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ABSTRACT

Vibratory harvesting is to dislodge fruits by applying excitation force to fruit trees, so the vibration response
characteristics of fruit trees are of great significance for vibratory forest and fruit harvesting machinery to realize
efficient harvesting. The effects of different clamping points and vibration frequencies on vibration
responsiveness and energy transfer in Broussonetia papyrifera branches are investigated in this study. The
results show that the effects of different clamping point positions and vibration frequencies on the branch
vibration response are mutual. The ideal distance between the clamping point position and the base of the
main branch should be between 48% and 73% of the branch length, and the distance between the clamping
point position and the base of the main branch increased with the increase of vibration frequency. This is
because, when the clamping point is close to the base of the main branch, a higher excitation frequency
increases the energy consumption at the base of the main branch, and the amount of ineffective vibration
energy transferred to the base of the main branch also increases. Therefore, when the location of the clamping
point is close to the base of the main branch, the suppression of high-frequency vibration at the base of the
main branch is stronger than the suppression of low-frequency vibration. When the clamping point is located
in the center of the branch, the overall response of the branch to vibration is better.
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INTRODUCTION

China is the world's top producer of forest fruits (Liu et al., 2020). The majority of forest fruits are being
harvested manually, which significantly puts more financial strain on fruit farmers. For example, 50%~70% of
the entire cost is attributable to the hand harvest of apricot fruits (Lin et al., 2016; Wang et al., 2012). A huge
labor force is needed to harvest the forest fruit once it is fully developed. Some forest fruits are not picked as
a result of the decline in rural population (Chen et al., 2019). As a result, it is one of the best ways to increase
the level of automated fruit harvesting (Pu et al., 2023).

The three primary categories of vibratory harvesting equipment at the moment are pneumatic, impact,
and mechanical, with mechanical vibratory harvesting being the most prevalent (Yuan et al., 2022; Liu, 2018;
Xu et al., 2023). The clamping device on vibratory harvesting equipment applies vibration to the fruit tree,
which causes the fruit to vibrate until it is detached from the tree. The vibration structure, vibration amplitude,
vibration frequency and other parameters of vibration harvesting machinery are studied to provide reference
for the efficient operation of vibration harvesting machinery (Fu et al., 2016; Wu et al., 2014; He et al., 2020;
Pezzi et al., 2009). The energy transmission from the clamping point to the fruit is accomplished through the
fruit tree vibration, therefore, the study of fruit tree vibration response and energy transmission is crucial.
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Fruit trees have a wide range of shapes in their natural growth stage, and dynamic modeling or 3D
modeling combined with finite elements can be used to better understand the modal and vibrational response
of fruit trees (Sergio et al., 2020; Peng et al., 2017; Cao et al., 2023). The research on vibration response and
energy transfer under different vibration conditions can provide a better reference for the design and
optimization of vibratory harvesting machinery (Wu et al., 2022; Liu et al., 2018; Wei et al., 2017). However,
little is known about how fruit trees may efficiently use vibration energy under various vibrational conditions
(Du et al., 2012). This research primarily examines the vibration response and energy flow transfer properties
of tree branches using sinusoidal excitation force at various clamping positions and vibration frequencies. This
work can serve as a theoretical guide for the later design of the clamping mechanism for vibrating harvesting
equipment and the investigation of fruit trees vibration response mechanisms.

MATERIALS AND METHODS
Test materials

The test subject is 3.6 m-tall Broussonetia papyrifera, which is seven years old. Its trunk diameter is
39.7 mm, primary branch diameter is 25.4 mm, and secondary branch diameter is 11.7 mm. It mainly consists
of two main branches and several subordinate branches (Niu et al., 2022). The 2D structure and the placement
of the clamping point schematic diagram are shown in Fig. 1.
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Fig. 1 - Structure of Broussonetia papyrifera
Test methods

Test equipment

Figure 2 shows the test equipment which is a homemade shaking branch type variable frequency and
variable amplitude vibration harvesting device, manufactured by the Mechanical Damage and Multiscale
Materials Mechanics Laboratory of Anhui Agricultural University. It comprises six-axis acceleration sensors
WT61PC-485 (Range: 0~16g. Weight: 24g. Data acquisition frequency: 0~200 Hz), data acquisition system,
tape measure, vernier caliper.

