48

March, 2018 Int J Agric & Biol Eng Open Access at https://www.ijabe.org

2. Citrus Research & Education Center, Institute of Food and Agricultural Sciences, University of Florida, Lake Alfred, FL 33850, USA;

Selection and experimental evaluation of shaking rods of canopy shaker to

reduce tree damage for citrus mechanical harvesting

Yingjun Pu'?, Arash Toudeshki*?, Reza Ehsani>*", Fuzeng Yang®", Jaafar Abdulridha?
(1. College of Mechanical and Electronic Engineering, Northwest A&F University, Yangling 712100, Shaanxi, China;

3. School of Engineering, University of California, Merced, CA 95343, USA)

Abstract: Canopy shaking system is one of the research hotspots for large-scale mechanized fruits harvesting. Shaking rods
considered as one of the essential components of canopy shaker are responsible for transferring mechanical energy from
shaking mechanism to different regions of tree canopy. This transfer depends on the characteristics of the shaking rods that
directly strike the tree canopy. In order to evaluate the effects of the shaking rods on tree damage level and fruit removal
percentage, three kinds of shaking rods with different materials or shapes were selected. Based on the results of bending
deformation tests, it was proven that the rigid shaking rod (R;) with the material of Polyvinyl Chloride (PVC) did more
resistance against producing bending deformation in comparison with the other two types of shaking rods with the material of
Polyamide Nylon 12 (PA). By contrast, the position close to the free end of the flexible shaking rod was easier to be deformed
by less external force. In addition, dynamic analysis and vibration performance tests indicated that the rigid shaking rod could
produce stronger vibration with higher shaking frequency of 4.8 Hz and maximum acceleration of 31.4 m/s®>. Finally, the
results of field trials indicated that the flexible bow-shaped shaking rod (R;) has a better widespread performance to achieve
comparative higher fruit removal percentage up to 82.6% while producing lower tree damage rate of 5.36%. This study
demonstrates that the materials or shapes of the shaking rod could significantly influence the fruit detachment rate and tree
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damage level.

This study would provide an essential reference for the application of shaking rods for canopy shaker.
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1 Introduction

From 2016 to 2017, Florida was still the main orange producing
area accounting for more than 58% in the US citrus industry in
spite of continuing a multiyear downward trend according to the
forecast released by the USDA Agricultural Statistics
Board!"!.
causing a large proportion as much as 35%-50% of the total
production costs for citrus crops®®. Until now, mechanical
vibration as an effective citrus harvesting method is capable to
significantly reduce labor costs and increase the harvesting
efficiency™. It is feasible to employ a mechanical shaking
system for mass citrus harvesting, because most orange production

Most citrus harvesting was conducted by manual labor

in Florida is used for juice processing industry without regard to
fruit bruise!®. So far, canopy shaking system compared to other
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mechanical shakers can get a fruit harvesting rate up to or more
than 15 times higher than hand-picking!*”. Obviously, canopy
shakers are the most efficient harvesters which can detach fruits
continuously during the mechanical harvesting!®.

It is known that canopy shaker employs a series of shaking rods
inserting into tree canopy and making the branches vibration with
certain frequencies to detach fruits for harvesting. Currently,
straight shaking rod is the most common configuration used for
canopy shaker. For example, Peterson’” developed a kind of
double-spiked-drum canopy shaker equipped with total twelve
whorls which had 16 straight nylon rods distributed at equal angle,
respectively, which obtained mature fruit removal averaged 71% to
91% with shaking frequency of 4-5 Hz. Castro-Garcia et al.l'"”
introduced a canopy shaker employing three picking-heads with
straight rubber rods for table olive harvesting at a frequency of 5.26
Hz, caused fruit damage up to 35% by the impact of rods and hard
surfaces. Specifically, a continuous canopy shaker, using two
self-propelled single drum shakers with 12 whirls where each whirl
has 16 straight tines with the shaking frequency of 3 Hz to 3.8 Hz,
has been manufactured by OXBO International Corporation (Byron,
NY, USA) for commercial citrus harvesting!'"'?.  Hong et al.['¥]
developed an experimental canopy rotary drum shaker which
consists of a series of straight fiberglass rods with amplitude of
76.2 mm and frequency of 5 Hz to selectively harvest Jatropha
curcas fruits without harmful severe damage. Yu et al['¥
introduced a rotary blueberry mechanical harvester (Korvan 8000,
Oxbo International, Lynden, Washington, USA) mounted with two
spindles of straight nylon shaking rods which could produce 25%
mechanical impact on fruit. Sola-Guirado et al.'* designed and
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developed a canopy shaker using 6 beating drums which has 24
straight shaking rods with the removal efficiency of 77.3%. In
general, the above canopy shakers commonly used straight shaking
rods to harvest fruits according to their experience but not
analyzing the selection of the shaking rod.

