OPTIMIZATION OF A CITRUS CANOPY SHAKER
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ABSTRACT. Mechanization of fruit and nut harvesting is becoming increasingly important because of a significant rise in
the cost of manual harvesting. This work proposes a progressive analytical approach for the design and optimization of a
citrus canopy shaker harvesting machine. The approach was formulated using finite element (FE) methods to find the opti-
mum design parameters of the machine. The design parameters were defined in terms of a configuration (or stiffness) of
shaking rods and two operating parameters: shaking frequency and shaking amplitude. The formulated methodology con-
sists of determining the properties of wood, statistical modeling of the tree limbs, developing mechanistic models, and per-
forming optimization using FE simulations. The proposed methodology employs the response surface methodology or sur-
rogate models to quantify the objective functions, and Pareto-optimal search techniques to find the optimum designs. Three
sets of machine parameters were proposed in this study to minimize tree damage and maximize fruit removal. These optimal
parameters were proposed based on the configuration and distribution of limbs and fruits in a medium-size citrus tree. The
optimized tine configuration of the middle and bottom section of the canopy shaker consists of a solid rod made of polyamide
reinforced with 50% long glass fibers and a hollow tube made of hardened steel in a 3.1 ratio by length. These tines, when
vibrating at a high frequency of 7.8 Hz and low amplitude of 3.81 to 5.08 cm (1.5 to 2 in.) and a low frequency of 3 to 3.5 Hz
and high amplitude of 13.9 to 15.2 cm (5.5 to 6 in.), provide a 25% to 30% reduction in damage to the tree limbs in the
bottom and middle zones of the tree. Similarly, changes to the top sections of the canopy shaker with another set of optimized
tine configurations resulted in a 40% to 45% reduction in the damage to the limbs of the top section of the tree canopy. The
optimized tine configuration, thus proposed for the top section of the canopy shaker, is made of a solid rod of polyamide
reinforced with 60% long glass fibers and vibrates at a frequency of 6.5 to 7.5 Hz with an amplitude of 7.6 to 8.9 cm (3 to

3.5 in.).
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echanical harvesting equipment is becoming

increasingly important in the fruit and nut in-

dustries due to the rising cost of production

and lack of manual labor. The timely adapta-

tion of technological advancements and innovation in me-

chanical harvesting is of utmost importance to the fruit and

nut industries to ensure their sustainability. Most of the ear-

lier work in designing mechanical harvesters for fruit crops

was based on field trials and experimentation, which is tedi-

ous, time-consuming, and expensive. A procedure that is

based on computer-assisted numerical methods could poten-

tially increase the performance of a harvester and reduce the
overall expense of the design.

The Florida citrus industry is a $9 billion industry, and

citrus production encompasses an area of 2,151 km?
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(531,493 acres) in the state of Florida (FASS, 2013). The
type of mechanical harvesting system currently used in Flor-
ida is the continuous canopy shaker. Even though the current
design of canopy shakers has high harvesting efficiency
(96% to 99%), growers are reluctant to use these machines
due to their concern about significant damage to the main
scaffold branches of the citrus trees, which can potentially
affect the next year’s yield. Therefore, to increase the use of
mechanical harvesting for citrus crops, the problem of struc-
tural damage to the tree must be addressed by either modify-
ing the existing design or by developing altogether a new
design. This study proposes a methodology to modify the
existing design using optimization techniques. Since the
canopy shaker has to be optimized for the two conflicting
objectives, i.e., to minimize tree damage and maximize the
fruit removal, a multi-objective design approach has been
employed. The most widely accepted procedure to solve
multi-objective problems is the Pareto-optimal solution
search technique (Pareto, 1906).

The Pareto-optimal solution guarantees that moving from
the optimal solution, no improvement can be achieved in any
of the objective functions without worsening others (Deb,
2001). The Pareto technique requires a significantly high
number of function evaluations to solve a multi-objective
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optimization problem. Thus, a computationally efficient
strategy should be employed in the optimization of such
problems. One of the most effective approaches to minimize
the cost of optimization in recent years is founded on re-
sponse surface methodology (RSM) (Myers and Montgom-
ery, 2002). RSM approximates the real objective functions
using a design of experiments (DOE) model. The intent of
the DOE is to characterize the system response using a min-
imum number of actual analysis runs. When the DOE is
complete, the response surface functions are fit to the analy-
sis data and serve as a surrogate model. The optimization al-
gorithm then samples the surrogate model to search for the
optimal design. As a result, the optimization runs quickly be-
cause it is sampling the surrogate model instead of solving
each point deterministically.

The following steps should be developed in order to im-
plement a multi-objective approach using RSM:

e Identify and quantify the objective functions.

e Define design variables.

e Model a proper DOE.

e Define and verify the finite element (FE) or numerical

method.

e Evaluate objective functions in the DOE using the FE

method.

e Construct RSM (also called surrogate models or meta-

models).

e Formulate multi-objective optimization to determine

the Pareto-optimal solutions.

The most significant part in the design optimization of the
canopy shaker is to identify and properly quantify the objec-
tive functions. Many methods are suggested in the literature;
however, this study employs a mechanistic model to quan-
tify the objective functions. Veletsos and Newmark (1960)
applied these concepts to formulate a damage index in terms
of the ductility ratio, defined as the ratio of the maximum
deformation to the yield deformation. Lybas and Sozen
(1977) proposed a similar model to estimate the damage po-
tential in structures using the ratio of the pre-yield stiffness
to the secant stiffness corresponding to the maximum defor-
mation. Park and Ang (1985) proposed a mechanistic model
that evaluates the structural damage in reinforced concrete
structures due to earthquake ground motions. The damage
was expressed as a linear function of the maximum defor-
mation and the effect of repeated cyclic loading. Roufaiel
and Meyer (1987) defined a damage index based on the flex-
ural flexibility, which is the ratio of the rotation to moment
before and after an earthquake and the ultimate flexibility.
Powell and Allahabadi (1988) presented two concepts for
damage assessment: one was based on demand versus capac-
ity, and the other was based on the degradation of structural
properties. The demand versus capacity assessment included
strength, displacement, deformation, and energy dissipation,
whereas the degradation concept used degradation in stiff-
ness, strength, and energy dissipation capacity.

Numerical tools have been successfully employed to au-
tomate the design optimization of aeronautical and automo-
bile structures (Arora, 1995; Baier, 1977; Leitmann, 1977,
Stadler, 1988, 1992; Koski, 1979, 1980; Carmichael, 1980,
Choi and Kim, 2005a, 2005b). With the development of the
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finite FE method, the use of numerical techniques has in-
creased and gained popularity to efficiently solve complex
optimization problems in many fields (Kristensen and Mad-
sen, 1976; Pedersen and Laursen, 1983; Santos and Choi,
1989; Bathe, 1996; Kim, 2009). Many engineering problems
in the area of structural design consist of more than one ob-
jective, thus requiring special numerical techniques to find
the cost-effective solution of the optimization. Marler and
Arora (2004) described the main characteristics, advantages,
and drawbacks of various numerical and random methods
used to solve multi-objective problems. Messac et al. (2003)
provided a review and comparison of several multi-objective
algorithms based on numerical optimization. Das and Den-
nis (1997), Cheng and Li (1998), Das and Dennis (1998),
and Messac and Ismail-Yahaya (2003) have respectively de-
veloped the weighted-sum algorithm, compromise program-
ming, normal boundary intersection method, and normalized
normal constraint method to find optimal designs using
multi-objective optimization.

