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Abstract: The most common harvesting method of Lycium barbarum L. (L. barbarum) is manual
harvesting, resulting in low efficiency and high cost. Meanwhile, the efficiency of vibration harvesting,
which is considered an efficient mechanical harvesting method, can be significantly improved if the
optimized resonance frequency of the shrub can be obtained. To vibration harvest fruit efficiently, a
3D model of the shrub was established based on measurements of the shape parameters, and material
mechanics models of the branches were established based on physical tests. The modal analysis
of the shrub based on finite element method (FEM) simulation was performed to obtain the range
of resonance frequency, and the modal experiment of the shrub using acceleration sensors and an
impact hammer was conducted to obtain the accurate resonance frequency. Based on the results of
the modal analysis and experiment, the optimized resonance frequency was determined to be 2 Hz.
The field experiment showed that the fruit fell off when the branches were vibrated at this frequency.
The results provide the design basis for the efficient vibration harvesting of L. barbarum.

Keywords: L. barbarum; modal analysis; material mechanics model; resonance frequency; FEM
simulation; vibration harvesting; precision agriculture; agricultural machinery

1. Introduction

Lycium barbarum L. (L. barbarum) is a solanaceous Lycium shrub [1]. The ripe fruit
contains bioactive components, e.g., L. barbarum polysaccharides, which help with glucose
control in diabetics, immunomodulation, and so on [2]. However, mechanical harvesting
of the ripe fruit has been a great challenge, and the fruit is harvested manually, resulting in
low efficiency and high cost [1,3,4]. Additionally, fruit too often rots in the field without
being harvested in time, resulting in economic losses. Harvesting is a major factor affecting
the quality of fruit in the supply chain [5]. With the continuous expansion of L. barbarum
acreage, labor for fruit harvesting has become increasingly scarce [1,3,6]. Therefore, it is
urgent to develop harvesting machines for L. barbarum [1,6]. At present, some prototype
L. barbarum harvesting machines have been developed in trials [1,3,6-15]. Based on the
results of field experiments with these prototype harvesting machines, vibration harvesting
was considered an efficient mechanical harvesting method [6]. The efficiency of vibration
harvesting can be significantly improved if the optimized resonance frequency of the shrub
can be obtained [16-19]. Therefore, it would make sense to conduct a modal analysis
and experiment on the L. barbarum shrub. Based on the obtained optimized resonance
frequency of the shrub, it is possible to design a vibration harvesting machine to harvest
fruit efficiently [20]. The results are expected to provide the design basis for future research
and development of efficient vibration harvesting of L. barbarum.
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In this study, a 3D model of the shrub was established based on measurements of
the shape parameters, and material mechanics models of the branches were established
based on physical tests. The modal analysis of the shrub based on finite element method
(FEM) simulation was performed to obtain the range of resonance frequency, and the modal
experiment of the shrub using acceleration sensors and an impact hammer was conducted
to obtain the accurate resonance frequency. It was expected that the fruit would fall off
when the branches were vibrated at an optimized resonance frequency based on the results
of the modal analysis and experiment. Such findings could provide the design basis for the
efficient vibration harvesting of L. barbarum.

2. Materials and Methods
2.1. Establishment of the 3D Model

To provide an accurate model for the subsequent modal analysis of the L. barbarum
shrub, it was necessary to measure the shape parameters of the shrub. In this study, the
shrub had four branches, namely the main branch, primary branch, secondary branch, and
fruiting branch. Each branch was simplified as a cylinder with variable diameters. ‘Ninggi
7" was selected as the experimental variety in Zhongning in the Ningxia Hui Autonomous
Region (37°22'56'" N, 105°37'21"" E) on June 18, 2019. The shrubs were 5-6 years old
with a height of 0.6-1.4 m after pruning. The row spacing of the shrubs was 3 m and the
shrub spacing was 1 m. The temperature was 23.4 °C, the humidity was 23.5%, and the
illuminance was 428.2 Lx. A shrub was randomly selected as the measuring sample. The
length of the branches was measured with a steel tape (type: AIRAJ; measurement range:
0-5 m; manufactured by Qingdao Yigou Hardware Tools Co., Ltd., Qingdao, China), the
head diameter and end diameter of the branches were measured with an electronic vernier
caliper (type: AIRAJ second-generation product; measurement range: 0-300 mm; precision:
0.01 mm; manufactured by Qingdao Yigou Hardware Tools Co., Ltd., Qingdao, China),
and the number of the branches was determined by counting. The shape parameters of the
L. barbarum shrub are listed in Table 1. Based on the obtained parameters, the 3D model of
the L. barbarum shrub was established in the CATIA version-5 software and is shown in
Figure la.

