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Abstract: The problem of soil and Chuanxiong tuber congestion on vibrating screens usually exists
during the Chuanxiong mechanized harvesting process. To address this problem, the conveyance
performance of a crankshaft rocker vibrating screen was studied. By establishing and solving the
dynamics and kinematics equations for the crankshaft rocker vibrating mechanism and Chuanxiong
soil residue, the acceleration of the vibrating screen and Chuanxiong-soil residue was studied. The
sliding speed, motion process, and conveying distance of the Chuanxiong soil residue were also
analyzed. The theoretical analysis results indicated that the acceleration of the vibrating screen
depends on the rod lengths of the vibrating mechanism and the crank rotational speed and position.
The displacement of the Chuanxiong-soil residue along the positive sliding direction in a cycle was
more significant than that of the negative sliding direction. The appropriate advancement speed of
the harvester was also obtained. The RecurDyn and EDEM coupling simulation was conducted. The
simulation results verified the theoretical analysis. In the simulation, the Chuanxiong-soil residue
was effectively conveyed. The field tests were conducted to verify the theoretical analysis. The
harvester was tested in the field with crank rotational speeds of 0 r/min, 120 r/min, and 240 r/min,
and advancement speeds of 0.5 m/s, 1 m/s, 1.5 m/s, and 2 m/s. The results showed that there was
no congestion in the screen during the working process when the rotational speed of the crank was
240 r/min, and the advancement speed of the harvester was no faster than 1.5 m/s. When the crank
rotational speed was 240 r/min, and the advancement speeds were 0.5 m/s, 1 m/s, and 1.5 m/s,
the weights of Chuanxiong and soil on the screen after the test were 71.5 kg, 84.7 kg, and 105.7 kg,
respectively. The field tests verified the conveyance performance of the vibrating screen. This study
can provide a theoretical reference for designing the crankshaft rocker vibrating mechanism for the
rhizome harvesting machine.

Keywords: Chuanxiong harvester; vibrating screen; kinematic analysis; conveying characteristics

1. Introduction

Ligusticum Chuanxiong is a traditional Chinese herb that can not only be used as an
ingredient in soup but also as a medicinal herb [1,2]. During the harvest process, the mixture
of Chuanxiong tuber and soil often becomes clogged in the Chuanxiong harvester. In this
study, the mixture of Chuanxiong tubers and soil on the vibrating screen is abbreviated as
Chuanxiong-soil residue. The Chuanxiong harvester must ensure a smooth conveyance of
the Chuanxiong-soil residue on the vibrating screen. Studying the movement pattern of the
Chuanxiong-soil residue on the screen is crucial for analyzing the conveyance efficiency
of the vibrating screen. Solving the blockage problem of Chuanxiong-soil residue will
facilitate the normal operation of the harvester and improve harvesting efficiency.

Screens are widely used to separate and transport materials [3,4]. In the agricultural
machinery industry, screens are commonly used in harvesting devices [5] and cleaning
devices [6]. In the study of harvesting devices, researchers always analyze the separating
performance [7,8], net harvesting performance [9], or loss rate of the vibrating screen [10,11].
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However, the particle conveyance ability is also very important and rarely studied. This
capacity directly affects the congestion of the harvester during the operation process. Thus,
it is necessary to analyze the conveyance ability of the designed Chuanxiong harvester
vibrating screen. Previous studies have analyzed the conveyance of the screen by con-
ducting the analysis on particle force and particle motion process [12,13]. In the aspect of
analyzing particle forces on screens, the previous study found that the non-linear forces on
the residue in the direction of the screen surface mainly include inertial forces and sliding
friction [14]. The friction coefficients and excitation forces have a significant influence on
the velocity of residues on the screen, which directly influence the motion laws of materials
on the screens [15]. In the aspect of motion analysis, researchers constructed mathematical
analysis models, and some researchers derived velocity curves by analyzing the acceler-
ation of the vibrating screen [16,17]. Han et al. [18] analyzed the movement of a part on
the vibrating track of the bowl feeder during the conveying process. Ma et al. [19] found
that the rotation angle of the front swing bar has a positive influence on the backward
movement rate of particles. Song et al. [20] studied the motion trajectory to determine
the optimal speed range for particle mixing and transportation. Yang et al. [21] studied
the forces, stratification mechanisms, and throwing principles of materials on the screen.
The materials on the screen can be conveyed by sliding or jumping motion [22]. Zhou
et al. [23] conducted a study to analyze the motion state of the materials with the help of
high-speed cameras.

During the harvesting process of Chuanxiong, the Chuanxiong-soil residue frequently
clogs on the sieve, posing a challenging issue. Although the above researchers studied the
motion process of particles on screens, the theoretical analysis of the time corresponding
to the motion process of Chuanxiong-soil residue on screens was rarely studied. The
existing studies mainly conducted mechanical analysis on the motion state of material on
screen, without quantitative analysis of the motion characteristics corresponding to the
motion state. However, researchers seldom conducted theoretical analyses that combined
kinematic parameters such as the velocity and acceleration of residues on the screens.
In this study, the motion process of Chuanxiong-soil residue on the screen was studied
according to the kinematics and kinetics principles. Then, a suitable advancement speed
was obtained for the harvester to convey the Chuanxiong-soil residue backward effectively.
The relative motion process between the Chuanxiong-soil residues and the vibrating screen
was studied more deeply. Then, the conveying process of the Chuanxiong-soil residue on
the vibrating screen was analyzed by using the coupling simulation of EDEM2020 and
RecurDynV9R4. Finally, motion law tests were conducted to verify the theoretical analysis
of the vibrating screen using an accelerometer. The field tests were conducted to verify the
actual Chuanxiong-soil residue conveying performance of the vibrating screen.

2. Structural Composition and Working Principle of the Crankshaft Rocker
Vibrating Mechanism

The Chuanxiong harvester and a typical Chuanxiong tuber are shown in Figure 1. The
Chuanxiong harvester is hanged on a tractor (as shown in Figure 1a) and can excavate
the Chuanxiong tubers under the soil. Chuanxiong tubers are approximately spherical,
but they have an irregular surface and are always covered with a lot of soil (as shown in
Figure 1b).