The rocking branch type variable frequency and vibration amplitude acquisition mechanism mainly
consists of servo motor, reducer, coupling, output shaft, screw rod fixing seat, screw rod, screw rod nut,
connecting rod and push rod. The overall structure of the device is a centering crank-slider mechanism. By
rotating the screw, the distance between the connecting rod and the output shaft can be adjusted, thus the
amplitude can be adjusted.
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Fig. 2 - Shaking branch vibration harvesting mechanism

Testing planning

Figure 3 shows a picture of the field test of the vibration response characteristics, in which the branch
clamping position was 45 cm away from the trunk, which was held in place by a tabletop clamp. Type A
branches have a diameter of 21 to 34 centimeters, whereas Type B branches have a diameter of 14 to 24
centimeters. Four grasping points, G1, G2, G3, and G4, are provided on the A branch while three gripping
points, G5, G6, and G7, are provided on the B branch, taking into account the manipulator's minimum gripping
diameter. The distances between the different clamping points and the trunk are shown in table. 1.

Table 1
Distance between different clamping points and tree trunk
Clamping position G1 G2 G3 G4 G5 G6 G7
Distance(cm) 45 72 99 126 45 72 99
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Fig. 3 - Field testing of vibration response characteristics
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Monitoring sites A0 and BO were utilized to measure the vibration response at the branch's base during
vibration at a distance of 10 cm from the trunk, as illustrated in Fig. 1. It can show the intensity of the resulting
vibration response at the tree trunk. This is an invalid transmission of vibration energy since the vibration of
the tree trunk created in this way cannot enable the other principal branches to produce a strong enough
vibration response to cause the fruit to fall off. The monitoring places Al and B1 in Fig. 1 are used to measure
the vibration response of the branches and are situated 55 cm from the trunk. In Fig. 1, the Monitoring point
A2 and Al are separated by 15 centimeters, the monitoring point B2 and B1 are separated by 15 centimeters,
and the remaining sensors are separated by 10 centimeters.

These sensors are used to track the effective transfer of vibration energy as well as the response of
the tree branches to vibration. Considering of the impact of branch diameter on accelerometer stability, all
accelerometer attachment sites had branch sizes greater than 10 mm. The branches were clamped at various
clamping points and vibrated at various vibration frequencies (2 Hz, 3 Hz, and 4 Hz), with each monitoring
point measuring the acceleration of the vibration. Each series of tests was conducted three times and the
average of the results was calculated, in order to confirm the accuracy of the results. The movement state of
the tree branches could be used to assess the vibration response. Since the vibration was triggered by
sinusoidal movement, the acceleration of different points could be integrated to obtain the maximum speed,
and formula 1 could be used to calculate the maximum kinetic energy of various monitoring points on the tree
branches.

1 1
EizgmivzzzgpA,-(f a; dr)? 1)

where:
Ei - is the kinetic energy of i monitoring point, (J);
M; - is the mass of the i monitoring point, (m);
Vi - is the velocity of the i monitoring point, (m/s);
p - is the branch density, (kg/m3);
Ai - is the branch cross sectional area, (m2);
ai - is the acceleration of i monitoring point, (m/s?);
t - indicates the time, (s).

A relative kinetic energy ratio rij is established to depict kinetic energy changes at monitoring locations
I and j along a transmission channel in order to more precisely illustrate the change in response at a specific
location in relation to a reference point:

_Ei_ Ai(J adr)?
T ad? 2)

where:

rij denotes the proportion of kinetic energy between monitoring points i and j. The cross-sectional
areas of i monitoring point and j monitoring point are denoted by Aj (m?) and Aj (m?) respectively, whereas i
monitoring point and j monitoring point acceleration are denoted by aj (m/s?) and ;j (m/s?) respectively. When
calculating the relative kinetic energy ratio on a branch, the value of j in formula 2 is assumed to be 1. The
relative kinetic energy ratio can represent the ratio of the effective vibration energy to the ineffective vibration
energy when the branch vibrates when j is monitoring point 0 and i is monitoring point at the branch's end.

