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Abstract: Canopy shaking is one of the most commonly used techniques for mechanical harvesting of citrus fruits in orange 
juice industry.  However, tree damage and low harvesting efficiency are the top concerns of growers in adopting the existing 
harvesting equipment on a large scale.  The purpose of this research was to develop a novel canopy shaking system to 
minimize tree damage and maximize fruit removal for mechanical citrus harvesting.  In this study, a two-section canopy 
shaker composing of top and bottom shaking systems mounted on two rotating drums was proposed and developed.  It was 
configured with two sets of flexible bow-shaped shaking rods in a staggered distribution, which can shake the top and bottom 
zones of the tree canopy independently.  The shaking system was designed based on a linked crank-rocker mechanism.  
Kinematic simulation analysis was conducted to verify the quick return characteristics and differential properties of this 
mechanism.  Vibration test showed that the frequency of the shaking rod could be adjusted within a range of 1.1-8.8 Hz related 
to hydraulic motor speeds.  The field tests of the shaking system with an average frequency of 4.7 Hz achieved a fruit removal 
percentage of 82.6% and tree damage rate of 5.4% under a tractor speed of 3 km/h.  By contrast, the combined shaking 
frequency of 4.7 Hz & 4.1 Hz of the canopy shaker produced less tree damage with a percentage of 3.9%.  This study 
indicated that the two-section canopy shaker with an optimized frequency combination could be adaptable to the different zones 
of the tree canopy, and obtain lower tree damage and higher fruit removal percentage. 
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1  Introduction  

According to the Food and Agriculture Organization of the 
United Nations (FAOSTAT, 2016), around 131 million metric tons 
of citrus fruits are produced in the world (57% oranges, 26% 
tangerines, 11% lemons, 6% grapefruits)[1].  In the United States, 
‘Valencia’ oranges account for the majority of the citrus crop, 
including half of Florida’s total citrus production, and is the most 
well-known variety for orange juice[2].  In spite of the large efforts 
in the development of mechanical harvesting systems for the 
orange juice industries, manual harvesting is still the main 
harvesting method used, which is very labour intensive and costly[3, 

4].  As a result, attempts to reduce harvesting costs are an on-going 
challenge for fruit crop producers[5].  With the development of the 
mechanized harvesting techniques, mechanical shaking systems 
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can effectively detach fruits which have the potential to achieve 
less expenditure and higher efficiency for mass removal of fruits[6].   

Since the early 1960s[7], technologies employing a method of 
shaking in mechanical harvesters have been widely studied and 
significantly enhanced to replace human labour in citrus harvesting 
operations.  Shaking mechanisms are the most commonly 
investigated methods for mechanical harvesting of tree fruit crops, 
such as oranges[8-11], olives[12-14], apples[15], coffee beans[16], 
grapes[17], blueberries[18] and other fruits, but it’s easy to cause the 
fruit to bruise, which affect its quality.  Therefore, mechanical 
shaking systems are mainly used for the harvesting of industrial 
fruits without consideration of bruises, such as juice, oil or wine.  
At present, canopy shaker and trunk shaking systems are the main 
types of harvesting machines commercially used in orchard for 
juice production[8,9].  Both harvesting systems can potentially 
increase the labour productivity by 5 to 15 times than that of hand 
picking and decrease the unit harvesting cost by 50% or more[19].  
Moreover, mass harvesting based on a canopy shaking system can 
obtain a harvesting rate 2-3 times higher than that investigated with 
trunk shakers because of its continuously harvesting process[9]. 

In particular, canopy shaker is the most common type of fruits 
harvester that is equipped with a catch frame and conveyer system, 
which continuously shakes the tree canopy at a certain frequency to 
detach fruits.  For example, a continuous canopy shaker (OXBO 
International Corporation, Byron, NY, USA) with two 
self-propelled single drum shakers and two catch frame systems 
that operated simultaneously on both sides of the tree canopy for 
commercial citrus harvesting was presented by former 
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researchers[9,20,21].  A self-propelled canopy grape harvester 
(VL6060 Braud, Morigny-Champigny, France) comprising a beater 
installed with 14 mounting bow-shaped rods (7 rods for each side), 
a conveyor belt transport system and a cleaning apparatus was 
developed to harvest grapes for the wine industry[17,22].  These 
types of continuous canopy shaking systems are currently being 
used for commercial harvesting of citrus or grapes on a small scale 
and have gained popularity and acceptance from growers, because 
they have greatly improved the fruit harvesting efficiency[23,24], but 
there is also a great concern among growers regarding the structural 
damage to the tree canopy and harvesting yield of the following 
year[25].  Coppock[26] reported that trees of ‘Valencia’ oranges that 
were harvested by a mechanical shaker may experience more than a 
50% yield loss in the subsequent harvesting season.  A better 
developing trend of mechanical shaking systems should 
concentrate on minimal tree damage as well as higher fruit removal 
efficiency.   

The current canopy shaking mechanisms have wheel-hub 
type[9,21,28] and drum-type[19,27] shakers, which strike the tree 
canopy with the same shaking parameters controlled by the 
operator.  However, canopy shaking for fruit detachment is 
affected by several factors, such as the fruit characteristics (mass, 
volume, maturity, peduncle length, peel firmness), the mechanical 
and geometrical characteristics of the tree (density, form, canopy 
dimension and branch distribution), and the characteristics of the 
forcing vibration (frequency, amplitude and duration)[24,38,41].  In 
principle, a canopy shaking system employs a particular vibration 
mechanism to transmit kinetic energy to fruiting branches through 
a series of shaking rods with a certain frequency and amplitude for 
generating an inertial force on the fruit-stem interface.  Then, the 
forced vibration will complete the separation process to detach 
fruits when the inertial force of the fruit is greater than the adhesion 
strength of the detachment force in the weakest point [29,30].  
Therefore, due to the random spatial distribution and different 
stiffness characteristics of the tree limbs, it is inevitable to detach 
fruits, loose leaves and break limbs simultaneously when shaking 
the tree canopy.   

