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ABSTRACT

Compared with manual harvesting of Lycium barbarum, existing large-scale harvesters have achieved a
certain degree of efficiency improvement. Nevertheless, their intermittent operation mode remains a bottleneck
restricting overall harvesting performance. To address this issue, a continuous vibration-based L. barbarum
harvesting device was developed in this study. Plackett—-Burman experiments indicated that vibration angle,
vibration frequency, and the spacing between the upper and lower vibrating rods were the primary factors
affecting the harvesting performance. Further parameter optimization experiments were carried out by
considering the harvesting rate of ripe fruits, the mis-harvesting rate of unripe fruits, and the damage rate of
ripe fruits. The optimal parameter combination was determined as a vibration angle of 46°, a vibration
frequency of 9 Hz, and a spacing of 62 mm between the upper and lower vibrating rods. Based on these
parameters, performance verification tests were conducted. The results showed that the harvesting rate of ripe
fruits reached 85.40%, the mis-harvesting rate of unripe fruits was 4.61%, and the damage rate of ripe fruits
was 3.19%. These findings provide technical and equipment support for the development of continuous
mechanized harvesting of L. barbarum.
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INTRODUCTION

Lycium barbarum L. (L. barbarum) has indeterminate inflorescences and continuous flowering and
fruiting (Kulczyniski B., Gramza-Michatowska A., 2016; Yu et al., 2023; Liang et al., 2024). Ripe L. barbarum
fruits are small, densely clustered, and ovoid to elliptical (Ma et al., 2022; Cao et al., 2024). Harvesting is
seasonal and largely manual, and the increasing gap between labor supply and demand limits production
efficiency and economic returns (Mei et al., 2024, Liu et al., 2025).

Since L. barbarum is mainly cultivated in Ningxia, Gansu, Qinghai, and Xinjiang in China, related
mechanization research has been primarily conducted in China (Zhao et al., 2016, Skenderidis et al., 2018;
Principal et al., 2022; Ma et al., 2023). The vibration harvesting method, owing to its high picking efficiency
and superior performance in detaching ripe fruits, has become the mainstream approach for the mechanized
harvesting of L. barbarum (Liu et al., 2025; Wang et al., 2024). According to differences in operation scale and
application scenarios, vibration harvesting equipment can be categorized into two types: portable and large
self-propelled.
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The portable L. barbarum harvester is suitable for small- and medium-scale densely planted orchards,
with relatively low agronomic requirements but a higher dependence on manual operation. In contrast, the
large self-propelled inter-row harvester is designed for large-scale standardized plantations and offers high
operational efficiency; however, it requires a higher degree of agronomic standardization and still has room for
improvement in reducing fruit damage rate and impurity content (Li et al., 2024; Liu et al., 2025; Yang et al.,
2025; Su et al., 2025). Zhang et al. (2018) developed a portable L. barbarum vibration-based harvester that
achieved a 93.52% ripe fruit harvesting rate and 5.5 times the efficiency of manual picking. Zhang et al. (2015)
developed the 4GZ-1500A self-propelled L. barbarum harvester using four rows of vibrating rods, reaching
5.43 times the efficiency of manual picking. Mei et al. (2024) designed a L. barbarum harvester with arrayed
vibration units and optimized parameters for different harvests, achieving an 88.95% harvesting rate and about
26.9 times the efficiency of manual picking.

Both handheld and large self-propelled harvesters can improve harvesting efficiency, but their
performance is limited by operator fatigue and intermittent operation. To overcome these issues, this study
developed a continuous vibration-based L. barbarum harvesting device. Plackett-Burman experiments
identified the main factors affecting ripe fruit harvesting, and further parameter optimization determined the
optimal settings based on ripe fruit harvesting rate, unripe fruit harvesting rate, and ripe fruit damage rate,
providing technical and equipment support for continuous mechanized harvesting.

MATERIALS AND METHODS
Experimental condition

The experiment was carried out at an ecological L. barbarum science and technology demonstration
base located in Guyuan City (106°15'25"E, 36°00'36"N), Ningxia Hui Autonomous Region, China. The base
employs hedge planting cultivation (Fig. 1), with level land and standardized planting practices, making it
suitable for mechanized operations.

