall behind the
transport belt and rotate around the middle of
the leaves; the rotation trend is leaves facing up-
ward. Figure 9B is 65 cm from the ground,
where the leaves are oriented downward verti-
cally. Compared with Fig. 9A, there is an obvi-
ous rotation around the middle of the leaves.
Figure 9C is 55 cm from the ground. Compared
with Fig. 9B, the leaves rotate around the stalk
axis and around the middle of the leaf. Figure
9D is 30 cm from the ground, where the leaves
are moving at an angle parallel to the ground.
Compared with Fig. 9C, the rotation around the
stem axis and the rotation around the middle of
the fresh tea leaves also occur. Figure 9E is
15 cm from the ground; the leaves are parallel
to the ground. Figure 9F is 5 cm from the
ground, and the running form of the leaves is
similar to Fig. 9E, parallel to the ground.

In conclusion, the falling motion pat-
tern of the transmission belt marked “fresh
tea leaves D” is also mainly rotated around
the stalk axis and around the middle part of
the leaves, but the fresh tea leaves in the

transmission belt arrangement form reach the
vertical and ground state earlier than in the
other arrangements.

Conclusion

In this study, inverse modeling and particle
filling of “one bud and two leaves” of fresh tea
leaves were carried out, and the falling motion
model of the bud and leaves was established
through EDEM discrete element software. The
falling pattern of leaves was photographed with
a high-speed camera to verify the simulation re-
sults. By adjusting parameters and optimizing
the model, the discrete element model with
greater than 97% agreement between simula-
tion and test was finally obtained. The falling
motion patterns of fresh tea leaves in different
places (labeled A, B, C, and D) were analyzed.
It was concluded that fresh tea leaves rotate
around the stalk axis and the middle part of
leaves during the falling process. Among them,
fresh tea leaf A was 45 cm from the ground,
fresh tea leaf B was 55 cm away from the
ground, fresh tea leaf C was 55 cm from the
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Fig. 7. The movement pattern of fresh tea leaf B at different distances from the ground. Fresh tea leaves fall from the conveyor belt at 0.65, 0.55, 0.45, 0.35,
0.20, and 0.05 m from the ground.

HortScience VoL. 58(9) SepTEMBER 2023

1064



Downloaded from https://prime-pdf-watermark.prime-prod.pubfactory.com/ at 2025-10-13 via Open Access. This is an open access article distributed under the CC BY-NC-ND
license (https://creativecommons.org/licenses/by-nc-nd/4.0/). https://creativecommons.org/licenses/by-nc-nd/4.0/

Fig. 8. The movement pattern of fresh tea leaf C at a different distance from the ground. Fresh tea leaves fall from the conveyor belt at 0.65, 0.55, 0.45,
0.35, 0.20, and 0.05 m from the ground.

1065

HorTScIENCE VoL. 58(9) SEPTEMBER 2023



Downloaded from https://prime-pdf-watermark.prime-prod.pubfactory.com/ at 2025-10-13 via Open Access. This is an open access article distributed under the CC BY-NC-ND
license (https://creativecommons.org/licenses/by-nc-nd/4.0/). https://creativecommons.org/licenses/by-nc-nd/4.0/

Fig. 9. The movement pattern of fresh tea leaf D at different distances from the ground. Fresh tea leaves fall from the conveyor belt at 0.75, 0.65, 0.55, 0.30,
0.15, and 0.05 m from the ground.
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ground, and fresh tea leaf D was 65 cm away
from the ground.
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