On account of the irregular growth of the branches and the 
uneven distribution of the fruits, Whitney and Wheaton[31] 
demonstrated that the upper parts of the tree canopy had a greater 
percentage of oranges, which was a priority area for a mechanical 
harvesting system.  Furthermore, several researchers have 
investigated canopy shakers striking different zones of the tree 
canopy with adjustable shaking parameters to prove this 
consideration.  For example, a double-spiked-drum canopy shaker 
was developed with two vertical shaking shafts equipped with top 
and bottom whorls producing a shaking frequency of 4-5 Hz and an 
average fruit removal percentage from 71% to 91%[10,32].  
Additionally, Gupta et al.[33] using numerical methodology, 
manifested the different configuration and properties of the primary 
limbs in the top, middle, and bottom zones of a citrus tree canopy.  
Based on this previous study, Gupta et al.[24] proposed the idea of 
adaptive shaking of the tree canopy by finite element analysis and 
computer-aided optimization techniques to improve a citrus 
continuous canopy shaker based on the configuration of limbs and 
the distribution of fruits.  They found that the optimized shaking 
rod configuration of the bottom, middle and top section of the 
canopy shaker produced a prominent reduction in tree damage 
when shaking with different frequencies and amplitudes.  Their 
exploratory work suggested that the canopy shaking system could 
minimize tree damage by imparting a variable shaking frequency 

and amplitude to the tree canopy based on the fruit spatial 
distribution and primary limb configuration.  Hence, the 
adaptation of the shaking system on different zones of the tree 
canopy is a necessary starting point to develop an efficient 
harvesting technique with capability to reduce tree damage.     

The main purpose of this study was to design and evaluate a 
two-section canopy shaker with variable frequency for adapting to 
the irregular distribution of branches and fruits in order to minimize 
tree damage while maximizing fruit removal.  The specific 
objectives of this research were: (1) to design and develop a novel 
canopy shaking mechanism that can be operated at variable 
frequencies; (2) to investigate a reasonable shaking rod distribution 
for a better adaptable performance to reduce tree damage; and (3) 
to obtain the optimal operation parameters by evaluating the 
performance of the designed canopy shaker. 

2  Design and prototyping of the two-section canopy 
shaking system 

2.1  Tree canopy measurement 
The dimension of the shaking system should be based on the 

tree canopy size.  In this study, 59 tree samples in seven lines 
were selected from 12-year-old ‘Valencia’ citrus trees with an 
east-west orientation.  The medium-size citrus trees were planted 
with a 6 m row spacing and a 4 m in-row tree spacing.  The test 
area used in this investigation was located in an orchard of the 
Citrus Research & Education Center (CREC) in Lake Alfred, 
Florida, USA (28°06.344'-28°06.366'N, 81°42.977'-81°42.899'W) 
(Figure 1a).  The upper parts of the tree canopy containing more 
than 60% of the fruit yield should be a main area for the 
mechanical harvesting system[24,31].  Thus, we divided citrus tree 
canopy into two sections of the top and bottom zones from the 
largest horizontal canopy diameter.  The canopy dimension 
parameters of the citrus trees were measured using band tape with 
resolution of 0.1 mm, respectively, as shown in Figure 1b.   

 
a. Tree samples selection layout 

 
b. Schematic sketch of tree canopy measurement 

Note: H is the height of the tree; H' is the height from the ground to the largest 
horizontal canopy diameter; h is the height from the ground to the bottom of the 
canopy; D is the largest horizontal diameter of the tree canopy; d is the 
dimension of the two tree canopies between adjacent lines; W is the depth of the 
fruit distribution area where are from outside edge to the inner space without 
fruits. 

Figure 1  Schematic illustration of canopy size measurement 



September, 2018  Pu Y J, et al.  Design and evaluation of a two-section canopy shaker with variable frequency for mechanical harvesting of citrus  Vol. 11 No.5  79 

To increase the accuracy of the measurement, the parameters 
of the tree canopy size were measured multiple times.  
Specifically, H', h and W were measured 4 times around each tree 
sample; D was measured two times through the tree canopy with 
intersecting direction.  Table 1 lists the measured parameters of 
the tree canopy with mean values and standard deviations (SD).  
Obviously, the canopy height for this citrus orchard was 
approximately 1.89 m (i.e., H-h).   

 

Table 1  Measured canopy dimension parameters (n=59) 
Parameters Range of dimension/m Mean values and SD/m 

H 1.78-3.0 2.47±0.24 

H' 1.05-1.63 1.34±0.14 

h 0.32-0.91 0.58±0.12 

D 2.01-3.52 2.94±0.35 

d 2.74-4.01 3.24±0.30 

W 0.64-1.23 1.03±0.11 
 

2.2  Conceptual design based on crank-rocker mechanism 
Generally, canopy shaking systems employ several shaking 

rods penetrating to the tree canopy and striking the branches with a 
certain frequency and amplitude produced by a reciprocating 
vibration mechanism.  In this study, a linked crank-rocker 
mechanism was designed based on the reciprocating motion as 
shown in Figure 2.  It was driven by a single crank (OA) which 
actuated two rockers, making their movement synchronized.  The 
extension bars (MP & NQ) were used as shaking rods mounted on 
the end of the rockers.  Hence, the crank could drive the front and 
rear shaking rods swinging simultaneously.  Besides, the shaded 
sector area with an angle of φ is the moving range of the shaking 
rod. 