Computer simulation has been used in the past by Phillips
et al. (1970), Fridley and Yung (1975), and Savary et al.
(2010) to design mechanical harvesters. However, the cur-
rent study presents an economical way to design a harvester
using statistical models of limb prototypes, finite element
methods, and response surface based design optimization. A
progressive design approach has been adopted in this re-
search that involves determining the properties of wood, ac-
cumulating and organizing statistical information for model-
ing tree limbs, quantifying objective functions using mecha-
nistic models, modeling machine-tree interaction, perform-
ing dynamic analysis using finite element analysis (FEA),
and predicting the optimized designs. The mechanical and
physical properties of citrus wood and the modeling and
classification of the limb prototypes into the three different
zones of the tree canopy were discussed in the first part of
this research (Gupta et al., 2015), and the rest of the design
approach is presented in this article.

Increasing the shaking force uniformly to all the parts of
a citrus tree will increase the fruit removal; however, this
will also cause a great amount of tree damage. A citrus tree
canopy has a non-uniform architecture with varying density
of fruits and primary limbs (main scaffold branches), as
shown in figure 1. If a shaker is designed such that it pro-
vides higher shaking force to the tree limbs where it is most
required, that is, in the fruiting region of the canopy, and low

—_— Variation of thick
branches density

D

D

Variation of fruit density

Variable Shaking of Tree Canopy

Figure 1. Pictorial view showing the variation in the fruit density and
thick branches of a citrus tree and how the shaker interacts with the
tree canopy.
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Figure 2. Three machine configurations (tine sets I, II, and III) of the canopy shaker corresponding to three zones of a citrus canopy (top zone,

middle zone, and bottom zone, respectively).

shaking force where the likelihood of breaking the main
scaffold branches is higher, then it would result in a consid-
erable reduction in tree damage without significantly affect-
ing the fruit removal efficiency. The proposed study em-
ployed this idea of variable shaking of the citrus canopy to
improve the performance of the canopy shaker harvester. To
implement the variable shaking, the citrus canopy is divided
into three zones (Gupta et al., 2015). Correspondingly, the
shaking mechanism is divided into three sections (tine sets I,
I, and III), as shown in figure 2. These three sections have
different shaking parameters, such as tine stiffness, fre-
quency, and amplitude of vibration. This research is limited
in that it proposes only three different sets of tines or ma-
chine configurations in order to control the cost of the can-
opy shaker.

MATERIALS AND METHODS

The FE model was developed in Abaqus (ver. 6.10, Das-
sault Systémes Simulia Corp., Providence R.I.) to simulate
the dynamic response of the tree limb prototypes. The FE
model was validated using laboratory test equipment. The
principles of mechanistic models were employed to formu-
late the objective functions for tree damage and fruit removal
efficiency. These two conflicting objective functions re-
quired the formulation of a multi-objective optimization.
The Pareto-optimal technique was used to determine the op-
timal machine/tine configuration of a canopy shaker.

FINITE ELEMENT MODEL

The principal mechanism to detach citrus fruits involves
impacting the tree limbs repeatedly with a vibrating tine, a
rod-like structure attached to the machine. In Oxbo citrus
canopy shakers (models 3220 and 3210, Oxbo International,
Shipshewana, Ind.), the tines are 1.8 m long and mounted on
a wheel-like structure called a hub, as shown in figure 3a.
Each hub is designed to rotate freely on a vertical axis, as
shown in figure 3b. The canopy shaker has 12 hubs of tines,
each having 16 tines. In addition to the vibratory motion of
the tine-hub assembly, the shaker continuously moves in the
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forward direction to accomplish mass harvesting. Mechani-
cal harvesting is a complex phenomenon that involves the
interaction between the machine and tree, as well as interac-
tions among the different parts of the tree, such as fruits,
branches, and leaves. Therefore, some assumptions and gen-
eralizations have to be made to efficiently model and simu-
late the physical phenomena.

The tine, a critical part of a canopy shaker that directly
interacts with trees, is the only machine component modeled
in the FEA. The tine was modeled as a 3D linear elastic two-
node cantilever beam and meshed to 100 finite elements.
Based on information from Florida citrus growers and stud-
ies by Roka et al. (2008), it was noted that the canopy shaker
travels at an average speed of 0.223 m s™! (0.5 mph), and the
hub rotates at an approximate speed of one cycle per minute.
Therefore, in the FEA, the tine is subjected to a forward
speed of 0.223 m s”! and an angular speed of 0.105 rad s™! in
addition to its sinusoidal vibration, as shown in figure 3b.
The analyses were run for 1 s as the tines were found to in-
teract with the tree limbs for about that length of time.

Because of the non-uniformity and randomness of the tree
architecture, instead of analyzing the whole tree, this re-
search used limb prototypes, which are non-physical repre-
sentations of actual tree limbs and are determined statisti-
cally. The statistical derivation of limb prototypes from ac-
tual primary limbs was explained by Gupta et al. (2015).
These limbs were modeled as 3D linear elastic two-node
cantilever beams with tapered circular cross-sections and
meshed to 160 finite elements to appropriately balance the
accuracy and computation time. In this study, main scaffold
branches originating from the trunk of a tree and having a
base diameter greater than 6.35 cm (2.5 in.) are classified as
primary limbs, whereas branches originating from a primary
limb and having a base diameter greater than 2.54 cm (1 in.)
and less than 6.35 cm (2.5 in.) are called secondary branches.
The effects of secondary branches, fruits, and leaves, and
their mutual interactions, should be modeled in order to ac-
curately simulate the physical phenomena. However, such
analysis would be very complex and prohibitively expen-
sive; thus, some assumptions have been made in this study
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Figure 3. (a) Finite element model of a tree limb and tine modeled using beam elements and (b) boundary conditions and how the tine interacts

with the primary limb in the FEA model.

to approximately model them. Secondary branches and fruits
were modeled by aggregating their masses on the primary
limbs, as explained by Gupta et al. (2015). Figure 4 shows
the 50th percentile limb prototype or representative of the
middle zone lumped with the mass of the secondary
branches and fruits.

It was noted that the tine repeatedly strikes the branches
and forces them vibrate freely at their natural frequency.
However, as soon as the distance between the branches and
the tine decreases due to forward motion of the canopy
shaker, the tine starts bending the branches, and may break
them eventually. This physical interaction between tine and
the branches is also modeled in the FEA and defined using
the non-sticky (or rough separation) contact between the
branch and the tine.