The schematic diagram of the Chuanxiong harvester and the working principle of
the crankshaft rocker vibrating screen are shown in Figure 2. The overall structure of the
Chuanxiong harvester is shown in Figure 2a. The crankshaft rocker vibrating screen is
mainly composed of the crankshaft rocker vibrating mechanism, a vibrating side plate, and
a vibrating screen. The simplified working sketch of the vibrating mechanism is shown
in Figure 2b. The crankshaft rocker vibrating mechanism consists of a crank, driving link,
driven rocker1, fixed link, and driven rocker2. The two driven rockers have identical
lengths. The vibrating screen is made of parallel steel bars and connected to vibrating
side plates. The vibrating side plates are hinged with driven rockers. The angle between
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the vibrating screen and the horizontal surface is the screen surface tilting angle α. The
parameters of the crankshaft rocker vibrating mechanism are shown in Table 1. In the
working process, the vibrating mechanism is driven by the crank. The drive link rod
causes the vibrating screen to reciprocate vibration, facilitating the transmission of the
Chuanxiong-soil residues, preventing congestion on the screen, and enabling continuous
harvesting operation. The motion sketch of the vibrating mechanism is simplified, as
shown in Figure 2c. The crank rotates clockwise during the working process, and the crank
rotation center O is the origin of the Cartesian orthogonal coordinate system. The positive
direction of the x-axis is horizontal to the left. The positive direction of the y-axis is vertical
downward. The OA, AB, and BC rods represent the crank, the drive link rod, and the driven
rocker, respectively. The angles of the OA, AB, and BC rods with the x-axis are φ1, φ2, and
φ3, and the lengths are L1, L2, and L3, respectively. The length of the OC rod is L4.
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Figure 1. Chuanxiong harvester and a typical Chuanxiong tuber. (a) Chuanxiong harvester.
(b) Chuanxiong tuber.
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Figure 2. Crankshaft rocker vibrating screen. (a) Overall structure of the Chuanxiong harvester.
(b) Simplified working sketch of the crankshaft rocker vibrating mechanism: 1—Crank, 2—Driving
link, 3—Driven rocker1; 4—Fixed link; 5—Driven rocker 2; 6—Vibrating side plate; 7—Vibrating
screen. (c) Motion sketch of vibrating mechanism.

Table 1. Parameters of the crankshaft rocker vibrating mechanism.

Parameter Name Value

Crank radius L1 (mm) 50
Driving link length L2 (mm) 410

Driven rocker 1/2 length L3 (mm) 200
Fixed link length L4 (mm) 270

Screen surface tilting angle α (◦) 20
Crank rotational speed n (r/min) 240
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3. Theoretical Analysis of Screen and Chuanxiong-Soil Residue
3.1. Acceleration Analysis of Vibrating Screen

The motion law of a vibrating screen is the same as that of the hinged point B on the
crankshaft rocker vibrating mechanism. Supposing the position vectors of any point B′ on
the driving link rod are c′ and d′, the absolute position vector of point B′ in the coordinate

system is lB′ =
→

OB′ [24], and the vector Equation (1) is:

→
l B′ =

→
L 1 +

→
c′ +

→
d′ (1)

The complex vector form of Equation (1) is Equation (2):

→
L B′ = L1eiφ1 + c′eiφ2 + d′ei(φ2+90o) (2)

Equation (2) is simplified according to Euler’s formula. Then, the second derivative is
found for time t, and the acceleration of point B′ in the x-axis and y-axis direction (aB′x and
aB′y) can be obtained through Equation (3):

aB′x = −
[
ω2

1 L1 cos φ1 + a2(c′ sin φ2 + d′ cos φ2)
]
+ ω2

2(c
′ cos φ2 − d′ sin φ2)

aB′y = −ω2
1 L1 sin φ1 + a2(c′ cos φ2 − d′ sin φ2)− ω2

2(c
′ sin φ2 + d′ cos φ2)

ω1 = 2πn
60

(3)

where ω1 is the angular velocity of the OA rod, rad/min; ω2 is the angular velocity of the
AB rod, r/min; a2 is the angular acceleration of the AB rod, m/s2.

Substituting c′ = L2 and d′ = 0 into Equation (3) to obtain the acceleration of point B in
the x-axis and y-axis direction (aBx and aBy), Equation (4) can be obtained as:{

aBx = −ω2
1 L1 cos φ1 + L2a2 sin φ2 + L2ω2

2 cos φ2
aBy = −ω2

1 L1 sin φ1 + L2a2 cos φ2 − L2ω2
2 sin φ2

(4)

By using the closed vector analytical method to analyze the motion of the vibrating
mechanism, the angular acceleration of the AB rod a2 can be obtained through Equation (5):

a2 =
θL3 cos φ3 − µL3 sin φ3

L2L3 sin φ2 cos φ3 − L2L3 cos φ2 sin φ3
(5)

where θ and µ can be obtained by Equation (6):{
θ = ω2

1 L1 cos φ1 − ω2
1 L2 cos φ2 − ω2

3 L3 cos φ3
µ = −ω2

1 L1 sin φ1 − ω2
1 L2 sin φ2 + ω2

3 L3 sin φ3
(6)

where the angle φ2 between the AB rod and the x-axis and the φ3 between the BC rod and
the x-axis can be obtained through Equation (7):

φ2 = arcsin ε2+L2
2+γ2−L2

3

2L2
√

ε2+γ2
− arctan γ

ε

φ3 = arcsin ε2+L2
3+γ2−L2

2

2L3
√

ε2+γ2
− arctan γ

ε

(7)

where the ε and γ are obtained through Equation (8):{
ε = L1 sin φ1
γ = L1 cos φ1 + L4

(8)
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The angular velocities of the AB and BC rods (ω2 and ω3) are obtained through
Equation (9): {

ω2 = L1L3 sin φ1 cos φ3−L1L3 cos φ1 sin φ3
L2L3 sin φ2 cos φ3−L2L3 sin φ3 cos φ2

ω1

ω3 = L1L2 sin φ1 cos φ2−L1L2 cos φ1 sin φ2
L2L3 sin φ3 cos φ2−L2L3 sin φ2 cos φ3

ω1
(9)

Thus, from the above analysis, we can see the acceleration of point B is related to the
crank radius L1, driving link length L2, driven rocker 1 length L3, fixed link length L4, crank
rotational speed ω1 and the angle of the crank with axis φ1. That is, the acceleration of
the vibrating screen depends on the rod lengths of the vibrating mechanism and the crank
rotational speed and position. This provides an important theoretical basis for studying the
relationship between the motion law of the vibrating mechanism and time t.

3.2. Acceleration Analysis of Chuanxiong-Soil Residue on Vibrating Screen

The analysis diagram of Chuanxiong-soil residues on a vibrating screen is shown in
Figure 3. In this study, the Chuanxiong tuber and soil mixture on the vibrating screen is
abbreviated as Chuanxiong-soil residue, and the mass of it is m. In Figure 3a,b, a sloping
line refers to the vibrating screen surface, which has an oblique angle α with a horizontal
surface; the screen surface coordinate system is established with the residue centroid as
the coordinate origin. The x′-axis is along the screen face and upward. The y′-axis is
perpendicular to the screen face and upward. The inertial forces of the Chuanxiong-soil
residue along the x′-axis direction are FIx

