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Abstract: When harvesting Lycium barbarum L., excess amounts of detachments of the half-ripe fruit,
unripe fruit, flowers, and leaves significantly affect the yield and adversely affect the subsequent
processing, such as drying and grading. Finite element method (FEM) simulations and experiments
of detachments were performed to harvest more ripe fruit and less half-ripe fruit, unripe fruit,
flowers, and leaves. Three-dimensional (3D) models of the ripe fruit, half-ripe fruit, unripe fruit,
flowers, leaves, fruit calyxes (flower calyx), fruit stems (flower stem), and branches were constructed
using a 3D scanner, and material mechanics models of the above parts were established based on
physical tests with universal testing machines. Detachment simulations and experiments of the ripe
fruit, half-ripe fruit, unripe fruit, flowers, and leaves were performed to determine the detachment
mechanisms and sequences. The detachment forces of each set of two parts were obtained. The field
experiments showed that the detachment force between the fruit and calyx of ripe fruit was the lowest
value of these forces, and only the ripe fruit was the first to detach from the calyx when harvesting.
The results provided data support on the mechanics properties of wood and the optimization basis
for the harvesting method of L. barbarum.

Keywords: wood property; Lycium barbarum L.; harvesting; reverse engineering modeling; physical
test; material mechanics model; FEM simulation; detachment mechanism and sequence

1. Introduction

Lycium barbarum L. is a solanaceae Lycium deciduous shrub with high added value,
and the fruit has high profitability [1-4]. Its ripe fruit after being dried was widely favored
by more and more people due to the ingredients, which are beneficial to health, such as
a group of L. barbarum polysaccharides, which have neuroprotective, anti-oxidant, and
immunomodulation functions [3,5]. However, the price of the fruit remains high because
L. barbarum is harvested manually [4,6], and the harvesting cost accounts for half of the
total cost of production, currently. With the increase of the planting area of L. barbarum, the
problem of labor shortage for the fruit harvesting is becoming increasingly prominent [6].
Thus, it is urgent to design and develop an L. barbarum harvester [7-10]. Scholars have
developed some prototype harvesters of L. barbarum [11-14]. It indicated that half-ripe
and unripe fruit were easy to be harvested by mistake [6,11]. Meanwhile, excess amounts
of detachments of the half-ripe fruit, unripe fruit, and flowers substantially affect the
yield. Hence, it is essential to analyze the detachment mechanisms of L. barbarum to
achieve the high-efficiency and low-loss harvesting performance. Furthermore, there is
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also little research on the wood mechanics properties of L. barbarum. This leads to a lack
of the key parameters in the analysis and affects the accuracy of the results. In addition,
impurities, such as the half-ripe fruit, unripe fruit, flowers, and leaves, significantly affect
the subsequent processing, such as the drying and grading [15]. Therefore, it is crucial to
investigate the detachment sequences of L. barbarum to harvest more ripe fruit and less
half-ripe fruit, unripe fruit, flowers, and leaves. The essence of detachment forces was
the strength of plant attachments. The branch-to-stem diameter ratio affected the strength
of plant attachments [16,17]. In addition, the picking patterns have a significant effect on
the detachment forces [18,19]. Thus, dividing the ripe fruit, half-ripe fruit, unripe fruit,
flowers, and leaves of L. barbarum into different plant parts according to the materials
was more accurate to analyze the detachment mechanisms and sequences of L. barbarum.
With the development of the reverse engineering technology, it was easy to obtain accurate
three-dimensional (3D) models. Modeling each plant part using the reverse engineering
technology was more conducive to simulation analyses accurately. Additionally, the
material mechanics parameters of different plant parts were different. It was necessary to
establish material mechanics models through physical tests [20,21]. On this basis, it was
expected to access the detachment mechanisms and sequences of L. barbarum by performing
finite element method (FEM) simulations and experiments.