Fig. 1 - Hedge planting mode of L. barbarum

To develop a continuous vibration-based L. barbarum harvesting device and improve its adaptability to
different varieties, key agronomic parameters of multiple fruit-bearing L. barbarum varieties were investigated,
as shown in Table 1. It was found that the planting height of L. barbarum at the base was mostly below 2 m,
and for all varieties, the first layer of fruiting branches was wider than the second layer, indicating a denser
distribution of fruits in the lower layer. Compared with other varieties, Keqgi No. 1 and No. 2 exhibited more
vigorous branch growth and denser branching, resulting in greater plant height. Since plant height is defined
as the distance from the highest point of the plant to the ground, the design primarily considers layer height
and layer width. As these parameters vary among different L. barbarum varieties, the continuous vibration-
based harvesting device should be equipped with adjustable operational parameters to accommodate varying
agronomic conditions.
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Table 1
Agronomic parameters of hedgerow cultivation mode
Plant First layer Second layer
Variety height ) - ; -
[m] Height [m] Width [m] Height [m] Width [m]
Ningqi No.1 1.70 0.73 0.98 1.27 0.76
Ningqi No.5 1.52 0.77 1.1 1.33 0.82
Ningqi No.6 1.70 0.67 1.31 1.18 1.03
Ningqi No.7 1.78 0.67 1.61 1.24 1.22
Ningqi No.8 1.74 0.73 1.24 1.15 1.16
Ningqi No.10 1.69 0.89 1.1 1.22 1.28
Keqi No.1 2.06 0.78 1.47 1.42 1.20
Keqi No.2 2.07 0.98 1.39 1.39 1.36

Continuous canopy vibration device

The continuous canopy vibration device is shown in Fig. 2, and its mechanism motion diagram is
presented in Fig. 3. The aluminum profile is used as the mounting frame for the vibration mechanism, allowing
it to rotate with the motor to achieve continuous harvesting. The vibration mechanism is arranged in two layers.
Both layers of rods are evenly distributed on the mounting disc, with the upper layer fixed directly to the
aluminum frame and rotating synchronously. The lower layer has a different structure: its rod mounting frame
is fixed to the aluminum frame, while a rotating bearing disc is installed below, enabling the lower vibration
rods and their mounting disc to rotate freely. The motor is fixed to the aluminum frame via a motor mounting
bracket, and when it rotates, it drives the lower vibration rods to oscillate through a crank mechanism,
generating vibration.

Fig. 2 - Continuous canopy vibration device

1. upper clamping rod; 2. upper clamping rod mounting disc; 3. aluminum profile frame; 4. lower vibration rod support frame;
5. rotating bearing disc; 6. lower vibration rod mounting disc; 7. DC motor; 8. Crank

Fig. 3 - Schematic diagram of the vibration transmission mechanism

During harvesting, the mobile chassis forwards at a constant speed. The vibration device, driven by a
DC motor, performs reciprocating vibrations to harvest fruit-bearing branches within the canopy.
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Simultaneously, the assembly rotates with the main shaft, providing torque to counteract inertia-induced
forces generated by the vibration and to assist in dislodging L. barbarum branches, thereby reducing branch
breakage and entanglement caused by chassis movement. The motion schematic is shown in Fig. 4. According
to the geometric relationships, the following can be obtained:

X =Vt (1)

0 =t )

Xy =v,t—Rysin(a,1) (3)
vy =Ry cos(a,1) 4)

where:

X, - the position of the center of the vibration device, m; v,, - the velocity of the chassis, m/s; 8., - the
rotation angle of the device, rad; w, - the angular velocity of the device, rad/s; xp - the x-direction position of
point B on the vibration rod, m; y3 - the y-direction position of point B on the vibration rod, m; Rz is the distance
from point B on the vibration rod to the center of the vibration device, m.