In addition, bow-shaped shaking rod is also adopted in the
development of canopy shaker for fruit mechanical harvesting. A
self-propelled  canopy grape harvester (VL6060 Braud,
Morigny-Champigny, France) equipped with a beater using
bow-shaped poles with frequency of 6.2-7.5 Hz, was developed to
harvest grapes without excessive damage for wine industry!'®. A
kind of towed grape harvester (Gregoire G60, designated T) and
self-propelled grape harvester (Gregoire G152, designated S)
installed with 14 mounting bow-shaped rods (7 rods for each side)
on the beater were manufactured to harvest grapes continuously
with higher productivity (>50%)!'".  Besides, a horizontal canopy
shaker (Pulsar model, Tanesini Technology, Faenza, Italy) was
equipped with a beater composed of two vertical series of curved
rods with frequency of 5-9 Hz for grape harvesting!'®. It was
clear that the above canopy shakers with bow-shaped shaking rods
were mainly used for mechanical grape harvesting. There was no
performance evaluation of the bow-shaped shaking rod for
mechanical harvesting.

As we all know, canopy shakers can significantly increase the
fruit removal efficiency, but it also produce a lot of debris
simultaneously, especially the structural damage to the tree canopy.
In order to reduce tree damage and increase the fruit detachment
rate under canopy shaking, the application of abscission agents has
been widely investigated to reduce the fruit-stem detachment
force!' ). Previous studies on utilizing abscission chemical
agents have indicated that the abscission chemicals can improve the
selective detachment of mature fruits, but Chen et al.”* suggested
that the application of abscission chemical agents should be
avoided to make sure the safety of products and environmental
conservation. Therefore, it’s unsuitable to widely use in practical
for mechanical fruits harvesting.

Shaking rods of the canopy shaker are responsible for energy

transfer from the shaking mechanism to branches of the tree canopy.

This transfer depends on the characteristics of the shaking rods
which strike tree canopy directly. Most researchers focus on the
shaking frequency and amplitude as the main factors affecting the
tree damage and fruit removal, but there are few studies on the
influence of the shaking rods. Gupta et al.” found that the
optimized tine configuration of solid rod produced a prominent
reduction in tree damage employing numerical-based design
optimization when shaking the bottom, middle and top section of
the tree canopy with different frequencies and amplitudes.
Besides, Liu et al.”*! studied how the vibrational acceleration
spreads along the shaken branch using three different tines. Their
results showed that the vibration was spreading from shaking spot
to the stem and obviously increased. However, the real canopy
shaker strikes the tree canopy using a series of shaking rods but not
a single tine. Therefore, it is essential to study the performance of
the integrated shaking rods of canopy shaker including property
and vibration performance which may affect tree damage and fruit
harvesting efficiency.

This research mainly focuses on selecting and evaluating the
influence of shaking rods with different materials or shapes on tree
damage and fruit removal. The goal of this work was to assess the
tree damage level and fruit removal percentage caused by shaking
rods with different properties through experimental tests. Specific

objectives were as follows: (1) to analyze the bending properties of
the shaking rods with different material or shapes; (2) to compare
the shaking performance of the selected shaking rods; (3) to
evaluate the effect of different shaking rods on tree damage level
and fruit removal percentage.

2 Materials and methods

2.1 Selected shaking rods

Material and shape are the two main features of the shaking rod
for canopy shaker. Until now, straight rod and bow-shaped rod
are the most commonly used shaking rods in canopy shaker. In
order to study the effect of the material or shape of the shaking rods
on tree damage and fruit detachment, the characteristics of three
types of shaking rods were investigated. These selected shaking
rods are shown in Figure 1. The rigid shaking rod (R;) with the
material of Polyvinyl Chloride (PVC) and flexible shaking rod (R,
and R;) with the material of Polyamide Nylon 12 (PA) were
adopted for this study. On the other hand, the straight rod (R;)
and bow-shaped rod (R;) with the same material of PA were
employed to investigate the effect of shape of the shaking rod on
tree damage and fruit removal. Therefore, three kinds of shaking
rod were selected to evaluate the tree injury level and fruit
detachment percentage. The physical properties of the selected
shaking rods were listed in Table 1. Density, elastic modulus and
flexural modulus were extracted from materials handbook?”).  The
length and diameter of the shaking rods were measured using meter
ruler and Vernier caliper with resolution of 0.1 mm, respectively.