′ and FIy
′, respectively. The direction of the inertia

force is the same as the acceleration direction of the Chuanxiong-soil residue (opposite
to the acceleration direction of the screen surface). When the inertial force is positive, its
direction is the positive direction of the x′-axis, and the Chuanxiong-soil residue tends to
slide backward (screen tail direction) along the screen surface, which is defined as positive
sliding. When the inertia force is negative, its direction is the negative direction of the
x′-axis, and the Chuanxiong-soil residue tends to slide advance (screen head direction)
along the screen surface, which is defined as negative sliding. When studying the motion
features of the Chuanxiong-soil residue relative to the vibrating screen surface, the inertia
is considered together with other forces, such as the gravity mg, supporting force FN, and
the friction force Ff. The Chuanxiong-soil residue tends to reach static equilibrium under
these forces and the inertia when sliding on the screen surface. Meanwhile, the vibrating
mechanism must drive the Chuanxiong-soil residue to slide on the screen. The possible
states of the Chuanxiong-soil residue sliding on the screen surface are the positive sliding
and the negative sliding, as shown in Figure 3a,b. It is necessary to use dynamics and statics
analysis to explore the acceleration of Chuanxiong-soil residues on a vibrating screen.
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F mg F mg ma
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
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In Figure 3c, the red solid line represents the curve of aBx′, the blue dotted and dashed 
line represents the curve of gsinα + Ff/m, and the green dotted and dashed line represents 
the curve of gsinα − Ff/m. It can be seen that the motion state of the Chuanxiong-soil resi-
due changes with time, which means the position of the crank OA. The acceleration of 
Chuanxiong-soil residues during positive sliding is always larger than that of the negative 
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ing of the Chuanxiong-soil residue. At the beginning moment of time t1, the Chuanxiong-

Figure 3. Analysis diagram of Chuanxiong-soil residues on vibrating screen: (a) Force analysis of
Chuanxiong-soil positive sliding; (b) Force analysis of Chuanxiong-soil residue negative sliding;
(c) The acceleration of the Chuanxiong-soil residue relative to the x′-axis direction of the vibrat-
ing screen.



Processes 2024, 12, 1323 6 of 19

The acceleration of point B in x′-axis and y′-axis directions in the screen surface
coordinate system (aBx′ and aBy′ ) can be obtained through Equation (10).{

aBx′ = −aBx cos α − aBy sin α

aBy′ = aBx sin α − aBy cos α
(10)

Substituting the aBx and aBy in Equation (4) into Equation (10), Equation (11) can be
obtained as: 

aBx′ = (ω2
1 L1 cos φ1 + L2a2 sin φ2 + L2ω2

2 cos φ2) cos α
−(−ω2

1 L1 sin φ1 + L2a2 cos φ2 − L2ω2
2 sin φ2) sin α

aBy′ = (−ω2
1 L1 cos φ1 + L2a2 sin φ2 + L2ω2

2 cos φ2) sin α

−(−ω2
1 L1 sin φ1 + L2a2 cos φ2 − L2ω2

2 sin φ2) cos α

(11)

As shown in Figure 3a, assuming the Chuanxiong-soil residue is in static equilibrium
status on the screen in a non-inertial system, it should meet Equation (12):

FIx′ = −maBx′ = mg sin α ± Ff
FN = mg cos α + Fy′ = mg cos α − maBy′

Ff = µFN

(12)

In Equation (12), the sliding friction coefficient of the Chuanxiong-soil residue with
steel is µ = 0.6 [25,26]. If FIx

′ = mgsinα + Ff, the friction force on the Chuanxiong-soil residue
is opposite to the direction of the x′-axis, and the sliding direction of the Chuanxiong-soil
residue relative to the vibrating screen is the x′-axis positive direction (Figure 2a). If FIx

′

= mgsinα − Ff, the friction force on the screen is the same as the x′-axis direction, and the
sliding direction of the Chuanxiong-soil residue relative to the vibrating screen is the x′-axis
negative direction (Figure 3b). We can obtain the curve of acceleration aBx′ by substituting
the parameters in Table 1 into Equation (4). Similarly, we can obtain the curves of gsinα
+ Ff/m and gsinα − Ff/m by substituting the parameters of the vibrating mechanism into
Equations (11) and (12), as shown in Figure 3c.

In Figure 3c, the red solid line represents the curve of aBx′ , the blue dotted and dashed
line represents the curve of gsinα + Ff/m, and the green dotted and dashed line represents
the curve of gsinα − Ff/m. It can be seen that the motion state of the Chuanxiong-soil
residue changes with time, which means the position of the crank OA. The acceleration of
Chuanxiong-soil residues during positive sliding is always larger than that of the negative
sliding in magnitude. The interval of time t1 to time t2 represents the positive sliding of the
Chuanxiong-soil residue, and the interval of time t3 to time t4 represents the negative sliding
of the Chuanxiong-soil residue. At the beginning moment of time t1, the Chuanxiong-soil
residue meets aBx ′ = gsinα + Ff/m and starts to experience positive movements until time t2.
The Chuanxiong-soil residue meets aBx ′ = gsinα − Ff/m at time t3, which is at the beginning
of negative direction moments, and the Chuanxiong-soil residue will experience negative
movements until time t4.

3.3. Sliding Speed Analysis of the Chuanxiong-Soil Residue Relative to the Vibrating
Screen Surface

To avoid congesting when conveying the Chuanxiong-soil residue, the motion of
the Chuanxiong-soil residue on the screen surface along the x′-axis direction needs to be
continuous. Thus, the speed of the Chuanxiong-soil residue in the x′-axis direction during
the conveying process is analyzed in this section. When the Chuanxiong-soil residue starts
to slide into the non-inertial system, its dynamics balance meets Equation (13):

m(aBx′ +
.
vx′) = mg sin α ± Ff (13)

where
.

vx′ is the acceleration of the Chuanxiong-soil residue relative to the vibrating
screen, m/s2.
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In Equation (13), the ‘+’ operator is used in positive sliding, and the ‘−’ operator is used
in negative sliding. According to the simultaneous Equations (12) and (13), Equation (14) is
obtained as:

.
vx′ = g sin α − aBx′ ± µ(g cos α − aBy′) (14)

Substituting aBx′ and aBy′ in Equation (10) into Equation (14) and integrating time t,
the positive sliding speed of the Chuanxiong-soil residue relative to the vibrating screen
vx′1 is obtained through Equation (15):

vx′1 =
∫ t

t1
g sin α − aBx′ + µ(g cos α − aBy′ )dt

= g(µ sin α − cos α)(t − t1)−
∫ t

t1

[
(ω1L1 cos φ1 − L2a2 sin φ2 − L2ω2

2 cos φ2) cos α

+(ω2
1 L1 sin φ1 − L2a2c cos φ2 + L2ω2

2 sin φ2) cos α
]
dt

(15)

Supposing the actual negative sliding starting time is at time t3′ , the negative sliding
speed of the Chuanxiong-soil residue vx′2 can be obtained through Equation (16):

vx′2 =
∫ t

t′3
g sin α − aBx′ − µ(g cos α − aBy′ )dt

= −g(µ sin α + cos α)(t − t′3)−
∫ t

t′3

[
(ω1L1 cos φ1 − L2a2 sin φ2 − L2ω2

2 cos φ2) cos α

+(ω2
1 L1 sin φ1 − L2a2c cos φ2 + L2ω2

2 sin φ2) cos α
]
dt

(16)