The analysis indicates that, in order to effectively excite the L. barbarum branches with the vibration
rod while minimizing dragging forces and preventing branch breakage caused by excessive chassis speed or
high main shaft rotation speed, the chassis velocity and the angular velocity of the motor should be maintained
at a certain proportional relationship, as expressed below:

vm ~ a)mRBO (5)

where: Rgo - the distance from the center of the contact point between the vibration rod and the L. barbarum
branch to the center of the vibration device, m.

Fig. 4 - Schematic diagram of the mechanism transmission

Design of Plackett-Burman and parameter experiments

The primary objective of mechanized L. barbarum harvesting is to collect as many ripe fruits as
possible from the fruit-bearing branches while minimizing the harvesting of unripe fruits and reducing damage
to ripe fruits, thereby avoiding negative impacts on subsequent yields. Considering the main factors affecting
the economic benefits of L. barbarum, the subsequent performance tests of the harvesting device focus on
evaluating its comprehensive harvesting effectiveness. Three key indicators were selected for this purpose:
the ripe fruit harvesting rate /i, the unripe fruit mis-harvesting rate I, and the ripe fruit damage rate ;. Their
calculation methods are as follows:

I = B %100% (6)
n, +n,
e 0
I, = x100% 7)
n,+n,
1, =% x100%
3= (8)
1
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where:

11 - the rate of harvested ripe fruit, %; I> - the rate of mis-harvested unripe fruit, %; I; - the rate of damaged
ripe fruit, %; n; - the number of harvested ripe fruits; n, - the number of unharvested ripe fruits; ns - the number
of harvested unripe fruits; #n4 - the number of unharvested unripe fruits; ns is the number of damaged harvested
ripe fruits.

Different combinations of harvesting parameters affect the vibration intensity, which in turn influences
the harvesting performance. Since the ripe fruit harvesting rate is the primary concern of the L. barbarum
harvesting device, seven factors were selected to design a Plackett-Burman experiment to identify the
parameters that significantly affect the ripe fruit harvesting rate /1 of the continuous vibration-based L. barbarum
harvesting device, as shown in Table 2.

Specifically, the vibration angle X1 can be adjusted by changing the crank length, the vibration frequency
X2 can be modified by varying the rotational speed of the DC motor, and the vertical distance between the
upper and lower rods X3 can be altered by adjusting the position of the support frame. The angles between
rods (X4 and Xs) can be adjusted by replacing the rod mounting plates, the length of the vibration rod Xs can
be directly changed by swapping rods, and the operation speed X7 can be adjusted by changing the traveling
speed of the mobile chassis.

In addition, the height of the vibration device is adjusted according to the height of the ripe fruit region
for each crop, aiming to excite the branches from above the ripe fruit region without direct contact with the
fruits. The symmetrically arranged vibration devices on both sides should be positioned as close as possible
without interfering with the primary and secondary branches to ensure effective excitation of the L. barbarum
canopy. The rotational speed is determined according to the previously mentioned Eq. 5, so as to maintain a
proportional relationship between the linear velocity of the mobile chassis and the angular velocity of the motor,
thereby minimizing dragging forces on the branches.

Table 2
Plackett-Burman factor coding
Symbol Parameters Low-level (-1) High-level (+1)
X1 Vibration angle [°] 30 60
X2 Vibration frequency [Hz] 4 10
X3 Distance between the upper and lower poles [mm] 50 100
X4 Angle between upper rods [°] 15 30
Xs Angle between lower rods [°] 15 30
Xe The length of the rods [mm] 30 40
X7 Chassis movement speed [m/s] 0.5 1
Xs, X9, X10, X11 Virtual parameters - -

To reduce the number of experiments and improve efficiency due to the large number of parameters, a
Plackett-Burman experiment was designed, including seven real parameters and four virtual parameters, with
each parameter set at two levels. A total of 12 experimental runs were conducted, each with five replicates.
The experimental site and conditions were as described above.

RESULTS AND DISCUSSION
Plackett-Burman experiment

The results of the Plackett-Burman experiment are shown in Table 3, and the analysis results are
presented in Table 4. The analysis indicates that the vibration angle Xj, vibration frequency Xz, and the vertical
distance between the upper and lower rods X3 have significant effects on the ripe fruit harvesting rate (p <
0.05), whereas the upper rod angle Xy, lower rod angle X5, rod length Xs, and operation speed X7 do not have
significant effects.