RI

Figure 1 Three kinds of shaking rods: rigid shaking rod (R,);
flexible shaking rod (R,); and bow-shaped shaking rod (R3)

Table 1 Physical properties of the selected shaking rods

Length Diameter Density Elastic

Name Material /mm /mm /kg'm™  modulus/GPa
R;  Polyvinyl Chloride (PVC) 860 19.3 1550 2.7
R, Polyamide Nylon 12 (PA) 860 25.8 1010 2.0
R;  Polyamide Nylon 12 (PA) 860 25.8 1010 2.0

2.2 Bending deformation analysis
2.2.1 Statics analysis

Shaking rod of the canopy shaker produces bending
deformation under the stress of reactive force when striking the
branch of tree canopy. So it is essential to investigate the bending
properties of the shaking rods with different materials or shapes.
In this study, the selected three kinds of shaking rods with the same
length of 860 mm were equivalent to cantilever beam. According
to the theory of material mechanics®®, deflection (w) and
intersection angle (0) are the foremost parameters for expressing
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the bending deformation of the cantilever beam. However, in this
study, the intersection angle was not the required factor for the
bending deformation of the bow-shaped rod. Therefore,
deformation test was conducted to investigate and evaluate the
bending deflection of the shaking rods with different material and
shape as shown in Figure 2. The axial line of cantilever before
bending deformation was set as x axis. And the direction of
deflection defined as y axis was perpendicular to x axis. The one
end of the shaking rod was fixed on test bench by clamping device.
Three points with length of 300 mm, 500 mm and 700 mm from
the clamping position were selected. Deformation tests on these
three points were carried out 10 times, respectively. The imposed
external force was increased gradually and measured by a

calibrated digital force gage (model FDIX Series, Wagner
instruments, Greenwich, CT, USA) with accuracy of 0.2 N and
range of 250 N. And the deflection was measured by a meter
ruler with accuracy of 0.1 mm. Flexural index was defined to
represent the bending strength calculated by the following Equation
(1). Namely, higher flexural index means that the shaking rod is
more difficult to produce bending deformation.

F,

index

F
=—t i=1,2, and 3 D
Wi
where, Fj,q, 1s the flexural index of the shaking rod, N/mm; F; is
the external force, N; and w; is the deflection of shaking rod under
F;, mm.

Clamping device

Test bench

Deflection

curve

Test specimen

Figure 2 Schematic diagram of the bending deformation test under an external force

2.2.2 Dynamic vibration analysis

Shaking rod of the canopy shaker is the key unit transferring
vibration energy from the shaking mechanism to the tree canopy
for fruit detachment. In this study, this vibration procedure is a
dynamic processing when the shaking rod strikes the tree canopy.
Besides, the shaking rod also produces elastic deformation because
of the inertia force when the shaking rod arrives at the extreme
position.
vibration of the shaking rod. The sector area with two extreme
positions of OP; and OP, was the moving range of the shaking rod
without elastic deformation. The dashed line OP; and OP,
represented the extreme position when the shaking rod produced
elastic deformation. The wvariable angular velocity and
acceleration of the shaking rod were represented with w(¢) and a(?),
respectively. Based on the Newton’s Second Law of Motion",
the inertia force of the barycenter point (M) could be displayed
with a vector Equation (2).
the shaking rod is significantly associated with the variable angular
acceleration.

Figure 3 showed the schematic diagram of the dynamic

Obviously, the vibration strength of

F =m-a(0) )
where, F, is the instantaneous resultant force along with the
shaking direction, N; m is the mass of the shaking rod, kg; a(¢) is
the variable acceleration of the shaking rod, m/s*.

In addition, the elastic deformation of the shaking rod was
produced by the inertia force. The maximum deflection at the
barycenter point can be calculated by the following Equation (3)
based on the theory of material mechanics®®. It indicated that the
deflection of the shaking rod was also related to the vibration
acceleration and the flexural rigidity of the shaking rod.