 
Note: OA is the crank; AC and AB are the connecting rods; NC and MB are the 
rocking bars; MP and NQ are the shaking rods; α is the swing angle of the rocker; 
β is the crank angle between the two extreme positions; δ1 & δ2 is the 
intersection angle of the crank. 
Figure 2  Schematic sketch of the linked crank-rocker mechanism 

 

In this linked crank-rocker mechanism, the rotation of the 
rocker from MB" to MB' was defined as the operating stroke with 
angular velocity of ω1, and the rotation of the crank from MB' to 
MB" was set as the return stroke with angular velocity of ω2.  
According to the quick-return characteristics of the crank-rocker 
mechanism, the angular velocity of the operating stroke is less than 
that of the return stroke.  The shaking rod MP is mounted on the 
rocker MB which rotates in the opposite direction swinging through 

the same hinge.  Accordingly, the shaking rod swings quickly to 
strike the canopy when the rocker is on the return stroke.  To 
summarize, this shaking mechanism utilized the quick return 
characteristics to enhance the external vibration of the shaking rod 
and increase the shaking efficiency on the tree canopy. 

Basically, a crank-rocker mechanism is a type of planar 
four-bar linkage mechanism where the length of the linkages meets 
the following Grashof’s criteria as given in Equation (1), and the 
bar adjacent to the shortest linkage has a fixed mount[34]. 

lmax+ lmin ≤ l1+l2                    (1) 
where, lmax is the length of the longest linkage; lmin is the length of 
the shortest linkage; l1 and l2 are the length of the other two 
linkages. 

Take the four-bar linkage (OA, AB, BM and OM) as an 
example shown in Figure 2, the dimension of the crank-rocker 
mechanism was designed and calculated.  According to the 
mechanism design and actual condition, the dimensions of L and h 
were 762 mm and 244 mm, respectively.  Thus, the distance 
between point O and M can be calculated by Equation (2).  In 
addition, a, b, c, d were assumed as the dimension of OA, AB, MB 
and OM, respectively.  The geometrical relationship of the 
crank-rocker mechanism was represented by Equation (3)[35]. 

2
2

4OM
Ll h= +                    (2) 

2 2 2 2 2 2sin cos sin
2 2 2

c a b= +
α β β

           (3) 

where, lOM is the dimension between point O and M, namely d, mm; 
a, b, c were defined as the length of OA, AB, MB, respectively, mm; 
α is the swing angle of the rocker, (°); β is the crank angle between 
the two extreme positions, (°). 

In order to ensure the shaking system striking the tree canopy 
with greater transmission performance, the coefficient of travelling 
speed variation was determined with 1.3, thus the crank angle 
between the two extreme positions (β) is 23.48°. On the basis of the 
constraint conditions and geometrical relationship, the parameters 
of this shaking mechanism was designed and calculated as given in 
Table 2.  To minimize impact-induced tree damage, one method is 
to reduce the contact area between the shaking rod and the tree 
canopy.  According to the swing angle of the rocker about 30°, the 
inclined angle θ between the shaking rod (MP or NQ) and the 
rocker (MB or NC) was fixed at 150° so that the potential relative 
position of the shaking rod could not exceed the deepest location of 
the tree canopy as shown in Figure 2.     

 

Table 2  Parameters of the linked crank-rocker mechanism 

Components Length/mm Parameters Value 

OA 114 L 762 mm 

AC & AB 400 h 244 mm 

NC & MB 525 α 30.51° 

OM 452 β 23.48° 

MP & NQ 1100 θ 150° 
 

2.3  Simulation analysis of the shaking mechanism 
A 3D model of the shaking mechanism was created in 

SolidWorks® (Dassault Systèmes SolidWorks Corp., Waltham, MA, 
USA) according to the designed principal parameters listed in 
Table 2.  The 3D model consisting of sprocket wheel, flywheel, 
connecting rods, rocking bars, drums and shaking rods, was 
imported in the ‘ViewFlex’ module of MSC Adams 2013 (MSC 
Software Corporation, Newport Beach, CA, USA) for dynamic 
simulation analysis as shown in Figure 3.  The sprocket wheel 
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was set up with a rotational joint motion at the actuating speed of 
120 (°)/s to drive the linked crank-rocker mechanism.  To increase 
the simulating speed in Adams, the model of the shaking 
mechanism was simplified by removing some accessory parts with 
little mass such as bolts, bearings, and hinge pins.  After the 
pre-processing of the constraint, motion and material property, the 
simulation was conducted with 10 s duration and 100 steps.  
Finally, the angular velocity and acceleration along with the 
direction of the shaking rod vibration were analysed and plotted in 
the Postprocessor of the ADAMS Software. 

 
Figure 3  Simulation model of the shaking mechanism in ADAMS 
 

2.4  Prototyping of the two-section canopy shaking system 
2.4.1  Prototype fabrication of the shaking system 

Before fabricating the canopy shaker, a virtual prototype of the 
shaking system was built in SolidWorks according to the principal 
design parameters (Figure 4a).  After interference checking and 
dynamic simulation of the shaking mechanism in the SolidWorks 

environment, a shaking system that could perform continuous 
canopy shaking was designed and manufactured in the engineering 
workshop of the Citrus Research & Education Center (CREC) of 
University of Florida in Lake Alfred, Florida (Figure 4b).  Based 
on previous studies on sectionalized vibration, this canopy shaker 
had a top and a bottom shaking system which could be operated 
separately.  To provide the requisite functions of frequency 
adjustment and positioning operation, the shaking system consisted 
of the following eight main components: (1) a flywheel; (2) a 
hydraulic motor with a displacement of 80 cm3 per rotation 
(Char-Lynn 158-2010-001, Eaton Hydraulics Group, Eden Prairie, 
MN, USA); (3) a hydraulic cylinder with a stroke of 812.8 mm; (4) 
an operating handle; (5) a hydraulic flow control valve (Sun 
Hydraulics Corporation, Sarasota, FL, USA); (6) a support frame; 
(7) Carrying rollers and guide rollers; (8) several shaking rods.  
2.4.2  Main technical parameters of the canopy shaker 