Table 3
Experiment scheme and results
No. X1 X2 X3 X4 Xs Xe X7 Xs Xo X10 X11 11 [%]
1 1 1 -1 1 1 1 -1 -1 -1 1 -1 75.61
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No. X1 X2 X3 X4 Xs Xs X7 Xs Xo X10 X11 11 [%]
2 -1 1 1 -1 1 1 1 -1 -1 -1 1 12.69
3 1 -1 1 1 -1 1 1 1 -1 -1 -1 22.75
4 -1 1 -1 1 1 -1 1 1 1 -1 -1 36.37
5 -1 -1 1 -1 1 1 -1 1 1 1 -1 2.23
6 -1 -1 -1 1 -1 1 1 -1 1 1 1 10.23
7 1 -1 -1 -1 1 -1 1 1 -1 1 1 32.60
8 1 1 -1 -1 -1 1 -1 1 1 -1 1 70.31
9 1 1 1 -1 -1 -1 1 -1 1 1 -1 52.56
10 -1 1 1 1 -1 -1 -1 1 -1 1 1 18.45
11 1 -1 1 1 1 -1 -1 -1 1 -1 1 12.94
12 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 7.27

Table 4
Analysis of experiment results
Items Sum of squares Freedom of degree Mean square p
Model 6463.83 7 923.40 18.07
X1 2993.36 1 2993.36 58.58
X2 2351.16 1 2351.16 46.02
X3 846.27 1 846.27 16.56
X4 10.69 1 10.69 0.21
Xs 30.52 1 30.52 0.60
Xs 158.75 1 158.75 3.1
X7 73.10 1 73.10 1.43
Xs 204.38 4 51.10
Residual 6668.21 11
Cor Total 6463.83 7 923.40 18.07

The results of the experiments indicated that the vibration angle and vibration frequency are the primary
factors affecting the vibration intensity, and thus have a significant impact on the ripe fruit harvesting rate. The
vertical distance between the upper and lower rods also significantly affects the harvesting rate. This is
because, under the excitation mode with the upper rods stationary and the lower rods vibrating, a smaller rod
spacing allows the branches to experience greater torque, effectively increasing branch vibration intensity. In
contrast, the angles between the upper and lower rods have no significant effect on the ripe fruit harvesting
rate, likely due to structural limitations that restrict the adjustable range of rod angles. However, excessively
small rod angles may interfere with the interaction between the rods and branches, causing branch dragging
and curling, whereas overly sparse rod angles may fail to cooperate effectively with the vibration angle,
reducing excitation efficiency. Therefore, the rod angles were set to 15°. The rod length was designed
according to the canopy thickness to ensure effective excitation to the branches, while excessively long rods
may increase the risk of contact with primary and secondary branches. In addition, the operation speed
noticeably affects harvesting efficiency, but within the adjustable range of the chassis speed, it does not
significantly influence the ripe fruit harvesting rate.

Parameter experiment
Parameter determination
The experimental site and conditions were as described above. According to the results of the

Plackett-Burman experiment, vibration angle X3, vibration frequency X, and the vertical spacing between the
upper and lower rods Xswere selected as the factors for the parameter optimization experiment. Preliminary
trials were conducted to determine the ranges of these factors: vibration angle of 20 — 60°, vibration frequency
of 4 — 10 Hz, and horizontal spacing between vibration rods of 50 — 100 mm. The codes of factor are presented
in Table 5, and the experimental design and results are shown in Table 6. The experiment consisted of 17
groups, each with five replicates.
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Table 5
The codes of experimental factors
Codes X1[mm] X2 [Hz] X3[mm]