RESULTS
Influence of clamping points on branch vibration

The effects of vibration on the A-branch and B-branch for various clamping points are depicted in Fig.
4 and Fig. 5 respectively. As illustrated in A2-45 in Fig. 4 (a), A3-72 in Fig. 4 (b), and A4-99 in Fig. 4 (c), with
a rise in excitation frequency, the separation between the excitation point and the trunk that generates the
optimal excitation response for the A branch grows. This suggests that when the excitation point is close to
the base of the A branch, a lower excitation frequency generates a better vibration response. However, at
high-frequencies vibration, the branches near the source of excitation generate larger damping forces,
preventing effective vibration transmission. The G4 and G7 vibration clamping points have the worst overall
effects on the vibration response of branches at the same vibration frequency.
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This could be because the clamping point transfers the least amount of energy per unit time to the
excitation points G4 and G7, which are the furthest from the branch's base and produce the least vibration in
the fruiting branch.
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Fig. 4 - Influence of different clamping points on vibration response of A branch
(a): Vibration frequency is 2 Hz; (b): Vibration frequency is 3 Hz; (c): Vibration frequency is 4 Hz.
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Fig. 5 - Influence of different clamping points on vibration response of B branch
(a): Vibration frequency is 2 Hz; (b): Vibration frequency is 3 Hz; (c): Vibration frequency is 4 Hz.

The relative kinetic energy ratio of each monitoring point on the A branch to the A1 monitoring point at
various clamping positions is shown in Fig. 6, and the ratio of each monitoring point on the B branch to the B1
monitoring point at various clamping positions is shown in Fig. 7. The graph in Fig. 6 shows that the relative
kinetic energy of A branch is significantly high near its terminal. The result in Fig. 7 shows that the relative
kinetic energy of the B branch is quite high at the B4 monitoring point. This is because the branch deflection
angle affects how vibrational energy is transferred. The energy transfer is typically hindered by a bigger branch
deflection angle, which results in a higher relative kinetic energy ratio.

159
Al
of T AME . A4S . . A4S a
o A2T2 u o A3T2 3.24 * AdT2 .
e L oAX B A A399 - o AG99
g v AZ126 E v A3-126 g v Ad-126
= L] = 104 = - .
53“6— . ;.J:, 244
5 2 g
£ R . L] g . 5 .
2 . 2 . 2 2
- = . Z 1.6 v
_:3- # ¢ _j 5 ij A !
] A 2 o - -
= ot e e R e o84 S vy u =y 7
T ‘ A
3 T R = . ' v .
0 od ®
A1 ¥
: : - : . . : T . . . :
0 6 9 0 3 _ 6 9 0 3 6 9
Number Number Number
(a) (b) (c)

Fig. 6 - Influence of different clamping points on relative kinetic energy ratio of A branch
(a): Vibration frequency is 2 Hz; (b): Vibration frequency is 3 Hz; (c): Vibration frequency is 4 Hz.
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Fig. 7 - Influence of different clamping points on relative kinetic energy ratio of B branch
(a): Vibration frequency is 2 Hz; (b): Vibration frequency is 3 Hz; (c): Vibration frequency is 4 Hz.

Fig. 8 and Fig. 9 show, respectively, the vibrational effects of various vibration clamping points on the
b branch and ¢ branch. The vibration response of the secondary branch is observed to be stronger than that
of the primary branch at the same vibration condition, which is favorable for the vibration shedding of fruits. It's
possible that the secondary branch requires less energy to produce apparent vibration response because its
diameter is substantially less than the primary branch's. Compared to the primary branch, the secondary
branch's vibration response is more sensitive to changes in the clamping point's position. It demonstrates the
choice of the clamping point position can significantly impact the effectiveness of fruit vibration harvesting.
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Fig. 8 - Influence of different clamping points on vibration response of b branch
(a): Vibration frequency is 2 Hz; (b): Vibration frequency is 3 Hz; (c): Vibration frequency is 4 Hz.
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Fig. 9 - Influence of different clamping points on vibration response of ¢ branch
(a): Vibration frequency is 2 Hz; (b): Vibration frequency is 3 Hz; (c): Vibration frequency is 4 Hz.

Influence of vibration frequency on branch vibration

Fig. 10 and Fig. 11 show, respectively the vibrational impacts of various vibration frequencies on the
A branch and the B branch. It has been discovered that tree branches respond better to high frequency
vibration than low frequency vibration. Under high-frequency vibration, the manipulator is able to transfer more
kinetic energy to the branch clamping point with in a certain period of time, which results in higher energy
density and better vibration responsiveness of the branch.