The individual interactions of the secondary branches,
twigs, leaves, and fruits with the machine and among them-
selves are not included in the scope of this study. However,

Mass of
secondary
branches

"t

Primary
Tree Limb

Figure 4. Finite element model with secondary branches (brown
squares) and fruits (yellow squares) modeled as lumped masses on a
primary limb.
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their combined effect, which attenuates the dynamic re-
sponse of the limbs, was measured experimentally (Gupta et
al., 2015) and is modeled as Rayleigh damping, as shown in
equation 1:

[Cl=olm]+BlK] (M
where M, K, and C are the mass, stiffness, and damping ma-
trices of a system, respectively; o is mass-proportional
damping; and f is stiffness-proportional damping. It was
noted that the damping ratio of trees is largely viscous and
mostly depends on the mass of the main branches, secondary
branches, and fruits (Moore, 2002). Therefore, mass-propor-
tional damping was used in this study to account for the
overall damping. Based on the parametric studies of the limb
prototypes corresponding to the 50th percentile of each zone,
a value of 87.25 s was set for o, and a low value of 0.0001
s was set for P rather than a null value (Mayer, 1987) to mit-
igate the numerical noise.

In the canopy shaker, the tine vibrates at certain fre-
quency and repeatedly impacts the branch for certain dura-
tion to accomplish harvesting. The number of impacts and
the instantaneous time of the impacts should be calculated in
order to accurately determine the dynamic response of the
limbs. After the first strike, the branch starts vibrating at
higher modes, and thus causes the next impact parameters to
be determined based on the vibration modes of both tine and
branch. The analytical formulation to model this phenome-
non is complex and tedious to solve; thus, an FEA is used to
simulate the non-linear dynamic behavior of a limb under
repeated impacts from a tine.

An isotropic elastic material model is considered for both
the tree limb and the tine. The mechanical and physical prop-
erties of citrus wood were set based on results obtained from
laboratory experiments on green citrus wood samples (Gupta
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Figure 6. Pressure-overclosure relationship to define normal contact
behavior between tine and primary limb during impact.

etal.,2015; Savary et al., 2010). The interaction between the
tree limb and the tine, which results in their dynamic motions
when they come into contact, was defined using Abaqus
tube-to-tube elements (ITT3), as shown in figure 5. Normal
contact behavior is defined using the tabular piecewise-lin-
ear pressure-overclosure relationship to simulate the soft im-
pact condition between the tine and the primary limb, as
shown in figure 6. This condition allows a small amount of
penetration into the branch to resolve the numerical difficul-
ties encountered in the simulation. The tangential behavior
of the contact was modeled by the classical isotropic cou-
lomb friction model with a coefficient of friction of 0.36
(Gupta et al., 2015). The non-linear dynamic response of the
branch was analyzed using an implicit direct integration with
a Hilber-Hughes-Taylor operator (Hilber et al., 1977;
Hughes, 1987) having o4, Bi, and v values of -0.05,
0.275625, and 0.55, respectively. Abaqus direct based on the
Lagrange multiplier and the Abaqus penalty method were
used to enforce the pressure-overclosure constraint and the
frictional constraint, respectively.

VERIFICATION AND VALIDATION
OF FINITE ELEMENT MODEL

The tree limb prototypes used to optimize the canopy
shaker are non-physical limbs and are derived from statisti-
cal data; therefore, it is not possible to experimentally verify
the FE parameters using the limb prototypes. An alternative
method was devised to verify the parameters of the FE model
so as to accurately simulate the physical phenomena in can-
opy shaker harvesting. A small-scale setup that used the
same vibratory mechanism as that of the canopy shaker was
developed. The dynamic responses of tree limbs were meas-
ured in terms of longitudinal normal strain and acceleration
and then compared with the FE simulation.

The laboratory test equipment used a slider crank mecha-
nism and was built in-house, as shown in figure 7. An elec-
tric motor powers the piston of the test equipment to oscillate
the tine with a stroke of 2.54 cm (1 in.). The branch and tine
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were installed to form a cross-shaped assembly. To approx-
imately simulate orchard conditions during canopy shaking,
three values of clearance, i.e., 0.0 cm (0 in.), 1.27 cm
(0.5 in.), and 2.54 cm (1 in.), were set between the tine and
the branch by adjusting the movable clamp in the z-direction,
as shown in figure 8. The section of tine at 17.78 cm (7 in.)
from its free end was set to strike the branch at two locations,
i.e., 50.8 cm (20 in.) and 88.9 cm (35 in.), from the fixed end
of the branch. The experiments were conducted at vibra-
tional frequencies of 2.4, 3.8, 5.1, and 6.5 Hz.

A galvanized metal tube mounted along the y-axis and
having an outer diameter of 1.746 cm (11/16 in.), wall thick-
ness of 0.159 cm (0.0625 in.), length of 71.120 cm (28 in.),
and weight of ~0.318 kg (0.7 1b) was used as the time to im-
pact the branch in the laboratory experiment. A branch spec-
imen that was free of disease, burrs, swelling, and cracks was
cut from a Valencia orange tree growing at the University of
Florida CREC research orchard. The branch specimen was
177.8 cm (70 in.) long with a maximum diameter of
1.667 cm (21/32 in.) at the fixed end, minimum diameter of
1.111 em (7/16 in.) at the tip, and weight of 0.385 kg
(0.85 1b). During the experiment, the branch specimen was
mounted along the positive x-axis, with the larger-diameter
end fixed to the solid frame using an adjustable clamp, as
shown in figure 8.

Acceleration Acquisition

A set of accelerometers (Freescale, 2008), shown in fig-
ure 7, were mounted on the branch specimen at distance of
76.2 cm (30 in.) and 152.4 cm (60 in.) from its fixed end.
Data were acquired using a Compact DAQ system (model
NI 96211, National Instruments Inc., Tex.). A LabView pro-
gram was designed to acquire acceleration data from the ac-
celerometers at a sampling rate of 100 Hz. The acceleration
was computed using equation 2:

Acceleration (a) =

Sensor reading — Sensor reading corresponding to 0 g

2

Sensitivity of the accelerometer

x9.8ms™>
Strain Acquisition

Strain gauges (350 Q, Micro-Measurements, Wendell,
N.C.), shown in figure 9, were installed per ASTM Standard
E1237-93 (ASTM, 2014) on both the top and bottom sur-
faces of the branch near the fixed end to continuously record
tensile and compressive longitudinal strains. The LabView
Virtual Instrument (National Instrument, Austin, Tex.) was
designed to communicate between the strain gauges and the
data acquisition (DAQ) system. Data were acquired at a sam-
pling rate of 1,000 Hz using a quarter bridge strain gauge
module (model NI 9236, National Instruments, Austin,
Tex.). Two different cantilever loads of 0.02 and 0.26 kg
were applied at the end of the branch specimen to theoreti-
cally verify the readings from the strain gauges. The strain
verification test was repeated three times at different inter-
vals during the laboratory test, and results were compared to
ensure the consistency of the installed strain gauges.
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Figure 7. Schematic of laboratory test equipment used to validate the FE model parameters.