In this study, to harvest more ripe fruit and less half-ripe fruit, unripe fruit, flowers,
and leaves, 3D models of the ripe fruit, half-ripe fruit, unripe fruit, flower, leaf, fruit calyxes
(flower calyx), fruit stems (flower stem), and branches were constructed using a 3D scanner,
and material mechanics models of the above parts were established based on physical tests
with universal testing machines. FEM simulations and experiments of detachments of the
ripe fruit, half-ripe fruit, unripe fruit, flowers, and leaves were performed to determine the
detachment mechanisms and sequences of L. barbarum. The detachment forces of each set
of two parts were also obtained. Such findings provided data support on the mechanics
properties of wood and the optimization basis for the harvesting method of L. barbarum.

2. Materials and Methods
2.1. Reverse Engineering Modeling Using the 3D Scanner

The more realistic the 3D models are, the more accurate the results of subsequent
detachment simulations based on FEM will be. Reverse engineering modeling was used
to obtain accurate 3D models using the 3D scanner (type: HandySCAN 700; precision:
0.03 mm; manufactured by Creaform Shanghai Co., Ltd., Shanghai, China). The material
mechanics properties differ for different plant parts, affecting the results of detachment
simulations and experiments. The ripe fruit, half-ripe fruit, and unripe fruit could be
divided into four parts (i.e., the fruit, fruit calyx, fruit stem, and branch), as shown in
Figure la—c. As shown in Figure 1d, the flower could be divided into four parts (i.e., the
flower, flower calyx, flower stem, and branch). As shown in Figure le, the leaf could be
divided into two parts (i.e., the leaf and branch). The creations of the 3D models of the
ripe fruit, half-ripe fruit, unripe fruit, flowers, leaves, fruit calyxes (flower calyx), fruit
stems (flower stem), and branches included calibrating, configuring, attaching marking
points, scanning the orientation point, scanning the sample, meshing, and rendering in the
software (type: Vxelements 3D software version-6.1; manufactured by Creaform Inc., Lévis,
Canada). To better display the 3D models, their surfaces were rendered with the color
blue. There were some defects in the surfaces due to the shade and illumination during
the scanning process. The defects were corrected based on the morphology method and
rendered with the color yellow in the 3D models.



Forests 2021, 12, 699 30f12

Flower

(d)

Branch

(e)

Figure 1. The photos and 3D models of the ripe fruit (a), half-ripe fruit (b), unripe fruit (c), flowers (d), and leaves (e).
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2.2. Physical Tests Using Universal Testing Machines

The density, elastic modulus, and Poisson ratio are essential parameters for the de-
tachment simulations. The densities of the plant parts were calculated by measuring the
masses and volumes of the corresponding parts. Two electronic scales (type: Professional
digital jewelry scale 8028-series; measurement range: 0-100 g; precision: 0.001 g; manu-
factured by Shenzhen Diheng Electronics Co., Ltd., Shenzhen, China and type: SA-120;
measurement range: 0-120 g; precision: 0.0002 g; manufactured by Shinko Denshi Co.,
Ltd., Tokyo, Japan) were used to measure the masses. Two electronic vernier calipers (type:
AIRA] second-generation product; measurement range: 0-300 mm; precision: 0.01 mm;
manufactured by Qingdao Yigou Hardware Tools Co., Ltd., Qingdao, China and type:
CD-15APX; measurement range: 0-150 mm; precision: 0.01 mm; manufactured by Mitu-
toyo Corporation, Kanagawa, Japan) were used to obtain the measurements. The volumes
could be calculated according to the obtained measurements. The Poisson ratios were ob-
tained from relevant references. However, the elastic moduli should be calculated from the
stress—strain curves obtained in the physical tests. Hence, two electronic universal testing
machines (type: DDL10; max testing force: 10 kN; manufactured by Sinotest Equipment
Co., Ltd., Changchun, China and type: AG-1; max testing force: 100 kN; manufactured by
Shimadzu Corporation, Kyoto, Japan) were used to perform all physical tests. The cutting
surfaces of the samples were polished before the tests. Meanwhile, in order to get more
accurate stress—strain curves, compression or tensile tests should be selected according to
the samples. Therefore, physical tests of the ripe fruit, half-ripe fruit, unripe fruit, flower,
leaf, fruit calyxes (flower calyx), fruit stems (flower stem), and branches were conducted.