By substituting the parameters of the vibrating mechanism into Equations (15) and (16)
and utilizing MatlabR2020b software, the curve of the positive and negative sliding speed
vx ′ of the Chuanxiong-soil residue relative to the vibrating screen in x′-axis direction can
be obtained as shown in Figure 4. It can be seen from Figures 3c and 4 that when the
Chuanxiong-soil residue is at point H (t1 = 0.011 s), the speed and acceleration of the
Chuanxiong-soil residue and the vibrating screen are equal, and the Chuanxiong-soil
residue meets FIx ′ = mgsinα + F. The Chuanxiong-soil residue and the vibrating screen
are in a critical state between relative static and relative sliding. After point H, since
FIx ′ > mgsinα + Ff, the Chuanxiong-soil residue starts to slide positively and accelerate, as
shown in point H to point M section. The Chuanxiong-soil residue meets FIx ′ = mgsinα + Ff
again at point M (t2 = 0.115 s). At this moment, the vx′ > 0 and the Chuanxiong-soil residue
reached the maximum positive sliding speed. Since the Chuanxiong-soil residue meets
FIx ′ < mgsinα + Ff after point M, the Chuanxiong-soil residue starts to decelerate and slide
positively relative to the vibrating screen, as shown in point M to point J section. At point J
(t3′ = 0.209 s), the instantaneous speed of the Chuanxiong-soil residue and the vibrating
screen is equal. The Chuanxiong-soil residue and the vibrating screen are in a critical state
between relative static and relative sliding. After point J, since FIx ′ > mgsinα − Ff, the
Chuanxiong-soil residue accelerates and slides negatively relative to the vibrating screen,
as shown in point J to point K section. At point K (t4 = 0.234 s), since FIx ′ = mgsinα − Ff
and vx′ < 0, the Chuanxiong-soil residue is at its maximum negative sliding speed. After
point K, since FIx ′ < mgsinα − Ff, the Chuanxiong-soil residue starts to decelerate and slide
negatively, as shown in point K to point Q section. When the Chuanxiong-soil residue meets
FIx ′ = mgsinα − Ff instantaneously at point Q (t1′ =0.264 s), the Chuanxiong-soil residue and
the vibrating screen are in the critical state between relative static and relative sliding again,
and a cycle of sliding is completed. The area enveloped by the curve HMJ and the time axis
with a speed of 0 represents the positive sliding distance of the Chuanxiong-soil residue
relative to the vibrating screen. The area enveloped by the curve JKQ and the time axis with
a speed of 0 represents the negative sliding distance of the Chuanxiong-soil residue relative
to the vibrating screen. It can be seen that the area enclosed by the curve HMJ is larger than
the area enclosed by the curve JKQ. This indicated that the positive sliding distance of the
Chuanxiong-soil residue is greater than the negative sliding distance in a cycle. The motion
meets the requirements of positive (backward) conveying of the Chuanxiong-soil residues
to avoid congestion on the vibrating screen.
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3.4. Motion Analysis of the Chuanxiong-Soil Residue Thrown Upwards by the Vibrating Screen

The motion of Chuanxiong-soil residue after being thrown upwards includes the
x′-axis direction and y′-axis direction; thus, the velocities of the Chuanxiong-soil residue
after being thrown upwards and falling back to collide with the vibrating screen were
studied in this section. According to static equilibrium Equation (12), it can be obtained that
the critical condition for the Chuanxiong-soil residue to be thrown and leave the vibrating
screen is FN = 0 (i.e., the positive pressure of the Chuanxiong-soil residue to the vibrating
screen is 0). Equation (17) can be obtained as:

aBy′ = −g cos α (17)

Substituting the aBy′ in Equation (11) to Equation (17), Equation (18) can be obtained as:

(−ω2
1 L1 cos φ1 + L2a2 sin φ2 + L2ω2

2 cos φ2) sin α − (−ω2
1 L1 sin φ1 + L2a2 cos φ2 − L2ω2

2 sin φ2) cos α + g cos α = 0 (18)

Substituting Equations (5)–(9) into Equation (18), we can see the Chuanxiong-soil
residue leaves the vibrating screen at time t0 (=0.04 s). For the Chuanxiong-soil residue, it
can be seen from Figure 4 that the time of being thrown upwards is greater than the time
of starting positive movements, namely t0 (=0.04 s) > t1 (=0.011 s), the Chuanxiong-soil
residue will move positively relative to the vibrating screen before it leaves the screen at
time t0.

Through the throw analysis of the Chuanxiong-soil residue, when the vibrating
screen throws Chuanxiong-soil residue into the air along the x′-axis positive direction,
Equation (19) can be obtained as:{

m(aBx′ + a′x′) = −mg sin α
m(aBy′ + a′y′) = −mg cos α

(19)

where a′x ′ and a′y ′ are the acceleration of Chuanxiong-soil residue in the x′-axis and y′-axis
directions relative to the vibrating screen after throwing the Chuanxiong-soil residue by
the vibrating screen, m/s2.

Substituting Equation (11) into Equation (19), after the Chuanxiong-soil residue is
thrown upwards, the acceleration of it relative to the vibrating screen in the x′-axis and
y′-axis directions (α′x′ and α′y′) can be obtained through Equation (20):

a′x′ = (ω2
1 L1 cos φ1 + L2a2 sin φ2 + L2ω2

2 cos φ2) cos α
−(−ω2

1 L1 sin φ1 + L2a2 cos φ2 − L2ω2
2 sin φ2) sin α − g sin α

a′y′ = (−ω2
1 L1 cos φ1 + L2a2 sin φ2 + L2ω2

2 cos φ2) sin α

−(−ω2
1 L1 sin φ1 + L2a2 cos φ2 − L2ω2

2 sin φ2) cos α − g cos α

(20)
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After the Chuanxiong-soil residue is thrown upwards, by integrating Equation (20)
with time t, the velocity of the Chuanxiong-soil residue relative to the x′-axis and y′-axis
directions of the vibrating screen (v′x ′ and v′y ′ ) is obtained through Equation (21):

v′x′ = v′0 −
∫ t

t0

[
(ω2

1 L1 cos φ1 + L2a2 sin φ2 + L2ω2
2 cos φ2) cos α

+(−ω2
1 L1 sin φ1 + L2a2 cos φ2 − L2ω2

2 sin φ2) sin α + g sin α

]
dt

v′y′ = v′0y −
∫ t

t0

[
(−ω2

1 L1 cos φ1 + L2a2 sin φ2 + L2ω2
2 cos φ2) sin α

+(−ω2
1 L1 sin φ1 + L2a2 cos φ2 − L2ω2

2 sin φ2) cos α + g cos α

]
dt

(21)

where v′0 is the speed of Chuanxiong-soil residue in the x′-axis direction relative to the
vibrating screen after being thrown upwards, m/s; v′0y is the speed of Chuanxiong-soil
residue in the y′-axis direction relative to vibrating screen after being thrown upwards, m/s.