=it 3)

where, dyy is the deflection of the shaking rod represented with
MN, as shown in Figure 3, mm; + represents the opposite direction
of the reciprocating vibration; / is the length of the shaking rod,
mmy; EI is the flexural rigidity of the shaking rod, N/mm?’,

/)O'i
)F\' " AP
o =] | win). alo)
L. e Pi
“p,
Figure 3  Schematic diagram of the dynamic vibration of the
shaking rod

2.3 Shaking performance test
2.3.1 Experimental setup

Frequency and amplitude are the important parameters that
need to be considered for evaluating the shaking performance of
the shaking rod in canopy shaking. The above dynamic vibration
analysis manifested that the acceleration of the shaking rod could
significantly affect its shaking performance. Therefore, it is
necessary to investigate the acceleration variation of the shaking
rod during the dynamic vibration. In this study, the selected
shaking rods were respectively mounted on a prototype of canopy
shaker as presented in Figure 4. The hydraulic motor driving the
shaking rod was operated with the same rotational speed of
160 r/min, measured by a Digital Hand-Tachometer (CDT-2000HD,
Electromatic Equipment Co., Cedarhurst, NY, USA) with the

accuracy of 0.02% and a resolution of 0.01 r/min. The vibration
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performance tests of the selected shaking rods were carried out
using an acceleration measurement system to obtain the frequency
and acceleration amplitude variation. In order to measure the
acceleration variation and evaluate the shaking system accurately,
10 triple-axis accelerometers were separately aligned and attached
to the end of 10 shaking rods as shown in Figure 4. Afterwards,
the acceleration data was processed to acquire the frequency and
amplitude variation through analyzing the algorithm using Matlab
Software. Finally, the mean values and standard deviations (SD)
of the frequency and acceleration amplitude were obtained by
statistical analysis. Additionally, the shaking displacement was
mainly determined by the designed structure which can be
calculated by the mechanism parameters, but it is also affected by
the elastic characteristics of the shaking rod, which was not
practical to measure in this study.

1. Shaking rod 2. Vibration unit 3. Accelerometer 4. Data logger
5. Laptop 6. Wires
Figure 4 Vibration performance test of the shaking rod

2.3.2  Acceleration measurement system

An acceleration acquisition system with multi-channel
accelerometers and data logger was specifically developed to
measure and record the accelerations required for this study. As
shown in Figure 5, the measurement system consists of several
ultra-low-power high-performance triple-axis accelerometers with
10-bit precision (model LIS3DH, Adafruit, NY, USA), data logger
with an eight-bit microcontroller (model ATmega32U4, Atmel
Corporation, San Jose, CA, USA), a 12-microelectro mechanical
systems digital output motion sensor and two eight-channels I*C
multiplexers (model TCA9548A, Adafruit), and an universal serial
bus (USB) cable (AWM 2725) connected to a laptop computer
(model ThinkPad, Intel(R) Core™ i7 CPU processor, Lenovo,
China).
collect all data from all connected accelerometers and transfer them

The microcontroller was programmed to sweep and

Data logger

Laptop Accelerometer

Figure 5 Acceleration measurement system

immediately to the connected computer via USB cable. The
CoolTerm terminal software was used to log data from the USB
cable with a baud rate of 9600 bits per second and record them in a
file on the computer for further process and analysis. In order to
reduce the sampling time, the microcontroller code only did the
task of logging data with an average sampling time of 60 ms.
2.3.3 Frequency analysis

The measured data of acceleration was stored in a database for
acceleration processing by a higher-speed processor on the
computer using Matlab Software (R2010b, Version 7.11.0.584,
Natick, MA, USA). The resultant acceleration value, which was
the vector sum of the three axis values on each accelerometer®,
was calculated to analyze the vibration performance using the

A, =\Ja;+a, +a: 4)

where, A4,., is the resultant acceleration value, m/s’; a,, a, and a are
the instantaneous acceleration values of the x-axis, y-axis and z-axis

equation as follow:

for each acceleration, m/s>.

Algorithm was also developed for processing data in
MATLAB environment, including acceleration peak, frequency
counter, data points, fitting and statistical data analysis. Figure 6
shows the computational method of the vibration frequency
analysis through an interception fragment of acceleration variation.
The algorithm of the frequency analysis was calculated by the
following formulas:

2T =1,=nT, 5)
- 1
f=m=r ©)

where, 7; is the time as the period of the adjacent peak, s; ¢, is the
total time of the acceleration duration, s; 7 is the mean values of

frequency, Hz. Equation (6) was deduced by Equation (5).