The whole shaking system was mounted on the head of a    
74 kW standard OXBO 3200 pick-up machine (model 4045TF270, 
John Deere Power Systems, Waterloo, IA, USA) as graphically 
represented in Figure 5.  The actual height of the top and bottom 
shaking system were 1.15 m and 0.67 m, respectively, close to the 
relative top and bottom canopy height.  A type of bow-shaped 
flexible shaking rod (material: Polyamide Nylon 12 (PA)) was 
employed in this study with a length of 914.4 mm and a diameter 
of 25.4 mm for the canopy shaking[36].  The maximum depth of 
the shaking rod inserting in the tree canopy reached to 1.1 m when 
the shaking rod was moving to the extreme position.  The total 
dimension of the shaking head is the length of 1.98 m, the width of 
3 m and the height of 2.54 m.  In addition, this machine provides a 
slow speed (<7 km/h) for mechanical harvesting and a high speed 
from 7 km/h to 15 km/h for road driving. 

 

  
a. Schematic diagram of the shaking mechanism b. Fabricated prototype of the two-section canopy shaking system 

 

1. Vehicle frame  2. Top shaking system  3. Bottom shaking system  4. Shaking rod  5. Rotating plate  6. Universal wheel  7. Carrying roller  8. Body frame  9. Hydraulic 
cylinder  10. Upper guide roller  11. Protection grid  12. Side guide roller  13. Hydraulic motor  14. Rocker  15. Adjustable connecting rod  16. Chain  17. Flywheel 

Figure 4  Prototype fabrication of the shaking system 
 

 
Figure 5  Actual dimensions of the fabricated prototype 

2.4.3  Working principle of the shaking system operation 
The rotational motion of the flywheel as a crank was driven by 

a hydraulic motor through chain transmission with an adjustable 
rotation speed.  The reciprocating motion of the shaking rods was 
actuated by the rocking bar of the crank-rocker mechanism through 
an adjustable connecting rod.  The shaking rod could be inserted 
into the tree canopy when the whole shaking system was pushed 
out by a hydraulic cylinder.  Then, the shaking rods with a certain 
frequency range stroke one side of the tree canopy to remove fruits 
along with the canopy shaker moving forward.  The frequency 
could be easily adjusted by controlling the speed of the hydraulic 
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motor through a flow control valve.  The motion amplitude could 
also be changed by utilizing the adjustable connecting rod.  
Finally, the total shaking systems along with the tractor could 
continuously strike the tree canopy side by side for fruits 
harvesting.    

3  Performance evaluation of the canopy shaker 

3.1  Field trial preparation 
The variety of the citrus trees used in this field tests was 

‘Valencia’ orange.  To note, ‘Valencia’ is a late-season variety 
that bears both mature fruits and immature fruitlets during the 
entire harvesting season.  Mechanical harvesting could result in a 
significant reduction in the following year’s yield because the 
inertial force may simultaneously detach the mature fruits and the 
immature fruitlets[37].  Therefore, in order to diminish the yield 
loss of the subsequent year, the harvesting date is very important 
for citrus harvesting. Roka et al.[9] recommended that the harvest 
period should occur before the time when the diameter of the 
emerging fruitlets was less than 25.4 mm, which is typically by 
early May.  For this reason, all field trials were carried out in 
March and April during 2017 harvesting season.  Before 
harvesting, all the trashes under the tree canopies were swept by 
raking to reduce uncorrelated error in measuring the fruit removal 
and tree damage level. 
3.2  Vibration performance of the shaking system 

Frequency and amplitude of the shaking system are the main 
parameters that need to be considered in mechanical harvesting of 
fruit[41].  In this study, the flywheel actuated by hydraulic motor 
was operated through chain transmission using seven rotational 
speeds corresponding with seven frequencies, as shown in Table 3.  
Actually, the rotational speeds are average values because of the 
fluctuant but not constant rotational speed displayed by a 
developed speed monitoring system, which was calibrated by a 
Digital Hand-Tachometer (CDT-2000HD, Electromatic Equipment 
Co., Cedarhurst, NY, USA) with accuracy of 0.02% and a 
resolution of 0.01 r/min.  The vibration performance tests of the 
shaking system under different hydraulic motor speeds were 
conducted using a data acquisition system with multi-channel 
accelerometer and data logger.   

 

Table 3  Parameters of the hydraulic motor operation 

Items Values 

Hydraulic motor 
speed/r·min-1 60 80 100 120 140 160 180 

Frequency/Hz 1.0 1.3 1.7 2.0 2.3 2.7 3.0 
 

In order to measure the acceleration variation of the shaking 
system accurately, ten triple-axis accelerometers were separately 
attached to the end of ten shaking rods as shown in Figure 6.  
Then, the acceleration data was processed to acquire the frequency 
and amplitude variation through analysing the algorithm in 
MATLAB environment (R2010b, Version 7.11.0.584, Natick, MA, 
USA).  The algorithm was developed for processing data, 
including resultant acceleration calculation, acceleration peak 
counting, data points, frequency counter, fitting and statistical data 
analysis expounded by Pu et al.[36].  Finally, the mean values and 
standard deviations (SD) of the frequency and acceleration 
amplitude were obtained by statistical analysis.  The motion 
frequency of the shaking rod was defined as an inherent frequency 
depending on the certain hydraulic motor speed.  The shaking 
displacement was mainly determined by the designed structure, but 
it was also affected by the elastic deformation of the flexible 

shaking rod[36], which was difficult to accurately measure in this 
study. 