Primary Branch

Main Branch

(a) (b)

Figure 1. The 3D model of the L. barbarum shrub (a) and the 3D model of the L. barbarum shrub with reference points (b).
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Table 1. The shape parameters of the L. barbarum shrub.

Item

The Length of the The Head Diameter of = The End Diameter of The Number of the

Branches (mm) the Branches (mm) the Branches (mm) Branches
Main Branch 425 34.13 25.55 -
Primary Branch 235 20.03 12.86 2
Secondary Branch 340 10.45 6.89 2
Fruiting Branch 470 4.65 2.45 2

2.2. Physical Tests of the Branches Using the Universal Testing Machine

As shown in Figure 2, the property of an orthotropic material can be characterized by
nine engineering constants (i.e., the radial elastic moduli Ey and Ey; axial elastic modulus
E; axial shear modulus Gyy; radial shear moduli Gy, and G,;; and Poisson’s ratios uyy, iy,
and uy;) [21]. Based on the assumption that all branches were cylinders, the branches were
considered transverse isotropic [22]. Since the relationship between the nine engineering
constants is described in the following five equations (Equations (1)—(5)), the number of
independent engineering constants is five [21-23].

E. =E, )

Gyz - ze (2)

uyz = Uyxy (3)

O = 20+ 1ay) @)
E

Uyz < ad (5)

Ez\/2uyy
where E, and Ey are the radial elastic moduli, MPa; E; is the axial elastic modulus, MPa;

Gyy is the axial shear modulus, MPa; G,; and Gy; are the radial shear moduli, MPa; and
Uyy, Uyz, and iy, are the Poisson’s ratios.

z X
Figure 2. The simplified model of a branch.

To obtain the necessary parameters for the calculation of the engineering constants, an
electronic universal testing machine (type: DDL10; max testing force: 10 kN; manufactured
by Sinotest Equipment Co., Ltd., Changchun, China) was used to perform the physical
tests. All physical tests were carried out in the universal testing machine laboratory of the
College of Mechanical and Electronic Engineering (Northwest A&F University, Xianyang,
Shaanxi, China) on 22 June 2019 at a temperature of 19.8 °C. The tests were controlled by
the TestExpert.NET software. Furthermore, 1 mm min~! was selected as the test speed,
and the sampling frequency was 10 Hz. Based on [13,24,25], the size of samples should
meet the requirement of the following equation (Equation (6)) in the compression tests:

Lo

1<D—0<3 (6)
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where L is the nominal length of the samples, mm, and D) is the nominal diameter of the
samples, mm.

In addition, the cutting surface of the samples needed to be polished before the tests.
After polishing the samples, the radial compression tests and axial compression tests of the
branches were conducted. Based on the test method given in [26], the size of the samples
should meet the requirements of the following equations (Equations (7) and (8)) in the
shear tests:

lo=L+40 )
a=7 ®)

where [ is the length of the samples, mm; L is the span between the two support points,
mm; and a is the length beyond the support point, mm.

Based on the diameter of the samples, the length of the samples was 80 mm, the span
between the two support points was 40 mm, and the length beyond the support point was
20 mm. As shown in Figure 3, the deflection increment of the extension point could be
calculated according to the following equation (Equation (9)):

fi= IR ©)

where f; is the average deflection increment of the two extension points, mm; f is the
deflection increment of the left extension point, mm; and fr is the deflection increment of
the right extension point, mm.