Z

Figure 8. Branch specimen fixed to the solid frame with a movable
bracket and clamp. The frame can be adjusted along the x and y axes
with the help of guide rails.

Figure 9. Close-up view of strain gauges installed on top and bottom
surfaces of a branch specimen.

MECHANISTIC MODELS Mechanistic Tree Damage Model

The objective functions for the optimization of the shaker The goal of this study is to minimize the loss or injury of
were formulated mathematically in terms of a mechanistic = main tree limbs or scaffold branches having diameters larger
index. The mechanistic index is a function of one or more than 6.35 cm (2.5 in.). For a citrus tree, damage to these tree
parameters of the objectives, which are structural response  limbs may result in the following:

quantities that can be computed and correlated with the ob- e Damage can potentially reduce next year’s fruit yield
jectives. The indices are defined based on the demand versus (Spann and Danyluk, 2010) because the maximum
the capacity of a system. The FEA outputs were used in the fruit bearing region of a citrus tree is largely supported
formulation of the mechanistic models. by the main scaffold branches (Gupta et al., 2015); if
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these branches break, they require significant time to
grow back again.

e The tree injuries are potential sources of microbial and

fungal infections that may infect whole tree.

During citrus harvesting with a canopy shaker, the pri-
mary limbs are subjected to cyclic bending loads every time
the sinusoidally vibrating tines strike them. The repeated im-
pacts cause cyclic bending stress in the limbs, but these
stresses are not large enough to cause fatigue failure of the
limbs. However, it was noted that the branches entangle be-
tween the tines and bend excessively as soon as the distance
between them decreases because of the forward motion of
the canopy shaker. The limbs first yield due to longitudinal
bending stress, then buckle inward, and finally break by
splitting along the transverse direction, as shown in fig-
ure 10. This failure scenario is simulated in the FEM by sub-
jecting the branches to repeated impacts of tines that are sim-
ultaneously vibrating sinusoidally and moving forward line-
arly. The branches under stress are considered to be structur-
ally damaged or to fail if the dynamic stresses and strains in
the branches exceed the yield strength or modulus of rupture
of the wood.

Consistent with the above failure mode, structural dam-
age of a branch is estimated using a damage index in the nu-
merical model. The damage index is expressed as the ratio
of the maximum response of the limbs (8,/) to the maximum
allowable deformation or strength of the limbs (8y), as de-
scribed in equation 3. Branches are said to fail when DI > 1,
whereas they are elastically deformed when DI < 1:

DI=5—M 3)
dy

The structural damage response of each limb was ex-
pressed in terms of root mean square of the axial stress (S11).
The stress (G) is a vector of the maximum sectional axial
stress (S11) computed at all the critical points in the dam-
aged region for which d > d,uica, as given in equation 4,
where i = 1, 2, 3, and 4, corresponding to the section points
of the beam element. Figure 11 shows a branch limb with the
critical region having a diameter of more than 6.35 cm
(2.5 in.), as defined by a series of dots. The response of the

/r

I

Figure 10. Failure mode of a branch under bending load.
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=1

Figure 11. Finite element model of a tree limb in which red dots indicate
critically damaged region.

individual limb prototypes (8,) is the maximum of a sec-
tional stress (o) for that limb, as given by equation 5. The
damage index of individual limb prototypes is determined by
normalizing the response of the limb by its capacity. The ca-
pacity is taken as the minimum of modulus of rupture (8v)
of wood and maximum response of limb prototypes when
analyzed with the current machine configuration (8s), as
given in equation 6. The damage index of all limb prototypes
in a tree zone was averaged to provide the damage index of
that zone (DI), as given by equation 7, where k=1, 2, 3,...,
p (number of limb prototypes in a zone), and z = 1, 2, and 3,
corresponding to the top, middle, and bottom zones, respec-
tively:

o=max(siy,) )

3, = max(cj) ®)
3,

b= min(SS . SU ) (6)
p

DI, =~ Y|y )
L=

Mechanistic Fruit Detachment Model

The canopy shaker is mainly used to mass harvest citrus
crops for the processing industry, not the fresh market; there-
fore, no qualitative aspect of fruit harvesting is considered in
the current study. The mechanism of fruit detachment has
been investigated analytically and experimentally by Fridley
and Adrian (1966), Wang and Shellenberger (1967), Cooke
and Rand (1969), Diener et al. (1969), Liang et al. (1971),
Parchomchuk and Cooke (1972), Miller and Morrow (1976),
Berlage and Willmorth (1974), Savary (2009), and Savary et
al. (2011). They found that the amount of fruit removed is
highly correlated with acceleration of the fruits. The past
studies have suggested that the ratio F/W (the tensile force
required to detach the fruit divided by the fruit weight) is a
good indicator of the amount of fruit detachment by shaking.
The typical value of this ratio for fruits such as citrus and
prunes varies from 1 to 50 depending on the fruit variety and
size. Savary (2009) measured the force required to detach
Hamlin and Valencia oranges. He concluded that an average
static force of 96.1 N and an average shaking force of 17.1 N

767



are required to remove these fruit varieties. Therefore, a sys-
tem that provides an acceleration of approximately 9 g
would be more likely to detach citrus fruits based on the av-
erage weight of 0.186 kg. However, using this value to de-
fine the maximum capacity of the fruit detachment model
would not be accurate owing to the high variability of fruit
weight. Thus, the maximum possible amount of fruit re-
moval (or capacity) is obtained by analyzing the acceleration
of the fruit bearing region of the limb prototypes when sim-
ulated with the current configuration of the canopy shaker,
which provides 96% to 99% in-field fruit detachment effi-
ciency (Roka et al., 2008). The fruit bearing regions were
defined, and the fruits were modeled as a lumped mass for
each limb prototype in the FE analysis, as shown in fig-
ure 12.

The fruit detachment response (@) in the fruit bearing re-
gion of a limb prototype was computed as the root mean
square of the resultant acceleration, as shown in equation 8.
The fruit detachment response of an individual limb proto-
type (am), as shown in equation 9, was calculated as the mean
of the responses in the fruit bearing region of the limb pro-
totype. The fruit detachment index (FD) of a limb prototype
was obtained by normalizing the fruit detachment response
(am) by the response of the same limb prototype when simu-
lated with the current tine configuration of a canopy shaker
(as), as given in equation 10. The fruit detachment response
of a zone (FDI) was obtained by taking the average of the
fruit detachment indices of all the limb prototypes in a zone,
as given by equation 11, where k=1, 2, 3,..., p is the number
of limb prototypes, and z = 1, 2, 3, corresponding to the top,
middle, and bottom zones, respectively:

arz“(,lax+ay+a212 (8)
1 n
ay =~ a" ©)
j=1
FD=%m (10)
ag
1 P
FDI, =—  |FDy]| (11)

Fruit bearing region

Figure 12. Finite element model of limb showing fruit bearing region.
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MULTI-OBJECTIVE OPTIMIZATION

Fruit detachment and tree damage depend on the amount
of shaking energy transferred to the tree limbs by the har-
vester. The more energy transferred, the more fruits are re-
moved; however, more energy may also result in more tree
damage. Thus, an optimal machine parameter must be found
to minimize the tree damage without compromising the fruit
removal. Theoretically, the shaking energy associated with
sinusoidal vibrating tines is given in equation 12:

E, =%ma)2A2 sin?(of — @) (12)
where m is mass, ® is angular frequency, 4 is amplitude, ¢ is
time, and ¢ is phase angle.