2.3. Establishing the Material Mechanics Models
2.3.1. Densities

The more realistic the hypothetical shapes are, the more accurate the densities are
when calculating the volumes of the plant parts. Since the shapes of the ripe fruit, half-ripe
fruit, and unripe fruit are similar to an ellipsoid, the volumes of the ripe fruit, half-ripe
fruit, and unripe fruit were calculated using the following Equation (1) of an ellipsoid.

V= %nabc 1

where V is the volume of the sample, mm?; 4, b, and ¢ are half of the length of each axis of
the ellipsoid-shaped sample, mm.

The flower is cone-shaped; thus, the volume of the flower was calculated using the
following Equation (2) of a cone.

V= %nth ()

where R is the bottom radius of the cone-shaped sample, mm; # is the height of the
cone-shaped sample, mm.
The leaf is cuboid-shaped; thus, the volume of the leaf was calculated using the
following Equation (3) of a cuboid.
V = abh (©)]

where g is the length of the cuboid-shaped sample, mm; b is the width of the cuboid-shaped
sample, mm; & is the height of the cuboid-shaped sample, mm.

The calyxes of the ripe fruit, half-ripe fruit, unripe fruit, and flowers are cone-shaped;
thus, the volumes of these parts were calculated using the Equation (2) of a cone. The stems
of the ripe fruit, half-ripe fruit, unripe fruit, and flowers and the branches of the ripe fruit,
half-ripe fruit, unripe fruit, flowers, and leaves are similar to a cylinder. The volumes of
these parts were calculated using the following Equation (4) of a cylinder.

V = nR%*h “4)
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where R is the bottom radius of the cylinder-shaped sample, mm; % is the height of the
cylinder-shaped sample, mm.

The densities of all plant parts were calculated using the following Equation (5). The
results are listed in Table 1.

P=7 ()
where p is the density of the sample, t/ mm?; m is the mass of the sample, t.

Table 1. The material mechanics parameters of the plant parts.

Item Density (tmm?3) Elastic Modulus (MPa) Poisson Ratio
The ripe fruit 9.3339 x 10710 1.3440 x 101 0.4000
The half-ripe fruit 9.6742 x 10~10 4.0970 x 101 0.4000
The unripe fruit 8.5822 x 10710 4.4694 0.4000
The flower 3.1461 x 10~ 1.5500 x 1071 0.4500
The leaf 5.3178 x 10710 4.2090 0.4500
The calyx of ripe fruit 3.3684 x 10~ 1! 3.5500 x 102 0.4200
The calyx of half-ripe fruit 4.3356 x 10711 1.6100 x 102 0.4200
The calyx of unripe fruit 1.5180 x 10~1° 8.8500 x 102 0.4200
The calyx of flower 8.3132 x 10~ 1! 1.2900 x 102 0.4200
The stem of ripe fruit 2.4618 x 1077 8.2110 0.3800
The stem of half-ripe fruit 2.1556 x 1077 1.1322 0.3800
The stem of unripe fruit 2.2060 x 107 49444 0.3800
The stem of flower 1.5778 x 10~ 3.2611 0.3800
The branch of ripe fruit 4.1148 x 10710 4.2564 x 107 0.3000
The branch of half-ripe fruit 1.6544 x 1077 1.9119 x 10? 0.3000
The branch of unripe fruit 1.0988 x 10~ 2.5738 x 107 0.3000
The branch of flower 1.2096 x 10~° 5.6472 x 102 0.3000
The branch of leaf 9.9668 x 10710 4.5531 x 10? 0.3000

2.3.2. Elastic Moduli

The stresses and strains were calculated based on the following Equations (6) and (7)
and the references [3,22,23]:

F
lo

where 0 is the stress of the sample, MPa; F is the load of the test, N; Ay is the cross-sectional
area of the sample, mm?; ¢ is the strain of the sample, mm-mm™~L; Al is the change in the
length of the sample, mm; [j is the nominal length of the sample, mm.