At the beginning of throwing the Chuanxiong-soil residue upwards, the value of v′0y is
0 m/s. Since t0 is in the positive sliding range at the time of throwing the Chuanxiong-soil
residue upwards, the positive sliding velocity equation of the Chuanxiong-soil residue
relative to the vibrating screen is met. Substituting t0 to Equation (15), we can obtain that
v′0 = 0.693 m/s. By integrating v′y ′ in Equation (21) with time t, the displacement of the
Chuanxiong-soil residue relative to the y′-axis direction of the vibrating screen can be
obtained as:

S′
y′ = −

∫ ∫ t

t0

[
(−ω2

1 L1 cos φ1 + L2a2 sin φ2 + L2ω2
2 cos φ2) sin α

+(−ω2
1 L1 sin φ1 + L2a2 cos φ2 − L2ω2

2 sin φ2) cos α + g cos α

]
dtdt (22)

From Equation (22), we can see the Chuanxiong-soil residue is back to the vibrating
screen when its relative displacement to the vibrating screen S′

y ′ is 0. Then, we can
obtain time t′ (=0.18 s) when Chuanxiong-soil residue falls back to hit the vibrating screen
through Equation (22). The motion curve of the Chuanxiong-soil residue, from being
thrown upwards to falling on the vibrating screen, is plotted by Matlab2020b, as shown in
Figure 5a. When the Chuanxiong-soil residue is being thrown upwards from the vibrating
screen, it firstly accelerates in the positive direction of the y′-axis and reaches the maximum
speed v2y (about 0.975 m/s) in the y′-axis direction at time t5. After time t5, the speed of
Chuanxiong-soil residue decelerates until it falls back on the vibrating screen at time t′ with
the speed of v′y ′ (about −2.135 m/s). The velocity (v′x ′ ) of the Chuanxiong-soil residue
along the x′-axis direction at time t′ is obtained as 1.784 m/s by substituting the value of t′

to the Equation (21).
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The Chuanxiong-soil residue moves in a negative direction in the time interval of 
t′3~t6 (0.209~0.261 s), and the sliding distance S4 of the Chuanxiong-soil residue along the 
x′-axis negative direction of the vibrating screen is obtained through Equation (27):  

Figure 5. Velocities of the Chuanxiong-soil residue after being thrown upwards and falling back
to collide with the vibrating screen: (a) Velocity in the y′-axis direction; (b) Velocity in the x′-
axis direction.

When the Chuanxiong-soil residue falls back onto the vibrating screen, the Chuanxiong-
soil residue will collide with the vibrating screen. Assuming the collision time is ∆t,
and the velocity restitution coefficient factor after the collision is 0, the relative speed of
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the Chuanxiong-soil residue in the y′-axis direction after the collision is v′y ′ (t′ + ∆t) = 0.
Equation (23) can be obtained according to the momentum theorem [27].

v′x′(t
′ + ∆t) =


0

∣∣v′x′(t′)∣∣ ≤ −µv′y′(t
′)

v′x′(t
′) +

v′x′ (t
′)∣∣∣v′x′ (t′)∣∣∣µv′y′(t

′)
∣∣v′x′(t′)∣∣ > −µv′y′(t

′)
(23)

where v′x ′ (t′) and v′y ′ (t′) are the velocities in x′-axis and y′-axis directions relative to the
vibrating screen before collision, m/s; v′x ′ (t′ + ∆t) is the speed relative to the x′-axis direction
of the vibrating screen after collision, m/s.

For the value of µ is 0.6, the
∣∣v′x′(t′)∣∣ is greater than −µv′y′(t

′), that is 1.784 > 1.281.
Previous studies [28,29] showed that since the collision process between the soil and the
steel bar on the vibrating screen is viscoelastic deformation, the instantaneous impact of
the Chuanxiong-soil residue falling on the steel bar is simplified as a shear force. The
Chuanxiong-soil residue volumetric weight is 1.2 g/cm3. The Chuanxiong-soil residue is
regarded as a sphere with a diameter of 50 mm, and the volume weight of Chuanxiong-soil
residue M is 628 g. Combined with the actual situation of the Chuanxiong-soil residue, the
collision area is about 150 mm2, and the collision time ∆t (The main topic in this study is
the convey motion of Chuanxiong-soil residue on the screen. Although the collision period
exists in the entire cycle, the calculation method was not discussed in this study and will
be specially discussed in our next study). We can obtain the speed of the Chuanxiong-soil
residue relative to the x-axis direction of the vibrating screen after the collision through
Equation (23) as v′x ′ (t′ + ∆t) = 0.503 m/s. Substituting the parameters of the vibrating
mechanism into Equations (21) and (23), the velocity curve v′x ′ of the Chuanxiong-soil
residue relative to the x′-axis direction of the vibrating screen is obtained as shown in
Figure 5b.

According to Figures 4 and 5, it can be seen that the acceleration of the Chuanxiong-
soil residue at point H (t1 = 0.011 s) is identical to that of the vibrating screen, and the
Chuanxiong-soil residue starts to accelerate and slide positively. During this process, the
speed and displacement of the Chuanxiong-soil residue relative to the vibrating screen are
greater than 0. When the Chuanxiong-soil residue moves to point I (t0 = 0.04 s) in Figure 5a,
it is thrown upwards from the screen surface with the speed of v0 (about 0.693 m/s) in
Figure 5b. During the process of being thrown upwards, because the acceleration of
the Chuanxiong-soil residue is greater than 0, the Chuanxiong-soil residue continues to
make a positive acceleration movement relative to the vibrating screen. Until point M
(t2 = 0.120 s) in Figure 5b, the Chuanxiong-soil residue reaches the maximum speed
(about 3.350 m/s). After point M, the Chuanxiong-soil residue experiences a deceleration
movement until it falls back to hit the vibrating screen (at point U in Figure 5b). The
time when the Chuanxiong-soil residue falls on screen is t′ = 0.18 (Figure 5a), and the
collision end time is t′ + ∆t = 0.204 s at point W, as shown in Figure 5b. After the collision,
since Fx ′ < mgsinα + Ff and v′x ′ (t′ + ∆t) > 0, the Chuanxiong-soil residue continues to
slow down and slide along the positive direction of x′-axis until point J (t3′ = 0.209 s) in
Figure 5b. The speed of Chuanxiong-soil residue is 0 at point J. At this moment, since
Fx ′ > mgsinα − Ff, the Chuanxiong-soil residue will slide and accelerate along the negative
direction until it reaches a maximum negative speed at point K (t4 = 0.234 s), where Fx ′

= mgsinα − Ff. After point K, because Fx ′ < mgsinα − Ff, the Chuanxiong-soil residue
will start to decelerate until point T (t6 = 0.261 s). Finally, the Chuanxiong-soil residue
completes a cycle movement. It can be seen that, within a cycle, the motion process of
the Chuanxiong-soil residue is divided into six steps such as positive acceleration sliding
(HJ), throwing upwards (IMU), collision (UW), positive deceleration sliding (WJ), negative
acceleration sliding (JK) and negative deceleration sliding (KT).
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3.5. Conveying Distance Analysis of the Chuanxiong-Soil Residue Relative to the Screen in a
Motion Cycle