Instead of considering the shaking energy as a variable,
its independent variables (i.e., frequency and amplitude)
were chosen as design variables in the optimization because
they can be independently controlled and physically altered
to obtain the variable shaking energy.

In addition to the operating variables, the structural pa-
rameters of the tine (i.e., geometry and material), which de-
termine how the tine interacts with branches and transmits
the shaking energy from shaker to tree, are also considered
as design variables in the optimization. A two-piece design
of the experimental tine, as shown in figure 13, is proposed
in this study. The design was chosen such that it would be
inexpensive, could be tested using available laboratory
equipment, and would be easy to adopt and implement in an
existing harvester.

The proposed tine consists of the current design (i.e., a
hollow steel pipe that forms the base and is attached to the
hub of the canopy shaker) and an insert in the form of a solid
rod or hollow tube. The stiffness (s), which is a function of
the geometry and material of the insert, and the length of the
insert in percentage (x) were defined as the design variables
in the optimization of the shaker. The formulation for the
optimization of the canopy shaker, developed in the follow-
ing sections, is given in equation 13:

Find s, x, v, a:

Minimize
SeR"(s), xe R"(x), ve R"(v), ae R"(a) (13a)
DI(s,x,v,a)
Insert

Current tine design

Figure 13. Proposed two-piece tine for adaptive shaking of canopy.
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Table 1. Geometry and material configuration of various insert designs.

Dimensions Elastic
T t Modulus,
Geometry Designation (mm) (mm) E (GPa) Material Type
Solid rod P1 18.98 0 3 Polyamide (PA), cast, molding and extrusion or 15% glass fiber reinforced
P2 18.98 0 8 PA, 30% long glass fiber reinforced or 40% glass fiber and mineral fiber reinforced
P3 18.98 0 14 PA, 50% long glass fiber reinforced
P4 18.98 0 20 PA, 60% long glass fiber reinforced or 30% polyacrylonitrile (PAN) carbon fiber
reinforced
P5 18.98 0 28 PA, 50% PAN carbon reinforced
Hollow A6 20.64 1.5 80 Cast or wrought aluminum alloy
pipe A7 20.64 2.0 80 Cast or wrought aluminum alloy
A8 20.64 2.5 80 Cast or wrought aluminum alloy
A9 20.64 3.0 80 Cast or wrought aluminum alloy
Hollow DO 20.64 1.65 210 Drawn over mandrel (DOM) 4130 steel
pipe (current design)
Maximize 100 ’ ; ; : : . . y
0 O Polyamide variants /
n n n n @ i *  Aluminum with cross-sectional variants /]
SeR (S)’ xeR (x)’ veR (V)’ aeR (a) (13b) a a0k i Steel pipe (current design) / i
o ‘J'
FDI(s,x,v,a) ,ii’; ol ya
Subjected to: ' ” 60 T 1
Structural variables: £ sof - .
= -
— @ 401 ~ .
s<s; <5, Vi=1,...,n o ok
S 30t - B
— . & -
x<x; <X, Vj=L..,n, 5 21 /‘@,-/ 1
o e’ .
Operating variables: o P ‘ ‘ , ‘ , , ,
1 2 3 4 5 6 7 8 9 10
v< Vi < \_;’ Vk = 1,' o N, Designs caorresponding to stiffness design variable (s)
— _ Figure 14. Variation of stiffness of multiple insert designs, normalized
a < a4 sa, Vi= L...n a with respect to stiffness of the current tine design.

Design of Experiments (or Design Domain)

The design of experiments (DOE) to predict optimal
configurations of the machine was based on findings from
past research and field experiments and included the fol-
lowing design variables:

Stiffness: The flexural stiffness of the insert (s) is a
function of the geometry and material of the insert. The
different designs of the insert were chosen based on market
availability and the findings of the field tests performed by
Oxbo International and Florida citrus growers. Different var-
iants of polyamide (also called nylon) with the same cross-
section (denoted P1 to P5) and different cross-sectional ge-
ometries of aluminum (denoted A6 to A9) were chosen for
testing (table 1). The different variants of polyamide have
different stiffness values based on their different fillers, such
as carbon, silica, and minerals, and their percentage content
in the polyamide. Figure 14 shows the variation of stiffness
of the various designs of insert normalized to the stiffness of
the current design.

Length of Insert: The length of an insert (x) is defined as
the percentage length of the insert (P1 to PS5 and A6 to A9)
with respect to that of the current design (D0) in the proposed
two-piece design, as shown in figure 13. Only twenty DOEs,
as listed in table 2, were created for this design variable in
order to appropriately balance the computational cost and
degree of exploration in the design domain to find the opti-
mal configuration. In table 2, the value of 0% for insert
length means that the tine is the current design (hollow steel
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Table 2. Experiments for numerical analysis and optimization.

Lower Upper Design
Design Variable Bound  Bound Values
Length of insert (x), % 0 100 0,5, 100
Shaking frequency (v), Hz 2 8 2,1,8
Shaking amplitude (@), cm 2.54 15.24 2.5,2.54,15.24
(in.) @ © d,1,6)

pipe), whereas the value of 100% means that the tine is com-
pletely composed of the new design (solid tube of PA or hol-
low tube of aluminum).

Shaking Frequency and Shaking Amplitude: The shak-
ing amplitude (@) determines the amount of flexural defor-
mation that can be imparted to the tree limbs, and the shaking
frequency (v) determines how many times and how soon the
tine strikes the branches. Based on the experiments con-
ducted on citrus crops using various mechanical harvesters,
good harvesting results were achieved using a stroke of 10
to 12.5 cm (3.9 to 4.9 in.) at a frequency of 1.6 to 5.9 s’!
(O’Brien and Fridley, 1983). Thus, this range of frequency
and amplitude was used to create the DOE listed in table 2.

Estimation of Analysis Time for Optimization

The total time for optimization is the FE analysis compu-
tation time multiplied by the number of iterations required in
the optimization. The dynamic FE analysis of a tree limb
prototype takes about 5 min. The total time required for the
optimization of a single zone (i.e., the time required for FE
simulations of all DOEs multiplied by the number of limb
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prototypes) is approximately 138 days. This amount of com-
putational time hardly justifies the practical value derived
from such a long and tedious analysis. Additionally, the mul-
tidimensional optimization requires special techniques to
find the optimal design, such as gradient-based optimization,
genetic, and evolutionary algorithms. These techniques fur-
ther require special programs as well as additional computa-
tional resources. Thus, a strategy was put forth to minimize
the computational time by employing a classic graphical op-
timization technique instead of any special optimization al-
gorithms. This strategy consists of solving the optimization
problem in two phases: the first phase of optimization
(phase I) involves only structural variables (s, x), while the
second phase (phase II) uses the best designs of phase I to
further improve the objective functions defined in terms of
machine operating variables (v, a).