A b

3

Acceleration/m-s™

Y PP B S o Sy

2 t |

1y

Figure 6 Frequency analysis through acceleration variation

2.4 Field trial evaluation
2.4.1 Field test preparation

The study area for this field test is located in an orchard of
Citrus Research & Education Center in Lake Alfred, Florida,
United States. Field tests were conducted using the selected
shaking rods mounted on a prototype of canopy shaker as shown in
Figure 7. The variety of the citrus trees used in this study was
‘Valencia’ orange. The trees were planted with a 6 m row spacing
and a 4-m in-row tree spacing in 2005. Before harvesting, all the
trash under the tree canopies was removed by raking to avoid any
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error in measuring the fruit removal and tree damage rate. The

field trial was carried out on March 15, 2017.

Figure 7 Field test of the selected shaking rod mounted on a
canopy shaker

2.4.2  Fruit removal and tree damage evaluation

Based on the purpose of this study, the effect of different
shaking rods on fruit removal and tree damage was assessed by
evaluating the fruit detachment rate and tree damage level. In this
study, three sets of field tests were conducted on three rows
employing different shaking rods. The initial motor rotating
speed was set at 160 r/min based on the vibration performance test
of the shaking system. The selected 10 twelve-year-old trees in
each row could be harvested continuously. Each test harvested 10
trees under the same hydraulic motor speed, namely the same
shaking frequency. After the end of each canopy shaking
operation on the both sides of each row, the total detached oranges
and dropped fresh debris were collected and weighted for each tree,
respectively. Also, all the un-detached fruits on the tree were

manually picked and weighed. The fruit removal percentage and
tree damage rate were calculated by Equations (7) and (8),

respectively.
M
FRP=——"—%__x100% @)
Mdo + Muu
TDR:%XIOO% ®)
+M

dd do

where, FRP is the fruit removal percentage, %; TDR is the tree
damage rate, %; My, is the mass of the detached oranges, kg; M, is
the mass of the undetached oranges on the tree, kg; and M, is the

mass of the dropped debris, kg.
3 Results and discussion

3.1 Property analysis of the shaking rods

Bending deformation test was conducted to evaluate the
deformation extent of the selected shaking rods. Table 2 showed
the experimental results of the flexural index which was defined to
represent the bending strength. The mean values and standard
deviations (SD) with a significant difference manifested that the
flexural index of R; was much more than that of R, and R;. It
means that R; with the material of PVC is harder to produce
bending deformation. In addition, the flexural index of the
shaking rod R, and R; with the same material but different shape is
similar. It indicated that the material of the shaking rod is the
most significant factor determining the bending deformation.
Besides, there was a similar tendency that the position closed to the
free end of the shaking rod needed less external force to make
bending deformation in accordance with the mechanics of
materials®.  In addition, the dynamic vibration analysis indicated
that the vibration strength and elastic deflection of the shaking rod
was significantly associated with the variable angular acceleration.

Table 2 Flexural index of the selected shaking rods

Fingex /N-mm’™
No. Rigid shaking rod (R;) Flexible shaking rod (R») Bow-shaped shaking rod (R3)
1, (300 mm) 5, (500 mm) 15 (700 mm) 11 (300 mm) 5, (500 mm) 13 (700 mm) 1, (300 mm) 1, (500 mm) 13 (700 mm)

1 33.93 5.20 3.29 2.68 0.70 0.21 5.18 1.62 0.95
2 34.00 5.16 2.82 3.77 0.60 0.21 4.62 1.61 0.74
3 36.71 5.68 2.93 3.47 0.69 0.23 4.05 1.40 0.84
4 39.21 5.90 2.96 3.49 0.71 0.24 4.04 1.43 0.85
5 38.59 6.01 2.89 3.40 0.68 0.24 4.06 1.43 0.80
6 33.51 6.21 2.83 3.40 0.69 0.23 4.00 1.33 0.80
7 30.00 6.19 2.96 3.40 0.69 0.24 3.94 1.32 0.80
8 28.39 5.98 2.93 3.40 0.70 0.23 4.06 1.31 0.78
9 26.95 6.18 2.84 3.50 0.70 0.24 4.20 1.32 0.78
10 25.32 5.78 2.82 3.37 0.70 0.24 427 1.33 0.78
Mean 32.66 5.83 2.93 3.39 0.69 0.23 4.24 1.41 0.81
SD 4.59 0.36 0.13 0.26 0.03 0.01 0.36 0.11 0.05