1

Figure 3. The measuring diagram of the shear tests.

2.3. Modal Analysis Using FEM Simulation

Numerical methods, e.g., FEM simulation, are efficient tools to predict the deforma-
tion [27]. To obtain the range of resonance frequency of the shrub, the modal analysis
based on FEM simulation was performed using the Abaqus software. The 3D model of the
shrub was imported in the Part module. As described in Figure 1a, the shrub was divided
into four branches using the partition command. The material orientation was defined,
and the material mechanics parameters of the branches as shown in Table 2 were inputted
in the Property module. Since the branches were defined as the transverse isotropic, the
elastic option was the engineering constants. Because frequencies obtained from the modal
analysis were the key indicator, the procedure type was the linear perturbation, and the
frequency was selected in this option. In order to obtain more modes, the value of the
number of eigenvalues requested was determined to be 500 in the Step module. Since
the root of the shrub is stationary on the ground, the boundary condition of that was the
encastre in the Load module. In addition, the element library was defined as the explicit,
and the geometric order was defined as the linear in the Mesh module. Furthermore, the
approximate element size and maximum deviation factor were set as 4 and 0.5, respectively.
Moreover, the element shape was defined as the Tet. The meshed shrub based on FEM
simulation is shown in Figure 4a.
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Table 2. The material mechanics parameters of the branches.

The Radial The The Axial The Radial
The Elastic Axial Shear Shear The The The
Item Density Moduli E, Elastic Modulus Moduli Poisson’s  Poisson’s Poisson’s
(kg/m3) and E, Modulus G., (MPa) Gy and Ratiou,y Ratiowu,, Ratio uy,
(MPa) E, (MPa) Y Gy, (MPa)
Main Branch 737.94 58.52 834.81 22.51 13.66 0.30 0.09 0.09
Primary Branch 804.29 62.15 642.66 23.91 36.91 0.30 0.12 0.12
Secondary Branch 886.02 33.07 288.91 12.72 11.80 0.30 0.15 0.15
Fruiting Branch 1021.60 65.49 498.59 25.19 6.63 0.30 0.17 0.17

U, Magnitude

1.325
1.215
1.104
0.994
0.884
0.773
0.663
0.552
0.442
0.331
0.221
0.110
0

(a) (b)

Figure 4. The meshed shrub based on FEM simulation (a) and the simulation result of the shrub at the optimized resonance

frequency (b).

After meshing, 57,784 elements were generated in this simulation, and the grid was
very small compared to the shrub. It was sufficient for the modal analysis of the shrub.

2.4. Modal Experiment Using Acceleration Sensors and an Impact Hammer

To obtain the accurate resonance frequency of the shrub, the modal experiment using
acceleration sensors and an impact hammer was performed based on the frequencies
obtained by the simulation. A dynamic signal analyzer (type: CoCo-90X; manufactured
by Crystal Instruments Co., Ltd., Santa Clara, CA, USA) was used to record the signals.
The global graph of the modal experiment is shown in Figure 5a. The 3D model was
imported into the ME’scope software. Reference points were determined automatically
in this software, and the 3D model of the L. barbarum shrub with the reference points is
shown in Figure 1b. Therefore, three acceleration sensors (type: 356A15; manufactured
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by PCB Piezotronics Inc., Depew, NY, USA) were placed at the reference points (i.e., the
intersection of the main branch and primary branch, intersection of the primary branch
and secondary branch, and intersection of the secondary branch and fruiting branch).
The distribution of the acceleration sensors is shown in Figure 5b. The signals obtained
at the above reference points were recorded by the second channel, third channel, and
fourth channel, respectively. In order to obtain more accurate signals when measuring, the
physical variable of the three acceleration sensors represented the acceleration; the unit
was g, the sensitivity was 100.26 mV /g, the decibel parameter was 1 x 107, the input
pattern was IEPE, the high-pass frequency was 1 Hz, and the measurement range was 10 V.

ndary branch and fruiting

=l N2

—

Figure 5. The modal experiment. (a) The global graph of the modal experiment; (b) the distribution of the acceleration
sensors; (c) the graph of the excitation position.