725



Vol. 72, No. 1 / 2024 INMATEH - Agricultural Engineering

As illustrated by monitoring points 4 and 5 in Fig. 11 (a), under various vibration frequencies, the
acceleration change amplitudes of the same monitoring points of branch A and branch B are different. It
demonstrates how various tree branch components react differently to various vibrational frequencies. The
structure of tree branches and the mechanical properties of tree materials are just two examples of the
numerous elements determining how tree branches vibrate in response to various frequencies (Liu et al.,
2021). Given that fruit trees have complicated structural and mechanical qualities as a result of their natural
growing environment, it is impossible to ascertain the natural frequency of fruit trees in a timely manner.
Therefore, using the resonance approach to efficiently harvest fruit is challenging.
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Fig. 10 - Influence of different vibration frequency on vibration response of A branch
(a): Clamping point G1; (b): Clamping point G2; (c): Clamping point G3; (d): Clamping point G4.
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Fig. 11 - Influence of different vibration frequency on vibration response of B branch
(a): Clamping point G5, (b): Clamping point G6, (c): Clamping point G7.

Fig. 12 shows the relative kinetic energy ratio of each monitoring point of A branch to A1 monitoring
point at different vibration frequency and Fig. 13 shows the relative kinetic energy ratio of each monitoring
point of B branch to B1 monitoring point at different vibration frequency. High-frequency vibration can efficiently
convey the vibration energy to the end of the branch when the clamping point is far from the tree trunk. When
the clamping point is close to the tree trunk, high-frequency vibration makes it difficult to transfer vibration
energy to the branch's end. At this time, the relative kinetic energy of monitoring point 0 is comparatively high,
suggesting that more vibration energy is being transferred to the branch's base, causing in energy loss. This
is because the branch's base has a considerable inhibitory impact on high-frequency vibrations, preventing
the passage of high-frequency vibration energy from near the branch to the branch's end.
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Fig. 12 - Influence of different vibration frequency on relative kinetic energy ratio of A branch
(a): Clamping point G1, (b): Clamping point G2, (c): Clamping point G3, (d): Clamping point G4.
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Fig. 13 - Influence of different vibration frequency on relative kinetic energy ratio of B branch
(a): Clamping point G1, (b): Clamping point G2, (c): Clamping point G3.

Influence on vibration response and relative kinetic energy ratio

Fig.14 shows the vibration acceleration and relative kinetic energy ratio of A branch monitoring point
10 under various influencing variables. Fig.15 shows the vibration acceleration and relative kinetic energy ratio
of B branch monitoring point 9 under various influencing variables. To better display the effective kinetic energy
transferred to the branch's end and the ineffective kinetic energy transferred to the branch's bottom, the relative
kinetic energy ratio in Fig.14 is the ratio of the kinetic energy of monitoring point 10 to the kinetic energy of
monitoring point 0, and the relative kinetic energy ratio in Fig.15 is the ratio of the kinetic energy of monitoring
point 9 to the kinetic energy of monitoring point 0. From Fig.14, it is clear that the vibration acceleration and
effective kinetic energy ratio are at their best when the clamping points are 72 cm apart, with a vibration
frequency of 3 Hz. From Fig.15, it is clear that the vibration acceleration and effective kinetic energy ratio are
at their best when the clamping points are 99 cm apart, with a vibration frequency of 4 Hz. In order to better
reflect the relations between the clamping position and the length of the branch, divide the clamping distance
by the total length of the branch. It is found that when the clamping position is 48%~73% of the overall length
of the branch, a better ratio of the end acceleration and relative kinetic energy of the branch can be obtained.
It's that the B branch at monitoring point 3 has a wide deflection angle, resulting in ineffective vibration energy
transmission to the end of the B branch when it vibrates at the clamping position of G5. When the clamping
position is G7, the deflection component of the B branch efficiently prevents vibration energy from passing to
the branch's base along the B branch, enhancing total energy utilization. High-frequency vibration should be
applied to the clamping part away from the trunk when the secondary branches are dispersing at the ends of
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the primary branches in order to maximize energy utilization and improve vibration responsiveness. When the

secondary branches are evenly distributed on the primary branches, the clamping point should be in the middle
of the primary branches.