3.2 Vibration performance of the selected shaking rods

After analyzing the bending deformation properties of the
selected shaking rods with static and dynamic vibration analysis,
vibration performance tests using acceleration measurement system
were conducted before field trial.  Shaking frequency was
obtained by analyzing the acceleration data. The performance
parameters are presented in Table 3. It can be observed that the
selected shaking rods obtain a similar frequency range from 1.7 Hz
to 6.2 Hz driven by the same hydraulic motor speed of 160 r/min.
These results agree with the recommendation that canopy shaker

operates at an appropriate frequency range from 2 Hz to 6 Hz for
citrus harvesting which has been reported by Savary et al.l''l, but
the mean values of the shaking frequency are different. It is clear
that R, obtained a lower shaking frequency of 4.3 Hz than the other
two shaking rods with a similar frequency around 4.8 Hz. On the
other hand, R; and R, acquired the largest and lowest vibration
acceleration, respectively. It indicated that R, with the material of
PVC could produce stronger vibration with higher acceleration.
Compared to the similar frequency range, the difference of the
shaking frequency and peak acceleration was most likely caused by
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the bending deformation of the selected shaking rods. It seems
that the difference of the flexural index also reflects the variable
trend of the shaking frequency and acceleration of the shaking rod.

Table 3 Performance test of the selected shaking rods
(Hydraulic motor speed = 160 r/min)

Shaking rods
Parameters
Ry R, R;
Frequency range/Hz 1.7-6.1 1.8-5.9 1.9-6.2
Shaking frequency/Hz 4.840.5 4.340.7 4.740.4
Acceleration amplitude/m-s™ 31.4+2.1 26.7+1.4 28.6+2.8

3.3 Fruit removal and tree damage evaluation

In this study, fruit removal rate and tree damage level are the
two key concerns used to evaluate the advantages and disadvantages
of the selected shaking rods for citrus canopy shaking. Figure 8
shows the results of the fruit removal percentage and tree damage
rate generated by the selected shaking rods through the field tests.
For all of the fruit removal percentages and tree damage rates, there
was a significant difference that R; could remove more fruits but
also produce higher tree damage rate of over 13% with large
standard deviation. Compared to R, with lower fruit removal rate
of 72.03%, Ry and R;3 can get similar high fruit removal percentage
up to 84.08% and 82.6%, respectively. However, R; produces a
fewer tree damage rate of 5.36%. According to the performance
test results of the selected shaking rods shown in Table 3, it
demonstrates that the higher shaking frequency and acceleration of
the shaking rod probably produce more fruit removal but also
higher tree damage rate simultaneously, which is the similar
conclusion reported by Hong et al.l']

100.00
90.00
80.00
70.00
60,00
50.00
40.00
30.00
20.00
10.00

Fruit removal percentage/%

R, R, R,
Shaking rod
a. Fruit removal percentage
14.00 a
12.00 |
10.00 |
8.00
6.00 |

4.00

Tree damage rate/%

2.00 ¢

R, R, Ry
Shaking rod
b. Tree damage rate
Note: Different letters indicate significant differences of the fruit removal
percentage and tree damage rate produced by different shaking rods.

Figure 8 Mean values and standard deviations of the fruit
removal percentage and tree damage rate

From the view of mechanics based on Newton’s Second Law of
Motion®”, R, with higher acceleration can produce larger impact
force striking the tree canopy. The larger impact force probably
causes more serious tree damage, especially breaking off the stems,
branches and leaves. As the reason for the fruit damage during
mechanical harvesting reported by Castro-Garcia et al.l'; tree
damage was also correlated with vibration acceleration and
frequency produced by shaking rods of canopy shaker. This
consequence is consistent with the results of previous studies that
high frequencies and amplitude could produce more debris for
citrus mechanical harvesting® %',

Combining the advantages and drawbacks of both fruit removal
percentage and tree damage rate, it was clear that R; acquired a
lower tree damage level than R; while both of them obtained a
It indicated that the flexible
bow-shaped shaking rod was a compromise choice to achieve

similar fruit removal percentage.

acceptable fruit removal percentage and a lower tree damage level.
Therefore, flexible bow-shaped shaking rod has a better widespread
performance to maintain higher fruit removal percentage while
producing less tree damage. It demonstrates that selection of the
shaking rod for canopy shaker is an imperative aspect to reduce
tree damage.