 

 
Figure 6  Acceleration test of the shaking rod 

 

3.3  Fruit removal efficiency and tree damage assessment 
Based on the purpose of this study, the harvesting performance 

of the new designed canopy shaker was evaluated mainly on fruit 
detachment efficiency and tree damage assessment through field 
trials (Figure 7).  In this study, the hydraulic motor speed, which 
produces the variable shaking frequency, is the main factor that 
could affect the fruit removal efficiency and tree damage. 

 

 
Figure 7  Field harvesting tests of the prototype 

 

Five sets of field tests were conducted on five rows under 
different shaking frequencies.  The initial motor rotating speed 
was set at 100 r/min, 120 r/min, 140 r/min, 160 r/min, and     
180 r/min (i.e., 1.7 Hz, 2.0 Hz, 2.3 Hz, 2.7 Hz, 3.0 Hz) based on the 
vibration performance test of the shaking system.  In this field 
trial, both sides of the selected 15 twelve-year-old trees in each row 
were harvested continuously.  With one tree as a sample, each test 
contained 15 samples for the harvesting test under one hydraulic 
motor speed, namely a certain shaking frequency.  After the end 
of each canopy shaking operation on the two sides of each row, the 
amount of detached oranges and dropped debris excluding the loss 
of dry or withered branches were collected and weighed for each 
tree.  Also, all the fruits that had not been detached on the tree 
were manually picked and weighed.  The fruit removal percentage 
(FRP) was calculated by the following methodology (Equation (4)) 
reported by previous studies[36,38].  The tree damage rate (TDR) 
during the mechanical harvesting process was defined as the 
percentage of the collected fresh debris including the leaves, 
branches and limbs based on the total weight of dropped oranges 
and debris[36], as given by Equation (5): 
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100%do

do uo

MFRP
M M

= ×
+

              (4) 

100%dd

dd do

MTDR
M M

= ×
+

              (5) 

where, FRP is the fruit removal percentage, %; TDR is the 
proportion of debris load, %; Mdo is the mass of the detached 
oranges, kg; Muo is the mass of the un-detached oranges on the tree, 
kg; Mdd is the mass of the dropped debris, kg. 

On the other hand, shaking duration also has significant 
influence on the fruit removal efficiency and tree damage[40,41].  In 
this study, the duration of the continuous canopy shaking for each 
tree was determined by the driving speed and the tree canopy size, 
which was calculated using the following equation: 

T
s

G

DT
v

=                     (6) 

where, Ts is the shaking duration, s; vG is the driving speed, m/s; DT 
is the largest diameter of the tree canopy as shown in Figure 1b, m. 

The total 15 groups of field tests were carried out under five 
shaking frequencies with three approximate driving speeds: 1 km/h, 
3 km/h and 5 km/h, respectively.  Different driving speeds mean 
different shaking durations.  Table 1 showed that the mean values 
of the tree canopy diameter was 2.94 m, measured in section 2.1.  

Accordingly, the shaking durations were 10.6 s, 3.5 s, and 2.1 s, 
respectively. 
3.4  Shaking rod layout investigation 

In addition to assessing the shaking frequency and duration, 
the shaking rod layout was also considered and investigated to 
obtain the optimal structure of the shaking system for a lower tree 
damage to the tree canopy.  When the shaking system strikes the 
tree canopy, shaking rods produce a random vibration in the 
branches and detach fruits from the tree.  The amount and 
distribution of the shaking rods could directly affect the vibration 
effectiveness.  Figure 8 shows two types of shaking rod 
distribution in a staggered layout with 330 mm offset and parallel 
layout with 165 mm offset between the two shaking rods in the 
vertical direction.  Another consideration was that investigating 
the performance of the shaking system with only one shaking rod 
has no significance for shaking the whole tree.  Therefore, field 
tests were conducted using several shaking rods on two rows under 
these two rod distribution layouts, respectively.  In this field trial, 
15 twelve-year-old trees in each row were selected to be harvested 
continuously.  The harvesting tests were carried out with the 
hydraulic motor speed of 160 r/min (i.e., 2.7 Hz) under the driving 
speed of 3 km/h.  The tree damage rate and fruit removal 
efficiency were investigated by the same methodology in Section 
3.3 and calculated using Equations (4) and (5). 

a. 9 & 9 parallel layout b. 4 & 5 staggered layout 
 

Note: 9 & 9 parallel layout means the shaking system used nine front and nine rear shaking rods; 4 & 5 staggered layout means the shaking system used five front 
shaking rods and four rear shaking rods. 

Figure 8  Schematic diagrams of the shaking rod distribution 
 

3.5  Combined shaking frequencies of the top and bottom 
shaking systems 

The above performance investigations were conducted using 
the top and bottom shaking system with the same frequency.  One 
of the main goals of this study was to evaluate the novel 
two-section canopy shaking system which can operate independently 
at variable frequencies.  Therefore, studying the combination of 
the top and bottom shaking systems under different shaking 
frequencies is very important for evaluating the performance of the 
designed two-section canopy shaker.  In order to investigate the 
optimal combined frequencies of the top and bottom shaking 
system, seven groups of the combined shaking frequencies were 
determined as shown in Table 4.  The field tests were conducted 
using the developed prototype with the staggered shaking rod 
distribution under a tractor speed of 3 km/h.  It should be pointed 
out that the same combined shaking frequencies (i.e., 4.1 Hz & 4.1 

Hz, 4.7 Hz & 4.7 Hz and 6.8 Hz & 6.8 Hz) were investigated in 
Section 3.3.  Therefore, the other four groups of different 
combined shaking frequencies were carried out in this field tests.  
The canopy shaker using each combined shaking frequency 
harvested 15 trees in each row continuously.  Fruit removal 
percentage and tree damage rate as two evaluation criteria were 
used to determine the optimal frequency combination of the top and 
bottom shaking system, which were calculated using the same 
methodology as in Section 3.3, as given by Equations (4) and (5). 