I
=3 >

o

(F) LONRIPNDYV

10

opel AB1ud dudUY aanePY

(b)
Fig. 14 - Influence of different factor on monitoring point 10 of A branch
(a): Acceleration of monitoring point 10, (b): Relative kinetic energy ratio of monitoring point 10.
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Fig. 15 - Influence of different factor on monitoring point 10 of B branch
(a): Acceleration of monitoring point 10, (b): Relative kinetic energy ratio of monitoring point 10.

CONCLUSIONS

According to the necessity and complexity of efficient vibration harvesting, this study used multiple
vibration frequencies and vibration clamping positions to evaluate the vibration response and energy transfer
efficiency of Broussonetia papyrifera branches. The conclusions are as follows:

(1) The vibration response of the part where the branch has a large deflection angle is greater than
that of other parts of the branch, and this part can hinder the transmission of vibration energy.

(2) The ideal clamping distance should be between 48%~73% of the tree branches since it increases
as the vibration frequency rises.

(3) The structural damping at the base of the branch has a more significant inhibitory effect on high-
frequency vibrations than on low-frequency vibrations.

(4) When the clamping point is the middle part of the tree branch, the overall vibration response of the
tree branch is better.

ACKNOWLEDGEMENT

This research was funded by the National Natural Science Foundation of China (52375228); the
National Natural Science Foundation of China (52005009); the Post-Master's Enterprise Workstation in Anhui
Province (2022sshqygzz012); the Key Projects of Natural Science Research Projects of Colleges and
Universities in Anhui Province, China (KJ2021A0154); the Anhui Provincial Key Research and Development
Program of China (202004e11020003); the Anhui Natural Science Foundation of China (2008085QE273).

728



Vol. 72, No. 1 / 2024 INMATEH - Agricultural Engineering

REFERENCES

[1]

(2]

3]

[4]

[5]
[6]

[7]

(8]

9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

Cao, J. L., Bai, X. P., Xu, D. C,, Li, W. B., & Chen, C. C, (2023). Experiment and analysis on walnut
(Juglans regia L.) shedding force based on low-frequency vibration response. Industrial Crops and
Products, Vol. 204, pp. 117242, England.

Chen, H. S., & Wang, X. P., (2019). Exploring the relationship between rural village characteristics and
Chinese return migrants' participation in farming: path dependence in rural employment. Cities, Vol. 88,
pp. 136-143, Forests, Land and Housing Division of the United Nations Economic Commission for
Europe (UNECE).

Du, X. Q., Chen, D., Zhang, Q., Scharf, P. A., & Whiting, M. D., (2012). Dynamic responses of sweet
cherry trees under vibratory excitations. Biosystems Engineering, Vol. 111, pp. 305-314, England.

Fu, L.S., Peng, J.,Nan, Q.,He, D. J,, Yang, Y. G., & Cui, Y. J., (2016). Simulation of vibration harvesting
mechanism for sea buckthorn. Engineering in Agriculture, Environment and Food, Vol. 9, pp. 101-108,
Japan.

He, L. Y., Liu, X. C., Du, X. Q., &Wu, C. Y., (2020). In-situ identification of shaking frequency for adaptive
vibratory fruit harvesting. Computers and Electronics in Agriculture, Vol. 170, pp. 105245, England.
Lin, H., Xu, L. Y., Xuan, Y., Zhou, W. F., & Weng, L. Y., (2016). Experimental research on the vibration
mode of fruit vibration acceleration response. (#RIxz0I0E F g & kK LE). Journal of Forestry
Engineering, Vol. 1, pp. 100-104, Jiangsu/China.

Liu, J. N., (2018). Research status and development trend of harvester based on vibration mechanism
E TR BRI FRIVIR KR ZEHEE). Agricultural Technology & Equipment, Vol, 3, pp. 84-85,
Shanxi/China.

Liu, X. W., & Guo, C. L., (2021). Study on dynamic characteristics of apple tree branches based on
vibration picking (B Tral REHER /T80 45 4). Journal of Forestry Engineering, Vol. 3, pp.
120-126, Jiangsu/China.