In the impulse excitation test, the impact hammer (type: 086C04; manufactured by
PCB Piezotronics Inc., Depew, NY, USA) hit the head of the main branch. The graph of
the excitation position is shown in Figure 5c, and the signal of the impact hammer was
recorded by the first channel. The physical variable of the impact hammer represented
the force; the unit was N, the sensitivity was 50 mV /N, the decibel parameter was 1, the
input pattern was IEPE, the high-pass frequency was 1 Hz, and the measurement range
was 10 V. Moreover, the working parameters of the dynamic signal analyzer were set. The
recorded data were the frequency response, the roving pattern was the response roving,
the auto-increment was on, the number of increment points was 3, the sampling frequency
was 12.80 kHz, the average mode was linear, the average number was 4, the window type
was force-exponential, and the overlap percent was off. In addition, the type of the impact
hammer was the excitation and the type of the three acceleration sensors was the response.
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Furthermore, the trigger mode was a manual continuous trigger, the trigger source was
the first channel, the high level was 38.0 mV, and the trigger condition was that the first
channel was greater than the high level.

3. Results and Discussion
3.1. Establishment of the Material Mechanics Models
3.1.1. Density

The masses and volumes of the branches could be measured. Based on the definition
of density, the densities of the branches were calculated and are listed in Table 2.

3.1.2. Elastic Modulus

The parameters of the branches in the radial compression tests are listed in Table Al.
The stress and strain could be calculated based on the following equations (Equations (10)
and (11)) and [27,28]:

F
o= 4 (10)
£= A—l (11)
)

where ¢ is the stress of the branches, MPa; F is the load of the tests, N; A is the cross-
sectional area of the samples, mm?; ¢ is the strain of the branches, mm-mm~—!; and Al is the
length change of the samples, mm.

The elastic modulus is defined as follows based on [27-29]:

E= (12)

log
€

The parameters of the branches in the axial compression tests are listed in Table A2.
Based on the compression tests and [27-30], the stress—strain curves of the branches were de-
termined. Based on Equations (10)—(12), the elastic moduli of the branches were calculated
and are listed in Table 2.

3.1.3. Shear Modulus

The axial shear modulus can be calculated based on Equation (4) and the radial elastic
modulus. The parameters of the branches in the shear tests are listed in Table A3, and
the load—displacement curves of the branches were determined based on the shear tests.
According to the test method given in [21,26], the radial shear moduli can be calculated
using the following equations (Equations (13) and (14)) and are listed in Table 2:

U= Lfi (13)
4(f - %)
au
Gyz = W (14)

where U is the shear rigidity of the samples, N; Ap is the load increment in the elastic
phase, N; f is the deflection increment of the central point, mm; and D is the diameter of
the samples, mm.

3.1.4. Poisson’s Ratio

According to [21], the Poisson’s ratio u,, was assumed to be 0.3. Based on Equation
(5), the Poisson’s ratios of the branches were calculated; the results are listed in Table 2.

3.2. Determination of Resonance Frequency

Five hundred resonance frequencies were obtained from the simulation results in
the Visualization module. The resonance frequency could be determined by combining
the results of the modal analysis and experiment. Therefore, the results of the modal