 

Table 4  Combination of the shaking frequencies 
Items Values 

Shaking frequency/Hz 4.1 4.7 6.8 

4.1&4.1 4.7&4.1 - 

4.1&4.7 4.7&4.7 6.8&4.7 Combined frequencies/Hz

- 4.7&6.8 6.8&6.8 
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4  Results and discussion 

4.1  Variable vibration of the shaking mechanism through 
kinematic simulation 

Figure 9 shows that the linked crank-rocker mechanism with 
front and rear shaking rods can produce variable angular 
acceleration and velocity under a constant actuating speed of   
120 r/min.  Simulation results indicate that the front and rear 
shaking rods induce a differential motion periodically with 
different vibrating speeds along with the rotating of flywheel.  
Figure 9a shows that there are two maximum values of the angular 
acceleration with opposite direction during each period for both 
shaking rods.  Thus, each shaking rod would strike the tree 
canopy two times with higher force during each period based on 
Newton’s Second Law of Motion[42] as a vector Equation (7).  
Therefore, the linked crank-rocker mechanism with front and rear 
shaking rods would forcefully shake the tree canopy four times 
during each period.  In Figure 9b, it is observed that the angular 
velocity of the shaking rod has one sharp and slow change during 

each period, which indicates that the shaking rod could produce a 
greater speed change in a shorter time period during the return 
stroke.  It also reflects the quick-return characteristics of the 
crank-rocker mechanism.  According to the Theorem of 
Momentum[43] as a vector Equation (8), each shaking rod could 
produce a greater impact force on the tree canopy during the return 
stroke period. 

m=F a                    (7) 
Δt m=F v                   (8) 

where, F  is resultant force of the shaking rod striking the tree 
canopy, N; a  is resultant angular acceleration of the shaking rod, 
rad/s2; Δv  is the angular velocity variation during the time of t, 
rad/s.  

The above simulation results showed that the tree canopy 
would be forcefully vibrated by the front and rear shaking rods 
during each vibration period.  Therefore, it indicated that this 
designed canopy shaking mechanism could effectively make 
forceful vibrations on the tree canopy.  

 
a. Angular acceleration of the front and rear shaking rods 

 
b. Velocity variation of the front and rear shaking rods 

Figure 9  Kinematic simulation results of the shaking mechanism 
 

4.2  Performance test of the shaking system 
Performance test of the shaking system was conducted before 

field trial.  Shaking frequency and acceleration amplitude were 

obtained by analyzing the acceleration data through the 
computational algorithm in MATLAB environment.  The results 
of the performance test were summarized in Table 5.  

 

Table 5  Performance parameters of the shaking system 

Hydraulic motor speed/r·min-1 
Parameters 

60 80 100 120 140 160 180 

Motion frequency/Hz 1.0 1.3 1.7 2.0 2.3 2.7 3.0 

Maximum frequency/Hz 3.3 3.7 4.1 4.9 5.8 6.2 8.8 

Minimum frequency/Hz 1.1 1.6 1.5 1.8 1.9 1.9 2.1 

Shaking frequency/Hz 2.5±0.3 2.9±0.4 3.3±0.3 3.6±0.3 4.1±0.4 4.7±0.4 6.8±0.3 

Acceleration amplitude/m·s-2 21.9±0.9 22.5±0.8 24.2±2.2 25.7±2.4 26.9±2.7 28.6±2.8 33.6±1.1 
 

It can be observed that the shaking frequency and acceleration 
amplitude with mean and SD values rose at different rates along 
with the linear increase of motion frequency.  The test results 

showed that the designed shaking system produced adjustable 
frequency from 2.5 Hz to 6.8 Hz under a series of operated 
hydraulic motor speeds.  Besides, each operated hydraulic motor 
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speed produced a variable frequency range, which was different 
from the existing canopy shakers striking the entire tree canopy at a 
fixed frequency[10,24,27].  It is clear that shaking frequency and 
acceleration amplitude increased significantly when the rotation 
speed increased from 160 r/min to 180 r/min.  This result indicates 
that the higher motion frequency can produce stronger vibration 
with higher shaking acceleration, which is similar to previous 
reports[12,21,22].  In addition, it can be seen that this designed 
shaking system allows for frequency to vary under different 
hydraulic motor speeds.  Compared to the motion frequency, the 
variation of the shaking frequency was most likely caused by the 
elastic deformation of the flexible shaking rod.  The shaking rod 
deformation characteristics are not within the scope of this study, 
but its shaking response could potentially relate to the variable 
frequency and amplitude[36].  Due to ineffective shaking for fruits 
harvesting under a low shaking frequency, which has been 
observed by Ortiz and Torregrosa[41], all of the subsequent field 
trials for harvesting efficiency and tree damage assessment were 
performed with the shaking frequency range from 3.3 Hz to 6.8 Hz, 
which has been recommended for canopy shakers[45].   