4 Conclusions

In this study, three kinds of shaking rods with different
materials or shapes were selected and evaluated through laboratory
experiments and field tests. The major achievements of this
research can be summarized as follows:

(1) The rigid shaking rod with the material of PVC is harder to
produce flexural deformation than that of other two shaking rods
with the material of PA. Meanwhile the bow-shaped shaking rod
has higher bending strength than the straight flexible shaking rod.
And the vibration strength and elastic deflection of the shaking rod
are significantly associated with the variable acceleration.

(2) The rigid shaking rod could produce stronger vibration with
higher shaking frequency of 4.8 Hz and peak acceleration of
31.4 m/s® than the other flexible shaking rod under the same
operated hydraulic motor speed of 160 r/min.

(3) The bow-shaped shaking rod, compared to the straight rigid
and flexible shaking rod, has better widespread performance to
produce lower tree damage of 5.36% and achieve higher fruit
removal percentage up to 82.6% as well.

This research could provide a reference to the application of
shaking rods for canopy shaker. It also demonstrates that the
selection of shaking rods is an essential aspect to reduce tree
damage and obtain more fruits removal. Furthermore, the tree
damage mechanism of canopy shaking should be investigated in
the future work to obtain optimized parameters of the shaking rod
for reducing tree damage and detaching more fruits.

Acknowledgements

Authors greatly appreciate the funding from the National Key
R&D Program of China “the 13th Five-Year Plan” (Program No.
2016YFD0700503), Major Program of Cooperative Innovation for
Yangling Demonstration Zone (Program No. 2016CXY-20), and
the Shaanxi Provincial Agricultural Technology Program of
Innovation and Development (Program No. 2016NY-127). We
also wish to thank the China Scholarship Council for providing the
financial support to the first author for conducting his collaborative
doctoral research in the CREC at the University of Florida. The
authors are grateful to the National Institute of Food and



54

March, 2018 Int J Agric & Biol Eng

Open Access at https://www.ijabe.org

Vol. 11 No.2

Agriculture (Project No. FLA-LAL-005354) for providing the
funding for this research. Also, we thank the critical comments

and

suggestions from the anonymous reviewers for improving the

manuscript.

(8]
(9]

(10]

(1]

[12]

[13]

[14]

[15]

[References]
USDA-NASS. Citrus production forecast on 2016-17
Washington DC: USDA, National Agricultural Statistics Service, Florida
Field Office.  2017.  https://www.nass.usda.gov/Statistics_by_State/
Florida/Publications/Citrus/Citrus_Forecast/2016-17/cit0717.pdf.
Accessed on [2017-09-26].
Sanders K F. Orange harvesting systems review. Biosyst Eng, 2005;
90(2): 115-125.
Torregrosa A, Orti E, Martin B, Gil J, Ortiz C. Mechanical harvesting of
oranges and mandarins in Spain. Biosyst Eng, 2009; 104(1): 18-24.
Brown G K. New mechanical harvesters for the Florida citrus juice
industry. Horttechnology, 2005; 15(1): 69-72.
DuXQ,WuCY,HeLY, Tong ] H Dynamic characteristics of dwarf
Chinese hickory trees under impact excitations for mechanical fruit
harvesting. Int J Agric Biol Eng, 2015; 8(1): 17-25.
Shamshiri R, Ehsani R, Maja J M, Roka F M. Determining machine
efficiency parameters for a citrus canopy shaker using yield monitor data.
Appl Eng Agric, 2013; 29(1): 33-41.
Sola-Guirado R R, Castro-Garcia S, Blanco-Roldan G L, Jimenez-Jimenez
F, Castillo-Ruiz F J, Gil-Ribes J A. Traditional olive tree response to oil
olive harvesting technologies. Biosyst Eng., 2014; 118: 186-193.
Whitney J D. Field test results with mechanical harvesting equipment in
Florida oranges. Appl Eng Agric, 1999; 15(3): 205-210.
Peterson D.  Mechanical harvester for process oranges.
1998; 14(5): 455-458.
Castro-Garcia S, Rosa U A, Gliever C J, Smith D, Burns J K, Krueger W H,
et al.

season.

Appl Eng Agric,

Video evaluation of table olive damage during harvest with a
canopy shaker. Horttechnology, 2009; 19(2): 260-266.

Savary S K J U, Ehsani R, Schueller J K, Rajaraman B P. Simulation
study of citrus tree canopy motion during harvesting using a canopy shaker.
Trans of the ASABE, 2010; 53(5): 1373—1381.