The elastic modulus is defined as the following Equation (8) based on the refer-
ences [3,22,23]:

E:g (8)

where E is the elastic modulus of the sample, MPa.

The load of the test and the change in the length of the sample were obtained from
tests with the universal testing machines. The nominal length of the sample was measured
using the electronic vernier calipers. However, the cross-sectional area of the sample
should be determined based on the sample shapes. The mean values of the largest and
smallest ellipse area of the ripe fruit, half-ripe fruit, and unripe fruit were considered the
cross-sectional area of the sample. The mean value of the largest and smallest round area
of the flower was considered the cross-sectional area of the sample. The mean value of
the largest and smallest rectangle area of the leaf was considered the cross-sectional area
of the sample. The mean values of the largest and smallest round area of the calyxes of
the ripe fruit, half-ripe fruit, unripe fruit, and flowers were considered the cross-sectional
area of the sample. The mean values of the largest and smallest round area of the stems of
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the ripe fruit, half-ripe fruit, unripe fruit, and flowers and the branches of the ripe fruit,
half-ripe fruit, unripe fruit, flowers, and leaves were considered the cross-sectional area of
the sample. Therefore, the elastic moduli of all plant parts were calculated based on the
stress—strain curves and are listed in Table 1.

2.3.3. Poisson Ratio

The Poisson ratio is the ratio of the absolute value of the transverse positive strain to the
axial positive strain when a material is under a unidirectional compression or tension test,
also known as a transverse deformation coefficient, which is an elastic constant reflecting
the transverse deformation of a material [24]. According to the previous studies, the Poisson
ratios of many materials have been measured. Since the Poisson ratio has little effect on the
simulation result, the usual practice is to assume the Poisson ratio of the material according
to the Poisson ratio of the similar material obtained previously. Therefore, the Poisson
ratios of all plant parts were assumed and obtained from the references [3,25-30] and are
listed in Table 1.

2.4. Detachment Simulations Based on FEM

After obtaining the material mechanics parameters, the FEM simulations results could
be analyzed to access the detachment mechanisms of the ripe fruit, half-ripe fruit, unripe
fruit, flowers, and leaves theoretically. The simulations were conducted using the Abaqus
software. The 3D models were inputted into the Part module. The material mechanics
parameters (i.e., the density, elastic modulus, and Poisson ratio) of the plant parts (Table 1)
were inputted into the Property module. The velocity was chosen in the predefined field
type, and the definition was translational only in the Load module. Each branch was
selected as the embedded option, and the mass centers of the above parts were assigned a
vertical downward velocity in this module. The 3D models of the ripe fruit, half-ripe fruit,
unripe fruit, flowers, and leaves were meshed in the Mesh module, as shown in Figure 2a,
Figure 3a, Figure 4a, Figure 5a, and Figure 6a, respectively. Many grids were used to make
up the models. Every grid was green, and the boundaries between the grids were black.

Fracture

\

U, Magnitude

(a) (b)

Figure 2. The meshed model (a) and the result (b) of the ripe fruit in the detachment simulation.
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Fracture

U, Magnitude

(a) (b)

Figure 3. The meshed model (a) and the result (b) of the half-ripe fruit in the detachment simulation.

Fracture —

U, Magnitude

(a) (b)

Figure 4. The meshed model (a) and the result (b) of the unripe fruit in the detachment simulation.
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U, Magnitude
Fracture

(a) (b)

Figure 5. The meshed model (a) and the result (b) of the flower in the detachment simulation.

= Fracture \'
/?

(a) (b)
Figure 6. The meshed model (a) and the result (b) of the leaf in the detachment simulation.