The proposed strategy has an additional advantage of be-
ing able to provide separate optimal designs based on
changes in the structure of the machine and in the machine
operating parameters. The structural parameters of a ma-
chine are easier to implement and test in the field as they
only involve procurement of a new design of tines. However,
machine operating parameters (i.e., a particular combination
of frequency and amplitude) require changes to the vibratory
mechanism. In the case of a citrus canopy harvester, the fre-
quency can be adjusted easily, but amplitude adjustments re-
quire changing the slider crank mechanism. In addition, to
accomplish variable shaking of the tree canopy, the three dif-
ferent shaking parameters of the tine require three different
vibratory mechanisms to be built into the machine. There-
fore, modifying the design based on the operating parame-
ters would be significantly costlier and more difficult to im-
plement in an existing machine. However, they result in sig-
nificant improvement in the performance of the canopy
shaker.

SHAKER OPTIMIZATION: PHASE 1

Phase I involves the optimization of the shaker based only
on structural variables: stiffness (s) and percentage length of
the insert (x). The operating variables were fixed to the cur-
rent machine setting with a frequency (v°) and amplitude (a°)
of 4 Hz and 10.16 cm (4 in.), respectively. The following
procedure was adopted to find the optimal tine configuration
for each zone:

e The dynamic response of the limb prototypes for each
zone was computed using FE analysis.

e The fruit detachment index and damage index were
calculated for each zone using mechanistic models.

e Pareto frontiers were constructed for each zone to de-
termine the optimal design. The Pareto frontiers were
constructed based on the dominance principle in which
a set of non-dominated design points are chosen such
that no objectives can be further improved without im-
pairing the other. The Matlab program designed by
Freitas (2012) was used to create the Pareto frontiers.

e To minimize the computational cost, the bi-objective
formulation was converted into the mono-objective by
converting the fruit detachment index into the con-
straint, as shown in equation 14. The Pareto-optimal
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Figure 15. Distribution of citrus fruits in three zones of canopy.

Table 3. Allowable fruit detachment index.

Top zone 0.8
Middle zone 0.9
Bottom zone 0.8

design was selected to obtain at least a 15% reduction
in tree damage:

Minimum (DI-0.85)

(14)
EDI=FDI bz 2 0

The value of FD1owasie Was chosen based on the fruit dis-
tribution in a citrus tree. The fruit harvesting efficiency can
be increased by providing a large shaking force to the parts
of canopy that have comparatively large numbers of fruits.
In the current study, the fruit harvesting efficiency is
achieved by setting a high value of FDLywasie to the fruiting
zones. Whitney and Wheaton (1984) studied the fruit distri-
bution pattern of citrus trees and concluded that most of the
fruiting occurs in the middle and outer parts of the canopy.
To corroborate their findings for medium-size citrus trees,
an experiment was planned, and fruit distribution was ana-
lyzed for 361 trees. Figure 15 shows the distribution of fruits
in the three zones of a tree canopy. It was found that the av-
erage fruit density in the middle zone of a tree canopy is
twice that in the top and bottom zones. Thus, the overall har-
vesting efficiency can be improved by setting a higher value
of FDLujiowanie for the middle zone than for the bottom and
top zones. The values of FDLyowasie selected for phase I of
the optimization for each zone of a tree canopy are listed in
table 3.

SHAKER OPTIMIZATION: PHASE 11
In phase 11, the shaker was further improved by setting
the optimal combination of operating parameters: frequency
(v) and amplitude (a). The best designs of phase I were used
to find the optimal operating parameters. The following pro-
cedure was adopted in this phase of optimization:
¢ Dynamic analysis was performed for the DOEs to con-
struct the response surface for the objective functions.
¢ Radial basis neural network (RBNN; Park and Sand-
berg, 1991) was used to construct the analytical re-
sponse surface of the fruit detachment index and the
damage index as a function of two design variables:
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shaking frequency and amplitude. The Matlab pro-
gram designed by Viana (2010) was used to construct
the RBNN response surface. The parameters of the
RBNN were chosen based on the minimum
PRESSgrws.

e The FDI and DI were computed for each combination
of frequency and amplitude as defined in the DOE
setup.

e The Pareto frontiers for the best designs of each zone
were constructed from the FDI and DI response sur-
faces.

e The best operating combination of frequency and am-
plitude was determined using equation 15:

Minimum DI

(15)
FDI_FDIAllowable 20

RESULTS AND DISCUSSION

The validated FEA model was used to find the dynamic
response of the tree limb prototypes. The dynamic responses
of the tree limbs were used to formulate mechanistic models,
which were then used in a two-stage optimization to mini-
mize tree damage and maximize fruit detachment.

FINITE ELEMENT MODEL VERIFICATION

The objective functions, defined in terms of accelerations
and strains, were computed and compared with experiments
to validate the FE model. Figures 16 and 17 show compari-
sons of the strain and acceleration computed from the FE
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model with the experimental results. The regression line of
the root mean square (RMS) of the longitudinal strains along
the branch has a slope of 0.7394, an intercept of 0.0002, and
an R? of 0.93. The regression line for the RMS of accelera-
tion has a slope of 0.9392, an intercept of 5.1932 m s2, and
an R? of 0.85. The results show that the longitudinal strains
and accelerations computed from the FE model and from the
experiments are highly correlated, having respective Pearson
coefficients of 0.97 and 0.92. Thus, the FE model was able
to predict the mechanical behavior of the branch with ac-
ceptable accuracy under the dynamic impact loading condi-
tions; therefore, similar FE parameters were used to analyze
the tree limb prototypes for optimization of the canopy
shaker. Since RMS values of acceleration and strain were
used to validate the FEA model, the same measures were
used in defining the canopy shaker objective functions over
a period of cyclic loading.

PHASE I OPTIMIZATION

This section presents the results obtained in phase I of the
optimization. Three different optimal configurations of tines
are proposed, corresponding to three zones of the citrus can-
opy. Any tine design can be selected from the proposed op-
timum designs and incorporated into the canopy shaker
based on the amount of improvement needed and the amount
of expenditures one is willing to invest.

Tine Set Il for Middle Zone of Canopy

Figure 18 shows the Pareto front between the two objec-
tive functions, i.e., damage index (DI) and fruit detachment
index (FDI), for the middle zone of the citrus canopy. For

1500 2000 2500 3000 3500

RMS of longitudinal strain from FEA ( microstrain, pe)

Figure 16. Comparison of RMS of maximum strain of the branch specimen obtained from FE analysis and from experiments.

100

y =0.9392x+ 5.1932

R?=0.85
80

RMS acceleration 60
from experiment

(m-s2) 40

20

40 60 80 100

RMS acceleration from FEA ( m-s2)

Figure 17. Comparison of RMS of acceleration of the branch specimen obtained from FE analysis and from experiments.
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Figure 18. Pareto front to predict the optimum designs for tine set II of the middle zone of the citrus canopy.