-1 30 4 50

0 45 7 75

1 60 10 100

Table 6
The experimental design and results

No. X1 X2 X3 11[%] 12[%] 13[%]
1 -1 -1 0 22.54 2.39 5.45
2 1 -1 0 31.73 9.69 8.80
3 -1 1 0 35.70 8.33 0.74
4 1 1 0 66.67 11.07 4.08
5 -1 0 -1 35.07 3.64 0.99
6 1 0 -1 58.77 7.89 4.84
7 -1 0 1 22.31 7.01 9.26
8 1 0 1 43.29 11.62 13.95
9 0 -1 -1 34.15 7.63 9.18
10 0 1 -1 59.21 5.70 1.02
1 0 -1 1 34.00 4.33 15.29
12 0 1 1 55.86 12.64 4.84
13 0 0 0 57.97 3.70 1.25
14 0 0 0 55.35 2.20 1.68
15 0 0 0 55.21 5.65 3.77
16 0 0 0 54 .87 1.57 2.96
17 0 0 0 63.87 2.95 4.92

Regression modeling and ANOVA

Based on the above experimental results, a quadratic regression fitting equation was constructed by
Design-Expert 12 software, and the polynomial regression equation with the ripe fruit picking rate as the
response variable and the coded values of the factors as independent variables was obtained as follows:

1, =57.45+10.61X, +11.88X, —3.97.X, +5.44X X, —

0.68X,X, —0.80X,X, —12.12X> —6.17X> —5.47 X? ©)
Table 7
ANOVA results for the rate of harvested ripe fruit /1
Sources Sum of squares Degree of freedom Mean square F p
Model 3270.09 9 363.34 18.59 0.0004
X 899.73 1 899.73 46.04 0.0003
Xs 1128.60 1 1128.6 57.75 0.0001
X2 125.93 1 125.93 6.44 0.0388
X1Xs 118.59 1 118.59 6.07 0.0433
X1X2 1.85 1 1.85 0.10 0.7673
XaXs 2.56 1 2.56 0.13 0.7281
X12 618.45 1 618.45 31.64 0.0008
Xs? 160.52 1 160.52 8.21 0.0241
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Sources Sum of squares Degree of freedom Mean square F p
X2? 126.19 1 126.19 6.46 0.0386
Lack of fit 79.24 3 26.41 1.84 0.2810
Pure error 57.57 4 14.39
Total 3406.90 16

The regression model was subjected to analysis of variance (ANOVA), as presented in Table 7. The

results indicated that the regression model for the ripe fruit harvesting rate was statistically significant (p <
0.05). Factors X1, X2, X3, X1X2, X1X2, X12, X2? and X32 had significant effects on the rate of harvested ripe fruit
(p < 0.05), whereas the other factors were not significant. The lack-of-fit term was not significant (p > 0.05),
indicating that the regression equation adequately represented the experimental data.

Similarly, a polynomial regression model was fitted with the rate of harvested ripe fruit as the response
variable and the coded values of the factors as independent variables. The model was expressed as follows:

1,=321+236X,+1.71X, +1.34X, —1.14X X, +

+0.09.X, X, +2.56 X, X, +2.31X] +2.35X] +2.02X; (10
Table 8
ANOVA results for the rate of harvested unripe fruit k2
Sources Sum of squares Degree of freedom Mean square F P
Model 184.06 9 20.45 12.18 0.0017
Xi 44.65 1 44.65 26.60 0.0013
Xs 23.46 1 23.46 13.97 0.0073
X2 14.42 1 14.42 8.59 0.0220
X1Xs 5.20 1 5.20 3.10 0.1219
X1X2 0.03 1 0.03 0.02 0.8934
X2Xs 26.21 1 26.21 15.61 0.0055
X+2 22.48 1 22.48 13.39 0.0081
Xs? 23.16 1 23.16 13.80 0.0075
X2? 17.10 1 17.10 10.19 0.0152
Lack of fit 1.78 3 0.59 0.24 0.8659
Pure error 9.97 4 2.49
Total 195.81 16

The regression model for the rate of harvested unripe fruit was subjected to ANOVA, as presented in

Table 8. The results indicated that the regression model was statistically significant (p < 0.05). Factors X3, X,
X3, X1X2, X2X3, X712, X2? and X352 had significant effects on the rate of harvested unripe fruit (p < 0.05), whereas
the other factors were not significant. The lack-of-fit term was not significant (p > 0.05), indicating that no lack-
of-fit existed in the regression equation.