3. Results
3.1. Analyses of Detachment Simulations

The analyses and post-processing of the ripe fruit, half-ripe fruit, unripe fruit, flowers,
and leaves were performed in the Visualization module. The simulation results of the ripe
fruit, half-ripe fruit, unripe fruit, flowers, and leaves are shown in Figure 2b, Figure 3b,
Figure 4b, Figure 5b, and Figure 6b, respectively. The magnitude was the relative dis-
placement comparing to the initial state and selected as the display option of simulation
results. The greater the magnitude value, the greater the relative displacement. The relative
displacements of each part during the detachment progress were displayed in real time.
The first fracture of the ripe fruit occurred between the fruit and calyx. That of the half-ripe
fruit occurred between the stem and branch mostly. That of the unripe fruit occurred
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between the stem and branch. That of the flower occurred between the flower and calyx
mostly. That of the leaf occurred between the leaf and branch.

3.2. Verification Using Field Experiments

Field experiments were conducted to verify the accuracy of the detachment simula-
tions results of the ripe fruit, half-ripe fruit, unripe fruit, flowers, and leaves. A digital
display tensile force meter (type: HP-30; measurement range: 0-30 N precision: 0.01 N;
manufactured by Yueqing Aidebao Instrument Co., Ltd., Yueqing, China) was used to
measure the detachment forces. Each experiment was repeated ten times to eliminate ran-
dom errors. As shown in Table 2, the detachment forces of each two parts were obtained,
and the unit was N. The mean values and standard deviations were also obtained. The
standard deviations reflected the degree of dispersion of a dataset. According to the stan-
dard deviations, the mean values of each force were valid, and the force value was evenly
distributed for the same detachment force. To better display the detachment sequences,
representative samples with the similar time dimension were selected for the comparison.
The detachment experiments results of the ripe fruit, half-ripe fruit, and unripe fruit are
shown in Figure 7 and that of the flowers and leaves are shown in Figure 8.

Table 2. The detachment forces of L. barbarum.

Maximum Minimum

Item Value Value Mean Value Standard Deviation
The first detachment force of ripe fruit (R1) 1.26 0.32 0.62 0.33
The second detachment force of ripe fruit (R2) 2.54 0.57 1.21 0.58
The first detachment force of half-ripe fruit (H1) 3.35 0.16 1.08 0.86
The second detachment force of half-ripe fruit (H2) 3.62 0.70 1.51 0.82
The first detachment force of unripe fruit (U1) 2.15 0.38 1.13 0.52
The second detachment force of unripe fruit (U2) 3.16 1.32 2.10 0.55
The first detachment force of flowers (F1) 1.10 0.49 0.75 0.20
The first detachment force of leaves (L1) 3.93 1.47 294 0.85
220 ©
200 | =Ripe fruit
1.80 1  emmHalf-ripe fruit
H2
1.60 4 Unripe fruit \
1.40 Tl '! '1
Z 120
2 H1
E 1.00 J
0.80
R2
0.60
0.40 .
0.20 |
R1
0.00 A e

Figure 7. The detachment experiments results of the ripe fruit, half-ripe fruit, and unripe fruit.
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Figure 8. The detachment experiments results of the flowers and leaves.

4. Discussion

Based on the field experiments results, as shown in Figure 7; Figure 8, the detachment
mechanisms and sequences of the ripe fruit, half-ripe fruit, unripe fruit, flowers, and leaves
were determined. To be specific, the ripe fruit fractured first between the fruit and calyx,
second between the stem and branch, and the stem fractured last. Mostly, the half-ripe fruit
fractured first between the stem and branch, second between the fruit and calyx, and the
stem fractured last. The unripe fruit fractured first between the stem and branch, second
between the fruit and calyx, and the stem fractured last. The flower fractured first between
the flower and calyx mostly, the stem fractured first in some cases, and it fractured first
between the stem and branch least often. The leaves fractured between the leaf and branch.
The field experiments results were consistent with the simulations results. This also showed
that the established material mechanics models of the plant parts were accurate.