Table 4. Selected optimal configurations for tine set II of the canopy shaker.

Tine Reduction in Damage Fruit Detachment
Tine Set Zone Best Designs Configuration (%) (%)
D1: Configuration P5 70% 28 GPa PA 15.2 100.0
1T Middle D2: Configuration P4 70% 20 GPa PA 20.1 96.4
D3: Configuration P3 65% 14 GPa PA 24.0 91.5

the middle zone, the upper bound on DI and the lower bound
on FDI were set to select only those designs that resulted in
at least a 15% reduction in tree damage and a minimum fruit
detachment index of 90%. Three optimal tine designs were
selected as the best candidates over all the criteria-satisfying
designs for tine set I (defined in fig. 2) of the canopy shaker.
These designs, listed in table 4, are design D1 with the high-
est FDI, design D3 with highest reduction in tree damage,
and design D2 having a fruit detachment index and reduction
in tree damage between those of D1 and D3. This study pro-
poses only three tine designs for the middle section of the
canopy shaker based on the trade-off between cost and the
amount of improvement needed because the cost of the
stiffer polyamide P5 (E - 28 GPa as shown in table 1) is ap-
proximately eight times that of P3 (E - 14 GPa) polyamide
(Gupta, 2013).

In design D1, the tine configuration of 70% for design P5
(28 GPa nylon) means that the tine was composed of 70%
length of the new insert (P5) and 30% length of the current
design (DO). This design is proposed to result in a 15.2% re-
duction in tree damage and approximately 100% fruit re-
moval. This means that a canopy shaker with this tine design
will induce 15% less stress on the primary limbs, and thus
less damage. In addition, this design is estimated to provide
the same amount of fruit removal as the current tine design.
In the field, the current configuration of tines has resulted in
fruit harvesting efficiencies of 94% to 96% (Roka et al.,
2008). A significant amount of reduction in tree damage can
also be accomplished by using designs D2 and D3; however
with comparatively lower fruit removal.

Tine Sets I and I1I for Top and Bottom
Zones of Canopy

Figure 19 shows the Pareto fronts for the top and bottom
zones of the citrus tree canopy. The top and bottom zones of
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the canopy have a high density of scaffold branches, and dam-
age to them adversely affect the next year’s fruit yield. There-
fore, the optimal tine designs were selected to accomplish a
greater reduction in tree damage (more than 20%, as defined
in eq. 15) compared to the middle zone. Two optimal designs
(D1 and D2) and three optimal designs (D1, D2, and D3), as
listed in table 5, were selected as the best optimum candidates
for tine set I and tine set I1I of the canopy shaker, respectively.
Design D1 of tine set I resulted in 102% fruit detachment in
the top zone; this simply means that the average acceleration
of the fruit bearing region of the limbs in the top zone is 2%
more than could be obtained with the current design, DO.
Physically, a fruit detachment index of >100% means that
there is a higher probability of achieving a harvesting effi-
ciency of 100% during citrus harvesting. A substantial reduc-
tion in tree damage of approximately 30% to 35% for the top
and bottom zones of the canopy shaker can also be achieved
by using D2 for tine set I and D3 for tine set III. However, it
may result in 15% to 20% reduction in fruit removal. This re-
duction in fruit removal can be accepted because of the signif-
icantly fewer fruits in the top and bottom zones as compared
to the middle zone of the tree canopy.

PHASE IT OPTIMIZATION

Phase II of the optimization resulted in different combi-
nations of frequency and amplitude to further minimize tree
damage and maximize fruit removal. From a manufacturing
point of view, these combinations of frequency and ampli-
tude are obtained by employing three different vibratory
mechanisms in the harvesting system, corresponding to the
three zones of the tree canopy. The cost of installing these
modifications could be high but should be considered owing
to the improvement achieved. The optimal operating param-
eters of a canopy shaker for each tine set corresponding to
its zone are presented in the following sections.

TRANSACTIONS OF THE ASABE
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Figure 19. Pareto fronts to predict the optimum designs of tine set I for top zone (left) and tine set III bottom zone (right) of the citrus canopy.

Table 5. Selected optimal configurations for tine set I and III of the canopy shaker.

Tine Reduction in Damage Fruit Detachment
Tine Set Tree Zone Best Designs Configuration (%) (%)
I Top D1: Configuration P5 100% 28 GPa PA 22.5 102.0
D2: Configuration P4 100% 20 GPa PA 35.0 85.0
D1: Configuration P5 80% 28 GPa PA 20.6 91.5
1 Bottom D2: Configuration P4 80% 20 GPa PA 23.8 85.2
D3: Configuration P3 70% 14 GPa PA 28.2 81.7

Table 6. Optimal operating parameters for the selected designs for tine
set II of the canopy shaker.

Table 7. Optimal operating parameters for the selected designs for tine
set I of the canopy shaker.

Best Reduction Fruit Best Reduction Fruit
Designs Frequency = Amplitude, in Damage  Detachment Designs Frequency  Amplitude, in Damage  Detachment
(Phase I) (Hz) cm (in) (%) (%) (Phase I) (Hz) cm (in.) (%) (%)

D1 and D3 7.8 3.81t05.08 30 to 20 90 to 100 DlandD2 6.5t07.5  7.62to08.89 40 to 55 >100
(1.5t02) (3 t03.5)
D2 3.6 11.68 (4.6) 20 102
6.4 5.08 (2) 26 91

Tine Set Il for Middle Zone of Canopy

The optimal operating parameters for the best designs (D1,
D2, and D3) for tine set II, as listed in table 6, were selected
to obtain a minimum fruit removal of 90%. It is evident from
table 6 that designs D1 and D3, when operated at a high fre-
quency of approximately 7.8 s and low amplitude of 3.81 to
5.08 cm (1.5 to 2 in.), resulted in a 20% to 30% reduction in
tree damage and 90% to 100% fruit removal. For D2, two dif-
ferent optimal combinations of frequency and amplitude were
found. At a high frequency of around 6.5 s and a low ampli-
tude of 5.08 cm (2 in.), a 26% reduction in tree damage with
approximately 91% fruit removal was computed; however,
decreasing the frequency to 3.6 s™! and increasing the ampli-
tude to 11.68 cm (4.6 in.) resulted in a 20% reduction in tree
damage with more than 100% fruit removal.