Similarly, a polynomial regression model was fitted with the rate of harvested unripe fruit as the response
variable and the coded values of the factors as independent variables. The model was expressed as follows:

I, =2.92+1.90.X, —3.51.X, +3.41X, —0.0025X, X, +

0.21X, X, —0.5725X, X, +0.7645X] +1.09.X; +3.58X; an
Table 9
ANOVA results for the rate of damaged ripe fruit /5
Sources Sum of squares Degree of freedom Mean square F P
Model 287.25 9 31.92 8.29 0.0054
X 28.99 1 28.99 7.53 0.0287
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Sources Sum of squares Degree of freedom Mean square F P
Xs 98.28 1 98.28 25.53 0.0015
X2 93.23 1 93.23 24.22 0.0017
X1Xs 0.00 1 0.00 0.00 0.9980
X1X2 0.18 1 0.18 0.05 0.8366
X2Xs 1.31 1 1.31 0.34 0.5778
X2 2.46 1 2.46 0.64 0.4503
Xs? 4.98 1 4.98 1.29 0.2931
X2? 53.95 1 53.95 14.01 0.0072
Lack of fit 17.90 3 5.97 2.64 0.1861
Pure error 9.05 4 2.26
Total 314.20 16

The regression model for the ripe fruit damage rate was subjected to ANOVA, as presented in Table 9.
The results indicated that the regression model was statistically significant (p < 0.05). Factors Xi, X2, X3 and
X3? had significant effects on the rate of damaged ripe fruit, whereas the other factors were not significant. The
lack-of-fit term was not significant (p > 0.05), indicating that no lack-of-fit existed in the regression equation.

Response surface analysis of experimental results
The effects of the experimental factors on the rate of harvested ripe fruit were analyzed, and the

response surface of the regression model for the rate is shown in Fig. 5. According to Eq. 9 and Table 7, the
vibration frequency of the rod has the greatest effect on the rate of harvested ripe fruit, followed by the vibration
angle, and the horizontal spacing between the upper and lower rods has the least effect. The interaction
between vibration angle and vibration frequency is also significant. As shown in Fig. 5, the rate of harvested
ripe fruit initially increases and then decreases with increasing vibration angle, because an excessively large
angle causes the branches to move beyond the effective range of the vibrating rod. With increasing vibration
frequency, the rate of harvested ripe fruit gradually increases, as the frequency directly affects the vibration
intensity and, consequently, the harvesting efficiency. As the spacing between the upper and lower rods
increases, the rate of harvested ripe fruit decreases slightly. This is because a larger spacing reduces the
torque applied by the vibrating device to the branches, rendering the upper rod less effective and relying
primarily on the lower rod, which weakens the overall excitation and leads to a decrease in the rate of harvested
ripe fruit.

60 |

60 | .
50 2

50 | L
R 40 |4 g 40|
~ 30 = 30

7
4 3036 ®

Fig. 5 - Response surface for the rate of harvested ripe fruit

The effects of the experimental factors on the rate of harvested unripe fruit were analyzed, and the
response surface of the regression model is shown in Fig. 6. According to Eq. 10 and Table 8, the factors
affecting the rate ranked from most to least influential are the vibration angle, vibration frequency, and the
horizontal spacing between the upper and lower rods, with a significant interaction observed between vibration
frequency and rod spacing. As shown in Fig. 6, the rate of harvested unripe fruit gradually increases with
increasing vibration angle, as a larger angle leads to higher vibration intensity and makes the vibrating rods
more likely to contact the regions where unripe fruits grow, causing them to fall. With increasing vibration
frequency, the rate of harvested unripe fruit also gradually increases due to the higher vibration intensity.
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As the spacing between the upper and lower rods increases, the rate of harvested unripe fruit initially
decreases and then increases. When the rod spacing is small, the branches experience greater shear forces,
which may cause breakage and sharply increase the rate of harvested unripe fruit. Conversely, when the
spacing is large, the vibrating rods are more likely to contact unripe fruits, resulting in an increased rate of
harvested unripe fruit.