Agriculture 2021, 11, 519

8 of 14

experiment needed to be processed. The data of modal experiment of the shrub were
inputted into the EDM software and saved in the .uff format. Then, the data in the .uff
format were opened in the ME’scope software. For the intersection of the main branch
and primary branch, the intersection of primary branch and secondary branch, and the
intersection of secondary branch and fruiting branch, 75, 77, and 68 peaks were counted by
the complex modal indicator function in the imaginary part, respectively. The frequency
responses of the three intersections were also determined and are shown in Figure Al.
Combined with the simulation results, the resonance of the shrub occurred when the
resonance frequency was 2 Hz. The simulation result of the shrub at the optimized
resonance frequency is shown in Figure 4b. The modal experiment was also conducted
by the dynamic signal analyzer to reflect the resonance effect. The average mode was
exponential, the average number was 32, the window type was the Hanning, the overlap
percent was off, and the sampling frequency was 12.80 kHz. The acceleration signals
of the three intersections were recorded by the first channel, second channel, and third
channel, respectively; the results are shown in Figure A2. The settings of the three sensors
were the same as the above. The resonance of the shrub at the optimized resonance
frequency occurred.

3.3. Field Experiment Verification

Based on the results of the modal analysis and experiment, the optimized resonance
frequency was determined to be 2 Hz. It was envisaged that the fruit could fall off when
the branch was forced to vibrate and resonated at this frequency. In order to verify whether
the fruit could fall off or not at this frequency, a device that could generate the frequency of
2 Hz based on the slider-crank mechanism was designed, as shown in Figure 6.

o, A i
¥ Slider-crank mechanism

x
~
4

Figure 6. The device that could generate the frequency of 2 Hz.

The field experiment was completed on 4 July 2020. In order to observe the forced
vibration of the branch and detachment of the fruit in detail, a high-speed camera (type:
OLYMPUS i-speed TR; manufactured by Keymed (Medical & Industrial Equipment) Co.,
Ltd., Essex, UK) was used to record the process (Figure 7), and the recording speed was
500 fps. The red point was used to indicate the position of the fruit. As shown in Figure 7a,
the branch was forced to vibrate when the device started to touch the branch at the
frequency of 2 Hz. When it lasted for 0.03 s, the fruit fell off from the branch, as shown in
Figure 7b.

In this field experiment, 10 groups were conducted to eliminate random errors. The
results showed that all 10 fruit could fall off when the branches were forced to vibrate at
the frequency of 2 Hz. In fact, the higher the vibrating frequency was, the more likely the L.
barbarum fruit was easy to fall off quickly. This was because the higher the frequency was,
the greater the energy produced. Hence, the forced vibration of L. barbarum fruit was more
serious. However, there were three problems using too high a frequency when harvesting
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Vibrating A

Direction r

L. barbarum fruit. Firstly, L. barbarum fruit was more severely damaged, possibly. Secondly,
this also consumed more power and required the consideration of some factors, such as the
structural strength when designing a high-frequency harvester. Lastly, people who used a
high-frequency harvester for a long time would also experience numbness. Therefore, we
wanted to find a frequency threshold at which the L. barbarum fruit could still fall off but
the frequency would not be too high. As shown in Figure A1, a shrub had many resonant
frequencies. Based on the previous thought, we chose the lowest resonant frequency. It
was found that this resonant frequency was also acceptable using the simulations and
experiments. Some prototype L. barbarum harvesting machines based on vibration as the
main method were designed in the past years, as described in [1,6]. For example, Xu et al.
designed a comb brush vibratory harvesting device, and Chen et al. designed a vibrating
and comb brushing harvester. However, the two machines were designed combining the
vibrating and comb brushing as the harvesting method and not evaluated in terms of the
vibrating frequency. Zhang et al. designed an L. barbarum harvester by vibration mode but
chose the rotational speed as the evaluation indicator [3]. Five vibrating harvesters were
designed and evaluated in terms of the vibrating frequency in [8,11-13,15]. These obtained
frequencies were the same order of magnitude as the frequency of 2 Hz obtained in this
study. Wang et al. studied the mechanized harvesting methods of L. barbarum fruit and
conducted an experiment by designing a vibration picking machine [31]. They vibrated
the branch from a macro perspective. Meanwhile, they calculated the frequency based on
the motor speed. However, under the load, the relationship between the motor speed and
the frequency of the endpoint was changed. In addition, the endpoint of our device was
directly acting on the joint between the branch and stem. We did not take into account
the loss of energy on the branches. Therefore, it was normal that the obtained frequency
was lower than their results. The frequencies obtained in these other studies were slightly
higher than the obtained frequency in this study and the same order of magnitude as
the frequency of 2 Hz obtained in this study. The results provide the design basis for
the efficient vibration harvesting of L. barbarum. Furthermore, with the improvement of
intelligence, the robot harvesting of L. barbarum was also an advanced method [32]. The
obtained results also provide a theoretical basis for this method. Meanwhile, the wood
properties of L. barbarum were important to design a harvester [33]. The obtained material
mechanics parameters (i.e., the densities, elastic moduli, shear moduli, and Poisson’s ratios)
also provide data support for the related L. barbarum research. The obtained parameters in
this study were the same order of magnitude as these parameters from [21,23,29].