Spann T M, Danyluk M D. Mechanical harvesting increases leaf and
stem debris in loads of mechanically harvested citrus fruit. Hortscience,
2010; 45(8): 1297-1300.

Hong M Y, Rosa U A, Upadhyaya S K. Optimum operating parameters
for a rotary drum shaker for harvesting jatropha curcas L. Trans of the
ASABE, 2012; 55(6): 2051-2058.

YuP C, Li CY, Takeda F, Krewer G, Rains G, Hamrita T. Quantitative
evaluation of a rotary blueberry mechanical harvester using a miniature
Comput Electron Agr, 2012; 88: 25-31.
Sola-Guirado R R, Jimenez-Jimenez F, Blanco-Roldan G L, Castro-Garcia

instrumented sphere.

[16]
[17]

(18]

[19]

[20]

[21]

[22]

[23]

[24]

(23]

[26]

[27]

(28]

[29]

[30]

S, Castillo-Ruiz F J, Ribes J A G. Vibration parameters assessment to
develop a continuous lateral canopy shaker for mechanical harvesting of
traditional olive trees. Span J Agric Res, 2016; 14(2): 1-10.

Pezzi F, Caprara C. Mechanical grape harvesting: Investigation of the
transmission of vibrations. Biosyst Eng, 2009; 103(3): 281-286.

Caprara C, Pezzi F. Measuring the stresses transmitted during mechanical
grape harvesting. Biosyst Eng, 2011; 110(2): 97-105.

Caprara C, Pezzi F. Evaluation of quality of harvest and mechanical
aspects related to beater adjustments in mechanical grape harvesting.
Trans of the ASABE, 2014; 57(4): 991-997.

Wilson W C, Coppock G E.  Abscission chemical effects on
shaker-catchframe harvest system performance and subsequent hamlin and
pineapple orange yield. Hortscience, 1981; 16(3): 299-300.

Burns J K, Buker R S, Roka F M. Mechanical harvesting capacity in
sweet orange is increased with an abscission agent. Horttechnology, 2005;
15(4): 758-765.

Burns J K, Roka F M, Li K T, Pozo L, Buker R S. Late-season 'Valencia'
orange mechanical harvesting with an abscission agent and low-frequency
harvesting. Hortscience, 2006; 41(3): 660—-663.

Ebel R C, Burns J K, Morgan K T, Roka F.  Abscission agent application
and canopy shaker frequency effects on mechanical harvest efficiency of
sweet orange. Hortscience, 2010;45(7): 1079-1083.

Moreno R, Torregrosa A, Molto E, Chueca P.  Effect of harvesting with a
trunk shaker and an abscission chemical on fruit detachment and
defoliation of citrus grown under Mediterranean conditions. Span J Agric
Res, 2015; 13(1): 1-12.

Chen D, Du X, Zhang Q, Whiting M, Scharf P, Wang S. Performance
evaluation of mechanical cherry harvesters for fresh market grade fruits.
Appl Eng Agric, 2012; 28(4): 483—489.

Gupta S K, Ehsani R, Kim N H. Optimization of a citrus canopy shaker
harvesting system: Mechanistic tree damage and fruit detachment models.
Trans of the ASABE, 2016; 59(4): 761-776.

Liu T H, Ehsani R, Toudeshki M, Zou X J, Wang H J. Experimental
study of vibrational acceleration spread and comparison using three citrus
canopy shaker shaking tines. Shock & Vibration, 2017; 1: 1-9.

Cardarelli F. Materials handbook. A concise desktop Reference. 2nd
Edition. In: Polymers and Elastomers. Harbin: Harbin Institute of
Technology Press, 2008; pp. 694-726.

Beer F P, Johnston E R, Dewolf J T, Mazureck D F. Mechanics of
materials. 6™ Edition. In: Deflection of Beams. Beijing: China
Machine Press, 2015; pp.500-581. (in Chinese)

Savary S K J U, Ehsani R, Salyani M, Hebel M A, Bora G C. Study of
force distribution in the citrus tree canopy during harvest using a
continuous canopy shaker. Comput Electron Agr, 2011; 76(1): 51-58.
Willis J R, Milton G.W. On modifications of Newton’s second law and
linear continuum elastodynamics. Proceedings of the Royal Society A:
Mathematical, Physical and Engineering Sciences, 2007; 463(2079):
855-880.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 2.00000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 2.00000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