4.3  Fruit removal and tree damage evaluation 
4.3.1  Effects of shaking frequency on fruit removal percentage 
and tree damage rate 

In this study, tractor driving speed and shaking frequency of 
the shaking system are the two primary factors that can be directly 
related to fruit harvesting and tree damage.  Figure 10 shows the 
mean and SD values of the fruit removal percentage and tree 
damage rate under different shaking frequencies and driving speeds.  
For all of the fruit removal percentages, the mean values under 
three different driving speeds had similar trends that higher shaking 
frequencies could remove more fruits, which agree with previous 
studies reported by Hong et al.[27] and Castro-Garcia et al.[44], but 
the fruit removal percentage changed slightly when the shaking 
frequency reached 4.7 Hz.  Additionally, it was observed that the 
fruit removal percentage at lower driving speed could be higher, 
which is similar to the results of previous studies that reasonable 
shaking duration produces more fruit removal[40,41,45,46].  
Shamshiri et al.[39] also pointed out that the reduction of driving 
speed has a negative effect on the efficiency of the harvester and 
may make uneconomical mechanical harvesting. 

 
a. Fruit removal percentage  b. Tree damage rate 

 

Figure 10  Mean and SD values of fruit removal percentage and tree damage rate under different driving speeds and shaking frequencies 
 

Besides, the tree damage rate also increased when the shaking 
frequency was raised, but the highest shaking frequency of 6.8 Hz 
only marginally detached more fruit compared to the shaking 
frequency of 4.7 Hz.  Conversely, all of the tree damage rates 
under the three driving speeds increased rapidly when the shaking 
frequency reached 4.7 Hz.  In addition, the tree damage rate under 
the driving speed of 5 km/h was lower than that of other two 
driving speeds, which indicates that shorter shaking duration can 
produce less tree damage.  Namely, slow driving speeds cause 
lengthy shaking durations beyond the optimal value but cannot 
significantly increase the fruit removal percentage while producing 
more serious tree damage, which is in accordance with the previous 
reports[38,46].   

Specifically, the shaking system operated with a shaking 
frequency of 6.8 Hz and a tractor speed of 1 km/h caused more tree 
damage of almost 16% with large standard deviations, even though 
a relative high fruit removal percentage can be obtained, i.e. up to 
90%.  In addition, the tree damage rate was similar around 3% 
under the lower shaking frequency between 3.3 Hz and 4.1 Hz, but 
a lower fruit removal percentage was also obtained.  Combining 
the advantages and weaknesses of both fruit removal percentage 
and tree damage rate, there was a compromising solution, i.e. 
operating with a shaking frequency of 4.7 Hz at a driving speed of 
3 km/h which obtained a fruit removal percentage of 82.6% and a 
tree damage rate of 5.4%.  

Overall, a canopy shaking system can obtain a harvesting rate 
15 times higher than manual harvesting[13].  Compared with the 
existing continuous canopy shaker with a maximum harvesting 

efficiency of 400 trees per hour which has been reported by Roka et 
al.[9], this developed canopy shaker achieved a similar or higher 
harvesting efficiency between 360 and 500 trees per hour under an 
approximate driving speed of 3 km/h.  However, the fruit removal 
percentage of 82.6% is still lower compared to the feasible 
mechanical harvesting with high fruit removal percentage (> 85%) 
which has been recommended by Castro-Garcia et al.[44]  A 
probable reason is that the fruits were difficult to be detached in the 
central area where the shaking rods could not reach.  Therefore, 
using longer shaking rods and optimized structural parameters 
could be the potential solution in future works to obtain a higher 
fruit removal percentage.  On the other hand, Spann and 
Danyluk[23] investigated the debris load based on the total sample 
weight employing two canopy shaking systems (Oxbo 3210 and 
Oxbo 3220) for citrus harvesting, found that the proportion of 
debris load was up to 12% and 9%, respectively.  The comparison 
indicates that this novel canopy shaker is feasible and effective to 
reduce tree damage for mehcanical citrus harvesting. 
4.3.2  Effects of shaking rod layout on fruit removal percentage 
and tree damage rate 

The shaking rod distribution determines the gap distance 
between the adjacent shaking rods which can directly affect the 
passing ability through the tree canopy.  Comparatively, this 
capacity of the shaking system could influence the fruit removal 
percentage and tree damage rate.  In this study, the 4 & 5 
staggered layout and 9 & 9 parallel layout were defined as the two 
types of shaking rod distributions.  Harvesting operations with a 
driving speed of 3 km/h and a shaking frequency of 4.7 Hz were 
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carried out to evaluate the performance of the two shaking rod 
layouts.  A summary of the fruit removal percentage and tree 
damage rate estimated from the field test data is reported in Table 6.  
It is clear that the two types of shaking rod distributions obtained a 
similar fruit removal percentage of 82.6% and 83.5%, respectively, 
but the 9 & 9 parallel layout caused a much higher tree damage rate 
up to 7.5%.  By contrast, the 4 & 5 staggered layout was more 
reasonable to reduce tree damage and maintain a higher harvesting 
efficiency.  A probable reason is that the flexible shaking rod 
configured in a staggered distribution has a better passing ability.  
The results demonstrated that the staggered distribution of the 
shaking rod could effectively adapt to the random spatial 
distribution of the whole tree canopy and relieve tree damage. 