As shown in Table 2, it indicated that the detachment force between the fruit and calyx
of ripe fruit was the lowest value of these forces. The detachment forces of the ripe fruit,
half-ripe fruit, unripe fruit, flowers, and leaves were also distributed stably. Therefore,
only the ripe fruit was the first to detach from the calyx when harvesting. Scholars who
have designed the L. barbarum harvesters also proposed that impurities, such as unripe
fruit and flowers, affected the comprehensive harvesting performance [1,2,4,6,11,15]. Based
on the obtained results, it was expected to design and develop a L. barbarum harvester,
which could harvest more ripe fruit and less half-ripe fruit, unripe fruit, flowers, and leaves.
When designing the harvester, the component forces of the harvester mechanism should
be integrated to form the resultant force, firstly. Then, the resultant force was compared
with the detachment forces. As long as the resultant force was greater than the detachment
force between the fruit and calyx of ripe fruit and less than the other detachment forces, it
was expected to achieve the high-efficiency and low-loss harvesting performance.

Furthermore, codominant stems were easy to split apart compared with branches
that were small relative to stem size [16]. It illustrated that the detachment forces of the
ripe fruit, half-ripe fruit, unripe fruit, flowers, and leaves were different. The strength
of attachment was the major factor that affected the detachment force [16,17]. Hu et al.
proposed that studies of the detachment force were a basis to design a fruit harvester. It
revealed that the detachment forces of different forms were different [31]. It was consistent
with the obtained results in this study. The results in this study provided data support on
mechanics properties of wood and the optimization basis for the harvesting method of
L. barbarum. In addition, it indicated that the tension was the dominant factor during the
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detachment process [32]. Based on the tension, the detachment mechanisms and sequences
of L. barbarum were determined, and the detachment forces of each two parts were also
obtained in this study. It also showed that harvesting patterns were also critical for the
efficient harvesting from references [18,19,32]. Especially, there were four picking methods,
i.e., the horizontal pull, vertical tension, bending, and twisting [32]. Therefore, based on
the obtained results in this study, further study is required to determine which harvesting
patterns (i.e., the pull, bend, and torsion) are more efficient for harvesting L. barbarum.

5. Conclusions

In this study, to harvest more ripe fruit and less half-ripe fruit, unripe fruit, flowers, and
leaves, FEM simulations and experiments of detachments of L. barbarum were conducted to
determine the detachment mechanisms and sequences. Firstly, 3D models of the ripe fruit,
half-ripe fruit, unripe fruit, flowers, leaves, fruit calyxes (flower calyx), fruit stems (flower
stem), and branches were constructed using the 3D scanner. Then, material mechanics
models of the above parts were established based on physical tests with universal testing
machines. Lastly, detachment simulations and experiments of the ripe fruit, half-ripe fruit,
unripe fruit, flowers, and leaves were performed to determine the detachment mechanisms
and sequences. The detachment forces of each set of two parts were also obtained. The field
experiments showed that the detachment force between the fruit and calyx of ripe fruit
was the lowest value of these forces, and only the ripe fruit was the first to detach from the
calyx when harvesting. According to the obtained results, it was expected to design and
develop a L. barbarum harvester, which could harvest more ripe fruit and less half-ripe fruit,
unripe fruit, flowers, and leaves. When designing the harvester, the component forces of
the harvester mechanism should be integrated to form the resultant force, firstly. Then,
the resultant force was compared with the detachment forces. As long as the resultant
force was greater than the detachment force between the fruit and calyx of ripe fruit and
less than the other detachment forces, it was expected to achieve the high-efficiency and
low-loss harvesting performance. The results could provide data support on the mechanics
properties of wood and the optimization basis for the harvesting method of L. barbarum.
Further study is required to determine which harvesting patterns (i.e., the pull, bend, and
torsion) are more efficient for harvesting L. barbarum based on the knowledge earned in
this study.
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