Tine Set I for Top Zone of Canopy

The optimal operating parameters for the best designs for
tine set [ of the canopy shaker are listed in table 7. A high
frequency in the range of 6.5 to 7.5 s! and a mid-range am-
plitude of 7.62 to 8.89 cm (3 to 3.5 in.) for both the optimal
designs (D1 and D2) for tine set I was estimated to provide
40% to 55% reduction in tree damage and more than 100%
fruit removal.
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Tine Set IlI for Bottom Zone of Canopy

The optimal operating parameters and improvement in
the objective functions for the best designs for tine set III,
which mainly interacts with the bottom section of the tree
canopy, are listed in table 8. Two optimal combinations of
frequency and amplitude were observed for designs D2 and
D3. These tine configurations, when operated at the mid-
range frequency of 3 to 3.5 s and high amplitude of 13.97
to 15.24 cm (5.5 to 6 in.), were estimated to provide 35% to
40% reduction in tree damage and 80% fruit detachment
from the bottom section of the tree canopy. However, ap-
proximately 100% fruit detachment was estimated at the
high frequency of 7.5 s and low amplitude of approxi-
mately 6.35 cm (2.5 in.) with a 20% to 25% reduction in tree
damage. Design D1, at an optimal frequency of 3 to 3.5 s™!
and amplitude of 13.97 to 15.24 c¢cm (5.5 to 6 in.), was com-
puted to provide an approximately 35% reduction in tree
damage and only 80% fruit removal.

Table 8. Optimal operating parameters for the selected designs for tine
set 111 of the canopy shaker.

Best Reduction Fruit
Designs Frequency  Amplitude, in Damage  Detachment
(Phase 1) (Hz) cm (in.) (%) (%)

D1, D2, 3t03.5 13.97to15.24 35t0 40 ~80
and D3 (5.5t06)
D2 and D3 7.5 6.35 (2.5) 20 to 25 ~100
773



SUMMARY OF RESULTS

The goal of this research was to find the optimal machine
parameters that can provide variable shaking energy to the
different sections of the tree canopy to maximize fruit re-
moval and minimize tree damage. The shaking energy asso-
ciated with the tine, which is a function of the tine mass, fre-
quency, and amplitude of vibration, was calculated using
equation 12 and plotted against the damage index for all the
optimal designs, as shown in figure 20. The shaking energy
was normalized with the current design of the canopy shaker
(DO0) to compare the proposed designs. As highlighted ear-
lier, most of the fruiting occurs in the middle section of the
tree, and most of the scaffold branches are in the bottom sec-
tion; therefore, the damage index values are plotted to obtain
a minimum of 100% FDI for the middle and top sections and
80% for the bottom section. The current design (DO) shakes
the limbs with a higher shaking energy to obtain fruit re-
moval of 95% to 99% in the field. This in turn results into
higher stresses on the branches, and thus more damage to the
tree. As shown in figure 20, the optimized designs, which are
comparatively 50% to 70% less stiff (fig. 14) than the current
design, were able to achieve the same amount of fruit re-
moval by applying less shaking energy to the tree limbs, and
thereby less damage to the tree. In addition, the optimized
designs are variants of polyamide, which is softer, with a
hardness of D80 (on the Durometer scale), than the current
tine design, which is made of DOM 4130 steel and has a
hardness of C-13 on the Rockwell scale (source: Oxbo Inter-
national, Shipshewana, Ind.). The optimized designs provide
relatively soft and cushioned impacts on the tree limbs dur-
ing shaking and thus produce less abrasion or injury to the
limbs. This was also confirmed during the on-site trials by
replacing the steel tines of the canopy shaker with polyamide
rods and visually inspecting the abrasion on the trees.

Limbs that are long, thick, and curved toward the ground
due to the weight of fruits are typically observed in the mid-
dle section of the tree canopy. These limbs are the maximum
fruit bearing branches, and an optimal design should reduce
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the stresses on them in order to have higher fruit yield. It was
found that changing the tines in tine set Il to a moderately
stiffer material (D1 and D3 in table 4) and configuring them
to vibrate at a high frequency of 7.8 s and amplitude of 3.81
to 5.08 cm (1.5 to 2 in.) provided a shaking energy that was
55% to 80% less than that of the current design. This is esti-
mated to result a reduction of the stress on the limbs in the
middle section of the canopy of approximately 20% to 25%
without reducing fruit removal efficiency.

However, the limbs in the bottom section of the canopy
are more rigid and vibrate less than those in the middle sec-
tion; therefore, they require more shaking energy to achieve
the same fruit removal as compared to the middle section.
Since the bottom section has fewer fruits and the thickest
branches support and nurture the whole tree, the optimal de-
signs are proposed to target only 80% fruit removal and min-
imize the tree damage as much as possible. Thus, the optimal
designs (D1, D2, and D3 in table 5) for tine set III when vi-
brated at the optimal frequency of 3 to 3.5 Hz and amplitude
0f 13.97 to 15.24 cm (5.5 to 6 in.) provided 35% to 60% less
energy to the tree as compared to the current design. This
resulted in a 30% to 50% reduction in the stress on the tree
limbs and approximately 80% fruit removal.

Tine set [ of the canopy shaker interacts with the top sec-
tion of the citrus canopy, which has limbs that are long and
thin, grow straight up to a height of 2.54 to 3.3 cm (100 to
130 in.), and then curve downward slightly. These limbs are
flexible and behave like long thin cantilever beams, but they
can break under a sudden impact from the tine due to high
localized stresses. Thus, changing the current design to one
that has low stiffness, such as a solid rod of polyamide rein-
forced with 60% long glass fiber or 30% PAN carbon, and
that vibrates at a frequency of 6.5 to 7.5 s™! and amplitude of
7.62 to 8.89 cm (3 to 3.5 in.) would provide 50% to 70% less
shaking energy as compared to the current design and there-
fore result in a 40% to 55% reduction in tree damage. How-
ever, at these operating conditions, the optimal tine design
provides sufficient energy to obtain approximately 100%
fruit removal from the top section of the citrus canopy.
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Figure 20. Comparison of damage index values of the optimal designs for three zones with shaking energy normalized to the current design.
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CONCLUSIONS AND FUTURE WORK

The main goal of this study was to provide an overview
of the analytical possibilities available to improve the per-
formance of vibratory citrus harvesters. The goal was pur-
sued by employing numerical-based design optimization of
a shaker system. Statistical modeling, objective function
quantification using mechanistic modeling, response surface
methods, and Pareto-optimal solution search techniques
were applied to obtain optimal design solutions. The pro-
posed design methodology represents an alternative to im-
prove continuous canopy shakers based on variable shaking
of the tree canopy. Although the proposed framework was
devised for the optimization of citrus canopy shakers, it can
be easily and effectively applied to the design and optimiza-
tion of other fruit crops and harvesters.

In future work, the proposed designs will be evaluated in
field trials to determine their efficacy. After evaluation,
judgment will be made to determine which optimal machine
configurations should be chosen for commercial harvesting
of citrus. The possibility of redesigning a harvester may be
explored further based on the experimental results and the
theoretical model. The theoretical model, verified in the con-
trolled environment of laboratory experiments, may be re-
fined further depending on its correlation with the field trials.
The following recommendations are suggested to further im-
prove the canopy shaker and validate and refine the proposed
analytical model to optimize other similar harvesters:

¢ A small-scale fruit removal system that works on prin-
ciples similar to a continuous citrus canopy harvester
should be built to validate the outcomes of current sim-
ulations.

e Field experiments should be planned to evaluate the
proposed design modifications and refine the proposed
analytical model.

o The effects of vertical shaking of a tree canopy can
also be explored using numerical simulation.
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