Liu, Y., Wang, H. H., Liu, Y., Yang, Y. T., & Wang, D. Z., (2020). Research progress of forest-fruit
mechanized picking and sorting (AREN RS o EFRFHE). World Forestry Research, Vol. 3, pp.
20-25, Beijing/China.

Liu, Z. L., Wang, C. Y., Xu, Z. F., Zhang, Z., & Zhang Y. B., (2018). Study on energy of fruit trees under
external excitation force (4M&Ix W 1EH TR M H T HEER). Journal of Vibration, Measurement &
Diagnosis, Vol. 1, pp. 130-135+211, Jiangsu/China.

Niu, Z. j., Xu, Z., Deng, J. T., Zhang, J., Pan, S. J., & Mu, H. T. (2022). Optimal vibration parameters for
olive harvesting from finite element analysis and vibration tests. Biosystems Engineering, Vol. 215, pp.
228-238, England.

Peng, J., Xie, H. Q., Feng, Y. L., Fu, L. S., Sun, S. P., & Cui, Y. J. (2017). Simulation study of vibratory
harvesting of Chinese winter jujube (Zizyphus jujuba Mill. cv. Dongzao). Computers and Electronics in
Agriculture, Vol. 143, pp. 57-65, England.

Pezzi, F., & Caprara, C. (2009). Mechanical grape harvesting: Investigation of the transmission of
vibrations. Biosystems Engineering, Vol. 103, pp. 281-286, England.

Pu, Y. J., Wang, S. M., Yang, F. Z., Ehsani, R. Z., Zhao, L. J., Li, C. S., Xie, S. Y., & Yang, M. J. (2023).
Recent progress and future prospects for mechanized harvesting of fruit crops with shaking systems.
International Journal of Agricultural and Biological Engineering, Vol. 16, pp. 1-13, Beijing/China.
Sergio, C. G., Fernando, A. R., Rocio, A. C., & Jesus, A. G. R. (2020). The contribution of fruit and
leaves to the dynamic response of secondary branches of orange trees. Biosystems Engineering. Vol.
193, pp. 149-156, England.

Wang, C. Q., Xu, L. Y., Zhou, H. P., & Cui, H. (2012). Development and experiment of eccentric-type
vibratory harvester for forest-fruits (RO MR IR R BB H] 51K 38). Transactions of the Chinese
Society of Agricultural Engineering, Vol. 16, pp. 10-16, Beijing/China.

Wei, T. P.,, Wang, C. Y., Min, L., & Lv, M. L. (2017). Research on vibration resonance frequency of “Y -
shaped” fruit trees based on Matlab (T MATLAB Xf“Y EU"RREIHIRME NI 5). Jiangsu
Agricultural Sciences, Vol. 3, pp. 169-172, Jiangsu/China.

Wu, C. Y., He, L. Y., Du, X. Q., Chen, S. Z,, & Ni, K. N. (2014). 3D reconstruction of Chinese hickory
tree for dynamics analysis. Biosystems Engineering, Vol. 119, No. 1, pp. 69-79, England.

729



Vol. 72, No. 1 / 2024 INMATEH - Agricultural Engineering

[19] Wu, D. L., Zhao, E. L., Jiang, S., Wang, W. W., Yuan, J. H., & Wang, k. (2022). Optimization and
Experiment of canopy Parameters of Camellia oleifera Based on Energy Transfer characteristics (&
BEEABENEN RENEEIRENZEHM 1L 5iRXTE). Transactions of the Chinese Society for Agricultural
Machinery, Vol. 8, pp. 23-33, Beijing/China.

[20] Xu, X., Wang, Y. N., & Jiang, Y. M., (2023). Review of Research Advances in Fruit and Vegetable
Harvesting Robots. Journal of Electrical Engineering & Technology, Vol. 19, pp. 773-789, South Korea.

[21] Yuan,Y.W.,, Bai, S. H., Niu, K., Zhou, L. M., Zhao, B., Wei, L. G., Xiong, S., & Liu, L. J. (2022). Research
progress on mechanized harvesting technology and equipment for forest fruit (AR R4 R U AR 53
&3 E). Transactions of the Chinese Society of Agricultural Engineering, Vol. 9, pp. 53-63,
Beijing/China.

730