We can see from Figure 5b that the Chuanxiong-soil residue moves in a positive
direction relative to the vibrating screen from time t1 to time t0 (0.011~0.04 s). The sliding
distance of the Chuanxiong-soil residue along the x′-axis positive direction of the vibrating
screen during this period S1 is obtained through Equation (24):

S1 =
∫ t0

t1

vx′1dt =
∫ ∫ t0

t1

g sin α − ax + µ(g cos α − ay)dt2 (24)

When the Chuanxiong-soil residue is thrown upwards by the vibrating screen from
time t0 to time t′ (0.04~0.18 s), the moving distance S2 of the Chuanxiong-soil residue along
the x′-axis positive direction of the vibrating screen is obtained through Equation (25):

S2 =
∫ t′

t0
v′x′dt

=
∫ t′

t0

{
v′0 −

∫ t′
t0

[
(ω2

1 L1 cos φ1 − L2a2 sin φ2 − L2ω2
2 cos φ2) cos α

+g sin α

]
dt

}
dt

(25)

The Chuanxiong-soil residue collides with the vibrating screen in the time interval
of t′~t′ + ∆t (about 0.18~0.204 s). The conveying distance of the Chuanxiong-soil residue
during this period is very small and ignored in this study. The Chuanxiong-soil residue
moves positively on the vibrating screen in the time interval of t′ + ∆t~t′3 (0.204~0.209 s),
and the moving distance S3 of the Chuanxiong-soil residue along the x′-axis positive
direction of the vibrating screen during this period is obtained through Equation (26):

S3 =
∫ t′3

t′+∆t vx′1dt =
∫ t′3

t′+∆t{g(µ sin α − cos α)(t − t1)−∫ t′3
t1

[
(ω1L1 cos φ1 − L2a2 sin φ2 − L2ω2

2 cos φ2) cos α

+(ω2
1 L1 sin φ1 − L2a2c cos φ2 + L2ω2

2 sin φ2) cos α dt]
}

dt

(26)

The Chuanxiong-soil residue moves in a negative direction in the time interval of
t′3~t6 (0.209~0.261 s), and the sliding distance S4 of the Chuanxiong-soil residue along the
x′-axis negative direction of the vibrating screen is obtained through Equation (27):

S4 =
∫ t6

t′3
vx′2dt =

∫ t6
t′3
{−g(µ sin α + cos α)(t − t1)

−
∫ t6

t′3

[
(ω1L1 cos φ1 − L2a2 sin φ2 − L2ω2

2 cos φ2) cos α

+(ω2
1 L1 sin φ1 − L2a2c cos φ2 + L2ω2

2 sin φ2) cos α
]
dt
}

dt

(27)

According to the motion process of the Chuanxiong-soil residue in a cycle, the motion
distance of the Chuanxiong-soil residue along the x′-axis direction of the vibrating screen
in a rotation cycle is obtained through Equation (28):

Sξ = S1 + S2 + S3 − S4 (28)

Substituting the parameters of the vibrating mechanism and t1, t0, t′, t′3, t6 (0.011 s,
0.04 s, 0.18 s, 0.209 s, 0.261 s) into Equation (28), we can see the motion displacement of
the Chuanxiong-soil residue along the x′-axis positive direction of the vibrating screen in a
cycle is obtained through Equation (29):

Sξ = 0.01246 + 0.36459 + 0.00381 − 0.00561 ≈ 0.410 m (29)

It can be seen from Figure 3a,b that the advancement direction of the Chuanxiong
harvester is opposite to the positive sliding direction of the Chuanxiong-soil residue. The
included angle between the positive sliding direction of the Chuanxiong-soil residue and
the horizontal direction is α (20◦). The advancement speed of the Chuanxiong harvester
is 0.5 m/s. Since the n is 240 r/min (4 r/s or 0.25 s per round), the advancement distance
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of the Chuanxiong harvester in the horizontal direction is SR = 0.125 m in a rotation cycle.
Thus, the advancement distance of the Chuanxiong harvester in the x′-axis direction S′

R in
a cycle can be obtained through Equation (30)

S′
R =

SR
cos α

= 0.133 (30)

When considering the advancement speed of the Chuanxiong harvester, the absolute
movement distance of the Chuanxiong-soil residue on the screen along the x′-axis positive
direction in a cycle ∆S is obtained through Equation (31):

∆S = Sξ − S′
R = 0.277 (31)

Since ∆S > 0, there will be nearly no soil blocking during the harvesting process.
However, because the advancement speed of the harvester is different, the faster the speed
may lead to soil blocking. According to Equation (31), the suitable working speed of the
Chuanxiong harvester vR should meet Sξ − 0.25vR/cosα = 0. Thus, vR < 1.541 m/s.

4. Simulation and Results Analysis

The DEM analysis method has been widely used to study the movement of particles
on vibrating screens [30,31]. The coupling simulation method of EDEM and RecurDyn
was commonly used in solving complex motion-related problems in the agricultural indus-
try [32,33]. The conveying process of the Chuanxiong-soil residue on the vibrating screen
was analyzed by using the coupling simulation of EDEM2020 and RecurDynV9R4. The
crankshaft rocker vibrating mechanism model was constructed by SolidWorks2016 and
imported into the RecurdynV9R4 software by x_t file, as shown in Figure 6. The rotational
assemblies, advancement speed, and rotational speed of the crank rod were defined in
the RecurdynV9R4. In the construction of the RecurDyn simulation environment, the
advancement velocity of the entire frame of the vibrating screen was set to 1.5 m/s. The
crank rotational speed was set to 240 r/min. A step function was used to define the motion.
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Figure 6. Simulation model in RecurDyn.

Then, the main parts of the vibrating screen were defined as Walls and exported as
an ‘EDEM.wall’ file by the External SPI function. The document was imported into EDEM
software, as shown in Figure 7. The geometric dimensions and physical and mechanical
properties of chuanxiong tubers were obtained through a series of experiments using
the INSTRON5544 universal material testing machine and other equipment. The basic
parameters of soil were cited from another study [34]. The parameters of materials used in
this study are shown in Table 2. The contacting parameters are shown in Table 3.



Processes 2024, 12, 1323 13 of 19

Processes 2024, 12, 1323 14 of 19 
 

 

spheres with diameters of 10 mm, 20 mm, and 30 mm, respectively. The Hertz–Mindlin 
and Standard Rolling Friction models were used to construct the simulation model. The 
particle plant was set as a cuboid with 3750 mm width, 7200 mm length, and 200 mm 
height. The particle plant generated a total of 100,000 mixtures at a rate of 5000 per second. 
The simulation time was taken as 8 s. The centroids of Chuanxiong-tubers were randomly 
distributed within the soil at depths ranging from 10 mm to 50 mm from the soil surface. 
The excavating depth of the Chuanxiong harvester was set to 130 mm. The EDEM simu-
lation process is shown in Figure 7. 

 
Figure 7. EDEM simulation process: (a) Simulation model of Chuanxiong and soil; (b) EDEM overall 
simulation model; (c) Motion of the Chuanxiong-soil residue at leaving screen moment; (d) Motion 
of the Chuanxiong-soil residue at throwing moment; (e) Motion of the Chuanxiong-soil residue at 
biggest velocity moment. 