Fracture

Figure 7. The process before the vibration (a) and under the vibration (b) recorded by the high-speed camera.

4. Conclusions

In this study, a 3D model of the shrub was established based on measurements of
the shape parameters, and material mechanics models of the branches were established
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based on physical tests. The modal analysis of the shrub based on FEM simulation was
performed to obtain the range of resonance frequency, and the modal experiment of the
shrub using acceleration sensors and an impact hammer was conducted to obtain the
accurate resonance frequency. The field experiment showed that the fruit fell off when the
branches were vibrated at the frequency of 2 Hz based on the results of the modal analysis
and experiment. Findings provided the design basis for the efficient vibration harvesting
of L. barbarum. Because of the limitation of the number of samples, further analysis of
universality will be conducted. Furthermore, an efficient vibrating harvester of L. barbarum
will be designed based on the obtained results in the future.
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Appendix A
Table A1l. The parameters of the branches in the radial compression tests.
The Length of the The Cross-Sectional The Mass of the The Raf:hal Elastic
Item Samples Iy (mm) Area of the Samples Samples 71 (g) Moduli Ey and E,
piesto Ao (mm?) P 8 (MPa)
Main Branch 30.11 659.7101 21.448 58.5241
Primary Branch 19.66 291.4595 6.579 62.1547
Secondary Branch 9.44 81.2312 1.137 33.0742
Fruiting Branch 4.62 22.8459 0.184 65.4879
Table A2. The parameters of the branches in the axial compression tests.
The Length of the The Cross-Sectional The Mass of the The Axial Elastic
Item Area of the Samples
Samples /p (mm) 2 Samples m (g) Modulus E; (MPa)
Ay (mm*)
Main Branch 38.94 580.2148 17.815 834.8138
Primary Branch 28.93 217.2073 5.515 642.6568
Secondary Branch 17.07 73.2899 1.036 288.9112
Fruiting Branch 6.88 14.7934 0.095 498.5862
Table A3. The parameters of the branches in the shear tests.
The Deflection The Deflection  The Deflection The The Axial The Radial
Increment of Increment of . Shear
Increment of . Diameter of Shear .
Item the Left the Right Moduli Gy,
the Central . - the Samples Modulus G,y
Point f (mm) Extension Extension D (mm) (MPa) and Gy
Point f; (mm) Point fg (mm) (MPa)
Main Branch 12.69 5.95 4.16 28.52 22.5093 13.6643
Primary Branch 6.63 5.29 5.98 17.17 23.9057 36.9129
Secondary Branch 5.49 4.10 3.04 7.42 12.7208 11.7980
Fruiting Branch 5.30 2.83 4.05 3.23 25.1877 6.6284
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Figure A1l. The frequency responses of the intersection of the main branch and primary branch (a), the intersection of the
primary branch and secondary branch (b), and the intersection of the secondary branch and fruiting branch (c).
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Figure A2. The acceleration signals of the intersection of the main branch and primary branch (a), the intersection of the
primary branch and secondary branch (b), and the intersection of the secondary branch and fruiting branch (c).
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