Fig. 6 - Response surface for the rate of harvested unripe fruit

The effects of the experimental factors on the rate of damaged ripe fruit were analyzed, and the response
surface of the regression model is shown in Fig. 7. According to Eq. 11 and Table 9, the factors affecting the
damage rate ranked from most to least influential are vibration frequency, the horizontal spacing between the
upper and lower rods, and vibration angle, with no significant interaction effects observed among the factors.
As shown in Fig. 7, the damage rate of ripe fruit gradually increases with increasing vibration angle, as a larger
angle causes the vibrating rods to contact the ripe fruits, resulting in impact damage. With increasing vibration
frequency, the damage rate gradually decreases because a higher excitation intensity allows the fruits to
detach more quickly, thereby reducing the damage rate. As the spacing between the upper and lower rods
increases, the damage rate gradually increases. This is similar to the effect of vibration angle: a larger spacing
increases the likelihood of contact between the rods and the fruits, causing mechanical damage to the ripe
fruits.

0

%0 s0°

Fig. 7 - Response surface for the rate of damaged ripe fruit

Parameter optimization and experimental validation

Design-Expert 12 software was used to optimize the three evaluation indicators: rate of harvested
ripe fruit (/1), rate of harvested unripe fruit (/2), and rate of damaged ripe fruit (/3), with the optimization objective
given by Eq. 12. Since the primary goal of the harvesting machine is to maximize the rate of harvested ripe
fruit, the weights of the three evaluation indicators were assigned based on experience in a ratio of 4:3:3.

Solving the objective function yielded the optimal parameter combination for the factors: a vibration
angle of 46°, a vibration frequency of 9 Hz, and an upper-lower rod spacing of 62 mm. As shown in Fig. 8, the
results of field test indicated that the rate of harvested ripe fruit was 85.40%, the rate of harvested unripe fruit
was 4.61%, and the rate of damaged ripe fruit was 3.19%. The continuous vibration-based L. barbarum
harvesting device developed in this study adopts the vibration harvesting method that does not require direct
contact with the fruits, resulting in a significant improvement in the damage rate of ripe fruits, with the rate of
harvested ripe fruit exceeding 85%, the rate of harvested unripe fruit below 5%, and the damage rate of ripe

fruit below 5%, thereby effectively meeting the harvesting requirements while enabling continuous harvesting
operations.
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max [, (X, X,,X;)
min/,(X,, X,,X;)
min [, (X, X,,X;)
30°< X, <60°
4Hz<X,<I10Hz
50mm<X,<100mm

(12)

Fig. 8 - Field test

CONCLUSIONS

This study measured key agronomic parameters of L. barbarum under the double-layer hedge
cultivation mode, including fruit-bearing height and width, which provided data support for the structural design
and optimization of the L. barbarum harvesting device. A continuous vibration-based harvesting device was
developed based on a non-contact vibration method and an optimized excitation mode featuring a static upper
rod and a vibrating lower rod. Significance analysis indicated that vibration angle, vibration frequency, and
upper-lower rod spacing had significant effects on harvesting performance. Subsequently, these key factors
were used as inputs for parameter experiments to determine the optimal combination, which was then
validated through field tests. The parameter optimization results showed that the optimal parameter
combination of the continuous vibration-based L. barbarum harvesting device was: vibration angle of 46°,
vibration frequency of 9 Hz, and upper-lower rod spacing of 62 mm. Field test results indicated that the rate of
harvested ripe fruit was 85.40%, the rate of harvested unripe fruit was 4.61%, and the damage rate of ripe fruit
was 3.19%, effectively meeting the harvesting requirements. Overall, the continuous vibration-based
harvesting device proposed in this study effectively improves the harvesting efficiency of Lycium barbarum,
reduces dependence on manual labor, and addresses the mismatch between traditional harvesting equipment
and the actual cultivation pattern. It provides essential technical and equipment support for achieving
continuous mechanized harvesting of L. barbarum and demonstrates promising prospects for practical
application.
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