Figure 7a is the constructed Chuanxiong and soil simulation model. Figure 7b is the 
constructed EDEM overall simulation model. In Figure 7c, the Chuanxiong-soil residue 
was just leaving the screen, and the corresponding time was about 4.263 s. In Figure 7d, 
the Chuanxiong-soil residue was thrown upwards, and the corresponding time was about 
4.297 s. In Figure 7e, the Chuanxiong-residue reached a maximum speed, and the corre-
sponding time was about 4.351 s. From Figure 7c–e, we can see the Chuanxiong-soil resi-
due rotated and moved in the direction of the vibration screen.  

In Figure 7c, the Chuanxiong-soil residue was sliding to leave the vibrating screen, 
and the corresponding time was at 4.263 s. In Figure 7d, the Chuanxiong-soil residue was 
thrown upwards by the vibrating screen, and the corresponding time was about 4.297 s. 
In Figure 7e, the Chuanxiong-soil residue reached a maximum speed, and the correspond-
ing time was about 4.351 s. From Figure 7c–e, a green solid arrow in the Chuanxiong-soil 
residue represented the direction of the velocity vector, which indicated that the residue 
slid and was thrown upwards while rotating clockwise. Compared with Figure 7c, it can 
be seen that the Chuanxiong-soil residue in Figure 7e was moved further away from the 
vibrating screen.  

The time consumption for the Chuanxiong-soil residue from the time of leaving the 
screen to reaching the maximum velocity was about 0.075 s (from 4.263 s in Figure 7c to 
4.351 s in Figure 7e), which was nearly consistent with the theoretical analysis (t2–t0 = 0.075 
s). Throughout this process, the overall movement of the Chuanxiong-soil residue towards 

Figure 7. EDEM simulation process: (a) Simulation model of Chuanxiong and soil; (b) EDEM overall
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biggest velocity moment.

Table 2. Material parameters used in the simulation.

Parameter Name Soil Chuanxiong-Soil Residue Vibrating Screen

Poisson’s ratio 0.35 0.32 0.31
Shear modulus (Pa) 1 × 106 2 × 1010 7 × 1010

Density (kg/m3) 1722 1230 7800

Table 3. Contacting parameters used in the simulation.

Parameter Name Soil Chuanxiong-Soil Residue

Soil—Chuanxiong
Dynamic friction factor 1.06

Static friction factor 0.34
Restitution factor 0.136

Soil—45 Steel
Dynamic friction factor 0.04

Static friction factor 0.5
Restitution factor 0.28

Soil—Soil
Dynamic friction factor 0.2

Static friction factor 0.5
Restitution factor 0.2

Chuanxiong—45 Steel
Dynamic friction factor 1.07

Static friction factor 0.2
Restitution coefficient 0.177

The Chuanxiong-soil residue on the screen is solid particle material. The soil in the
Chuanxiong planting area is common clay soil, which causes the tubers and soil to stick
together and difficulty separate. When it moves on the screen surface, it is composed of
a series of discrete independent units of the mixture on the screen. The Chuanxiong-soil
residue itself has a certain shape and size, and its motion conforms to Newton’s second law,
so it is feasible to analyze the motion of the particles on the screen surface using the discrete
element method. The Chuanxiong-soil residue on the screen is solid particle material.
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According to our statistics calculation, the diameter of the Chuanxiong-soil residue
was about 100 mm on average. The average depth of Chuanxiong tuber centroid under
the soil was about 10–50 mm. To simplify the simulation, the Chuanxiong-soil residue was
constructed as a sphere with a diameter of 100 mm. The soil particles were constructed as
spheres with diameters of 10 mm, 20 mm, and 30 mm, respectively. The Hertz–Mindlin
and Standard Rolling Friction models were used to construct the simulation model. The
particle plant was set as a cuboid with 3750 mm width, 7200 mm length, and 200 mm
height. The particle plant generated a total of 100,000 mixtures at a rate of 5000 per
second. The simulation time was taken as 8 s. The centroids of Chuanxiong-tubers were
randomly distributed within the soil at depths ranging from 10 mm to 50 mm from the soil
surface. The excavating depth of the Chuanxiong harvester was set to 130 mm. The EDEM
simulation process is shown in Figure 7.

Figure 7a is the constructed Chuanxiong and soil simulation model. Figure 7b is the
constructed EDEM overall simulation model. In Figure 7c, the Chuanxiong-soil residue
was just leaving the screen, and the corresponding time was about 4.263 s. In Figure 7d,
the Chuanxiong-soil residue was thrown upwards, and the corresponding time was about
4.297 s. In Figure 7e, the Chuanxiong-residue reached a maximum speed, and the corre-
sponding time was about 4.351 s. From Figure 7c–e, we can see the Chuanxiong-soil residue
rotated and moved in the direction of the vibration screen.

In Figure 7c, the Chuanxiong-soil residue was sliding to leave the vibrating screen,
and the corresponding time was at 4.263 s. In Figure 7d, the Chuanxiong-soil residue was
thrown upwards by the vibrating screen, and the corresponding time was about 4.297 s. In
Figure 7e, the Chuanxiong-soil residue reached a maximum speed, and the corresponding
time was about 4.351 s. From Figure 7c–e, a green solid arrow in the Chuanxiong-soil
residue represented the direction of the velocity vector, which indicated that the residue
slid and was thrown upwards while rotating clockwise. Compared with Figure 7c, it can
be seen that the Chuanxiong-soil residue in Figure 7e was moved further away from the
vibrating screen.

The time consumption for the Chuanxiong-soil residue from the time of leaving
the screen to reaching the maximum velocity was about 0.075 s (from 4.263 s in
Figure 7c to 4.351 s in Figure 7e), which was nearly consistent with the theoretical analysis
(t2–t0 = 0.075 s). Throughout this process, the overall movement of the Chuanxiong-soil
residue towards the conveying direction with regard to the screen showed no congestion
phenomenon. The simulation results indicated the theoretical analyses of the Chuanxiong-
soil residue motion process were valid.