 

Table 6  Fruit removal percentage and tree damage rate 
under different shaking rod layout 

4 & 5 staggered layout 9 & 9 parallel layout
Parameters 

Mean values and SD Mean values and SD

Fruit removal percentage/% 82.6±3.8 83.5±2.2 

Tree damage rate/% 5.4±1.4 7.5±0.7 
 

4.3.3  Effects of the combined shaking frequency on fruit removal 
percentage and tree damage rate 

Fruit removal percentage and tree damage rate are the two 
most important indicators by which to evaluate the performance of 
the canopy shaker during mechanical harvesting.  Table 7 
represents the mean and SD values of the fruit removal percentage 

and its corresponding tree damage rate calculated from field test 
data under seven groups of combined operating shaking frequencies.  
It can be observed that the fruit removal percentage is similar 
around 81.8% and 82.5% when the combined shaking frequency is 
4.1 Hz & 4.7 Hz and 4.7 Hz &4.1 Hz of the top and bottom shaking 
system, respectively.  Comparatively, tree damage would be 
affected more intensively under different combined shaking 
frequencies.  It was also found that the fruit removal percentage 
increased slightly while producing a rapid growth in tree damage 
when the shaking frequency was increased from 4.7 Hz to 6.8 Hz.  
In particular, the shaking frequency combination of 4.7 Hz &   
4.1 Hz can obtain a low tree damage rate of 3.9% and a relative 
high fruit removal percentage of 82.5%.  Similarly, the shaking 
frequency combination of 6.8 Hz & 4.7 Hz can produce a relatively 
low tree damage rate of 7.6% and also obtain a comparative high 
fruit removal percentage of 84.9%.  Besides, the coefficient of 
variation of both fruit removal percentage and tree damage rate is 
minimal when the combined shaking frequency is 4.7 Hz & 4.1 Hz.  
It means that the fruit removal percentage and tree damage are 
more homogeneous under this combined shaking frequency.  By 
contrast, the tree damage was significantly reduced when the 
shaking frequency of the top shaking system was higher than that 
of bottom shaking system.  The results indicate that the top and 
bottom shaking system, with higher and lower shaking frequency 
combination, can result in less tree damage while maintaining a 
relatively higher fruit removal percentage.  

 

Table 7  Fruit removal percentage and tree damage rate under different combined frequencies  

Fruit removal percentage/% Tree damage rate/% Group  
number 

Combined  
frequency/Hz Mean value Standard deviation Coefficient of variation Mean value Standard deviation Coefficient of variation

1 4.1 & 4.1 75.0c 4.3 0.06 2.8d 1.2 0.45 

2 4.1 & 4.7 81.8b 2.8 0.03 5.3c 1.3 0.25 

3 4.7 & 4.1 82.5b 2.9 0.03 3.9d 0.6 0.14 

4 4.7 & 4.7 82.6b 3.8 0.05 5.4c 1.4 0.26 

5 4.7 & 6.8 84.4a 4.0 0.05 8.5a 2.3 0.27 

6 6.8 & 4.7 84.9a 4.7 0.05 7.6b 1.9 0.24 

7 6.8 & 6.8 85.7a 5.1 0.06 9.0a 4.0 0.45 

Note：Different letters for fruit removal percentage and tree damage rate indicate significant differences under different frequency combinations (p<0.05). 
 

In conclusion, the combined shaking frequency of 4.7 Hz & 
4.1 Hz of the top and bottom shaking system within a frequency 
range from 1.9 Hz to 6.2 Hz listed in Table 5 would be the optimal 
operating parameters for the citrus canopy shaker.  This frequency 
range agrees with the conclusions which have been reported by 
Savary et al.[21] and Castro-Garcia et al.[37,47].  It also indicated that 
the two-section canopy shaker with an optimal frequency 
combination could be adaptable to the top and bottom zone of the 
tree canopy, to obtain less tree damage and an acceptable fruit 
removal percentage. 

5  Conclusions 

In this study, a two-section canopy shaking system based on a 
linked crank-rocker mechanism with top and bottom shaking units 
was designed and developed.  Each shaking unit has front and rear 
shaking rods configured in a staggered distribution.  The 
reciprocating motion of the shaking rod based on the vibration 
mechanism was simulated and analyzed.  The shaking frequency 
and acceleration of the shaking rod can be easily adjusted by 
controlling the speed of the hydraulic motor through a flow control 
valve.  The performance of the canopy shaking system concerning 

fruit removal percentage and tree damage level was conducted by 
field trials under different conditions, including combined shaking 
frequencies, shaking duration, shaking rod layout and so on.  
From the results of the actual harvesting test in the field, the major 
achievements of this research can be summarized as follows: 

1) The linked crank-rocker mechanism with quick-return 
characteristics and differential property produced variable 
frequency from 3.3 Hz to 6.8 Hz, which could effectively striking 
the tree canopy with reciprocating motion. 

2) In the test performed with the shaking frequency of 4.7 Hz, 
there is a compromise solution operated at the driving speed of    
3 km/h which had an acceptable fruit removal percentage of 82.6% 
and a lower tree damage rate of 5.4%. 

3) Staggered distribution with larger intervals of the shaking 
rods could effectively adapt to the irregular spatial distribution of 
the whole tree canopy for reducing tree damage. 

4) In the case of the shaking frequency combination of the 
two-section canopy shaking system, the top and bottom section 
with higher and lower shaking frequencies respectively can result 
in less tree damage while maintaining a relative high fruit removal 
percentage. 
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This novel two-section canopy shaker with variable frequency 
is feasible and adaptable to reduce tree damage and increase fruit 
removal for mehcanical citrus harvesting, but it also has some 
limitations, such as limited vibration area and comparatively lower 
fruit removal percentage (<85%).  Therefore, the shaking 
mechanism structure and operating parameters should be optimized 
in future work to obtain a higher fruit removal percentage, create 
less tree damage, and also adapt to the potential use of bigger 
harvesters.  Furthermore, this canopy shaking system can be 
equipped with a fruit catching frame and conveying components to 
collect and transport the detached fruits continuously. 
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