The speed curves of the Chuanxiong-soil residue and vibrating screen along the x′-axis
direction in the simulation are shown in Figure 8. The red solid line represents the velocity
of Chuanxiong-soil residue in the x′-axis direction. The blue dashed line represents the
velocity of the vibrating screen in the x′-axis direction. We can see that the speed of the
Chuanxiong-soil residue changed over time. When the Chuanxiong-soil residue was at
point A1, it was relatively static with the vibrating screen. After that, the moving speed of
the Chuanxiong-soil residue gradually increased and was greater than the moving speed of
the vibrating screen, and the overall motion of the Chuanxiong-soil residue was in a positive
acceleration state. At point A2, the Chuanxiong-soil residue started to leave the screen. The
speed of the Chuanxiong-soil residue in the x′-axis direction increased to about 3.70 m/s
at point A3. Then, it started to decelerate until it fell back to the screen surface, causing a
collision in the point A4 to point A5 section. After the collision, the Chuanxiong-soil residue
continued to decelerate until point A6. After point A6, the speed of Chuanxiong-soil residue
relative to the vibrating screen was 0 m/s. The moving speed of the vibrating screen was
greater than that of the Chuanxiong-soil residue, and the Chuanxiong-soil residue was in a
state of negative acceleration sliding. The negative sliding speed of the Chuanxiong-soil
residue reached a maximum at point A7. After point A7, the negative sliding speed of
the Chuanxiong-soil residue decelerated until point A8. Throughout this process, the area
enclosed by the velocity curve of the Chuanxiong-soil residue and the time axis with the
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velocity of 0 was larger than the area enclosed by the velocity curve of the vibrating screen
and the time axis with the velocity of 0, indicating that the overall positive sliding distance
of the Chuanxiong-soil residue was larger than the advancement moving distance of the
vibrating screen. Therefore, the Chuanxiong-soil residue can be effectively conveyed on the
screen in the x′-axis positive direction.
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In Figure 8, we can see the maximum speed of Chuanxiong-soil residue along the
x′-axis direction was about 3.5 m/s on average, which is close to the theoretical analysis of
v2 = 3.35 m/s in Figure 5b, and the error was insignificant. The error was mainly caused by
the unstable velocity after the collision. These analyses of the simulation results indicated
that the theoretical motion process analysis of the Chuanxiong-soil residue on the screen
was valid.

5. Field Tests
5.1. Test of Chuanxiong-Soil Residue Motion Data

During the experiment, a 3D accelerometer was fixed on the fixed link center of the
vibrating sieve by using a sensor adhesive wax and connected to the computer via a data
cable, as shown in Figure 9a. In the axis setting process, the positive direction of the xf-axis
was horizontal to the left of the vibrating screen. The positive direction of yf-axes was
vertically upward. The zf-axis was perpendicular to the x-axis and y-axis and pointed
towards the left side of the harvester. During the test, the entire harvester was hanged on
a CL904 tractor. The testing process is as follows: First, the sensors were installed on the
vibrating screen, and the tractor lifted the Chuanxiong harvester. Then, the output shaft
of the tractor was started, and the crank rotational speed of the harvester was adjusted
to about 240 r/min by adjusting the hand throttle. A tachometer was used to measure
the crank rotational speed. Once the rotational speed of the crank reached 240 r/min
and stabilized, the computer began to record acceleration data of the vibrating screen for
about 10 s. These recorded video data were imported into the TEMA2019 software for data
processing. The motion law test results are shown in Figure 9b,c.

According to the experimental video analysis, we found no congestion of Chuanxiong-
soil residues on the vibration screen. There was no doubt that the positive moving distance
of the Chuanxiong-soil residue was always greater than the negative moving distance of
the Chuanxiong-soil residue under the action of the vibrating screen. In Figure 9b,c, the
velocity along the x′-axis direction was greater than the velocity along the y′-axis direction,
and the velocity curves were similar to the theoretical analysis.
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5.2. Field Test of Chuanxiong-Soil Conveying Ability

The test was conducted in Pengzhou Sichuan, China, a typical Chuanxiong planting
region, as shown in Figure 10. Since the designed working speed of the harvester is
faster than 0.5 m/s, to verify the actual working performance of the vibrating screen,
four harvester advancement speeds (0.5 m/s, 1 m/s, 1.5 m/s, and 2 m/s) and two crank
rotational speeds (0 r/min, 120 r/min, and 240 r/min) were tested in the field. When the
crank rotational speed was 0 r/min, the vibrating screen did not work. The advancement
distance of Chuanxiong harvester in every testing group was 10 m. If the harvester could
not maintain a good working efficiency, the test was ended. Before starting the field tests,
the Chuanxiong and soil mixture were removed. After the test, the Chuanxiong and
soil remaining on the vibrating screen were weighed and recorded. The testing results
are shown in Table 4. The weight of the Chuanxiong and soil on the screen after the
working process served as the criterion for evaluating the conveyance performance of the
vibrating screen.
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From Table 4, we can see there was a significant difference in the mass of the Chuanxiong-
soil residue when the crank of the vibrating screen was working compared with when
it was not. The field tests showed that the vibrating screen obviously reduced the soil
congestion on the screen. The harvesting depth, harvesting width, and vibrating screen
length of the Chuanxiong harvester are about 130 mm, 1600 mm, and 300 mm, respectively.
Theoretically, ignoring the loss of soil, the vibrating screen can contain about 107.5 kg of soil
if no congestion occurs. The Chuanxiong harvester smoothly finished the harvesting work
without any congestion in testing groups 1, 4, and 7 (as shown in Figure 10a). However, in
testing groups 2, 3, 5, 6, 8, 9, 10, 11, and 12, the vibrating screen became congested with
excess soil and Chuanxiong tuber mixture, and the Chuanxiong harvester faced difficulty
functioning or even failed to function (as shown in Figure 10b). From Table 4, we can see
that when the crank rotated at a speed of 240 r/min, and the advancement speed did not
exceed 1.5 m/s, the weights of Chuanxiong and the soil on the screen after the test were
below 107.5 kg. However, the weights were greater than 107.5 kg when the rotational speed
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of the crank was slower than 240 r/min. This verified the conveyance performance of
the vibrating screen. The field tests verified the theoretical analysis, and the appropriate
advancement speed was varied from 0.5 m/s to 1.5 m/s.

Table 4. Field testing results.

Testing
Group

Advancement Speed
(m/s)

Crank Rotational Speed
(r/min)

Chuanxiong and Soil
Weight (kg)

1 0.5 240 71.5
2 0.5 120 140.195
3 0.5 0 183.4
4 1 240 84.7
5 1 120 163.405
6 1 0 212.4
7 1.5 240 105.7
8 1.5 120 185.625
9 1.5 0 231.8
10 2 240 185.8
11 2 120 205.92
12 2 0 258.6

6. Conclusions

In this study, a more comprehensive study was conducted on the motion of the
Chuanxiong-soil residue and a crankshaft rocker vibrating mechanism. The models for
studying the movement process of Chuanxiong-soil residue and vibration screen were
established, considering both speed and acceleration. The theoretical analysis results
showed that the motion process of the Chuanxiong-soil residue on the vibrating screen
in one rotation cycle was divided into six steps such as positive acceleration sliding,
throwing upwards, collision, positive deceleration sliding, negative acceleration sliding,
and negative deceleration sliding. From the theoretical analysis, we can see the positive
moving distance of the Chuanxiong-soil residue was greater than the negative distance.
Theoretically, to prevent soil congestion during the harvesting process, the working speed
of the Chuanxiong harvester should be slower than 1.5 m/s. The simulation results proved
the theoretical analysis was valid and indicated the conveyance ability of the vibrating
screen was good. Through the analysis of the simulation and field test results, it was
obvious that the theoretical motion process analysis of Chuanxiong-soil residues on the
screen was valid. The Chuanxiong-soil residues were effectively conveyed backward
without any congestion when the vibrating screen functioned, and the advancement speed
was 1.5 m/s.
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