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GREEN FRUIT REMOVAL DYNAMICS FOR DEVELOPMENT OF

ROBOTIC GREEN FRUIT THINNING END-EFFECTOR
Highlights
e Pulling and stem-cutting methods were used for measuring the green-fruit removal dynamics.
o A stem-cutting end-effector prototype was designed, developed, and tested for green fruit removal.
e No significant correlation was found between fruit/stem size and the required force for fruit removal.
o The success rate of the stem-cutting end-effector prototype for all experiments was over 90%.

Abstract. Green fruit thinning is one of the most important operations in apple production for obtaining
high-quality fruit. Manual thinning is time-intensive, making it impractical for large acreages. Some
alternative methods such as chemical and mechanical thinning have greatly improved work efficiency,
while both have drawbacks due to non-selective targeting. Robotic green fruit thinning can potentially
be as selective as manual thinning. This study developed an effective end-effector for robotic green fruit
thinning. Prior to designing the end-effector, a series of fruit removal dynamics tests were conducted to
find the forces required for robotic thinning using pulling or stem cutting methods on three different
apple cultivars. The overall pulling detachment mean forces were 24.78+0.48 and 19.91+0.55 N when
detaching stem from the fruit-end and the spur-end respectively. The average force required for stem
cutting was 33.6+£8.0 N among the three cultivars. There were no significant differences found between
[fruit/stem dimensions and the forces required for removal. A stem-cutting end-effector prototype was
then developed to conduct fruit removal experiments in field conditions. Two end-effector prototype
settings were tested, with one placing the end-effector onto a handheld bar, and the other integrating
the end-effector with a six DoF robotic manipulator. The success rates of green fruit removal for all
end-effector prototype experiments were over 90%. The end-effector is a core component in an
automated green fruit thinning system. Integration with the robotic manipulator also indicated the
potential of a robotic green fruit system to remove fruit at different locations and orientations. A
machine vision system will be developed and integrated with the end-effector to develop a robotic green

fruit thinning system.

Keywords. Crop load management, robotic thinning, end-effector, apple, fruit removal dynamics.
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INTRODUCTION

The apple crop is a high-value agricultural commodity in the U.S., with an annual production total
of nearly 10 billion pounds, valued at nearly $3 billion (USDA-NASS, 2020). Green fruit thinning is
the process of discarding excess fruitlets in early summer, mainly to increase the remaining fruit size
and quality, and it is one of the most important aspects of apple production (Vanheems, 2015).
Conventionally, manual fruit thinning selectively removes these unwanted fruits from apple trees.
However, manual thinning is a labor-intensive task, and the shrinking apple production labor force
makes manual thinning economically infeasible. In most cases, manual thinning is used as a follow-up
to chemical thinning or mechanical thinning (Schupp et al., 2008).

Chemical fruit thinning has been widely studied on different crops, such as apples, peaches, pears,
and olives (Einhorn & Arrington, 2018; Looney, 2018; Giovanaz et al., 2016; Ferndndez et al., 2015).
Chemical fruit thinning is faster than manual thinning, but it is climate-dependent, time-sensitive, and
cultivar-dependent (Schupp et al., 2017; Tyagi et al., 2017). Mechanical blossom thinning has been
shown to reduce fruit load, but it is non-selective, can increase the risk and transfer of disease, and can
cause significant damage to spur leaf tissue (Kon & Schupp, 2018). Therefore, a more precise and
selective solution is needed for the apple green fruit thinning. A robotic green fruit thinning system with
selective fruit removal would potentially mitigate the drawbacks of existing methods.

The development of robotic systems for tree fruit production is primarily motivated by the challenges
of decreasing labor availability and increasing associated costs. Typically, a robotic system includes a
machine vision system for object detection, an end-effector for completing tasks, and a robotic
manipulator and control system for positioning the end-effector to the target object. Previous studies
have focused on the development of computer vision systems for agricultural applications, such as grape
bunch detection (Pérez-Zavala et al., 2018), black rot detection in apples (Wang et al., 2017), and tomato
maturity detection (Wan et al., 2018). Robotic harvesting is another focused area for numerous crops,

such as apples (Silwal et al., 2017), oranges (Lee & Rosa, 2006), and tomatoes (Zhao et al., 2016).
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Some research addressed robotic systems for crop thinning. For example, Lyons et al. (2015) developed
and tested an automated selective thinning system for peach blossom removal. However, there are
currently no known implementations of robotic technologies for the green fruit thinning of apples.

To design an effective green fruit thinning end-effector, it is important to understand green fruit
removal dynamics. Several studies investigated removal dynamics for various fruits using pulling and
twisting. Davidson et al. (2016) investigated handpicking dynamics for robotic apple harvester design.
The results indicate that the detachment force required differs for each cultivar. The study also suggests
using a tactile sensor in a robotic end-effector to determine the point of fruit separation and minimize
the path traveled by the end-effector during harvesting. Li et al. (2016) indicated that a bending motion
could improve the fruit detachment performance for apple picking. To remove fruit from the branch,
bend-and-pull picking required less energy than pulling straight along the stem growth direction. Flood
(2006) designed a robotic citrus harvesting end-effector and a force control model using physical
properties and harvesting motion tests. Harvesting devices using cutting mechanisms have also been
studied for various fruits. Van Henten et al. (2002) developed an autonomous robot for cucumber
harvesting, which implemented an end-effector that grips and cuts the stems of cucumbers. Liu et al.
(2011) developed a lychee harvester to cut off litchi bunches that utilized a cutting mechanism.
However, green fruit thinning of apples is different from those harvesting operations. Green fruit
thinning deals with fruit clusters by reducing the number of fruits growing in clusters. It is necessary to
ensure no damage to the remaining fruits within the cluster while removing targets. Therefore, it is very
important to investigate effective removal methods and corresponding fruit removal mechanisms.

The primary goal of this study was to investigate the dynamics for green fruit removal and to develop
and evaluate a green fruit thinning end-eftector prototype. The specific objectives are to 1) determine
the force requirements for green fruit removal using pulling and stem-cutting methods, 2) design and
develop a stem-cutting end-effector prototype, and 3) test the developed end-effector in an orchard

environment by integrating the end-effector to two different base mechanisms, i.e., a handheld bar and
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a robotic manipulator.

MATERIALS AND METHODS

2.1 EXPERIMENT SAMPLES

Two sets of tests including green fruit removal force measurement and end-effector performance
were conducted at Penn State Fruit Research and Extension Center (FREC) in Biglerville, PA from late
May to early June in 2021. Three apple cultivars were used in the tests, i.e., Fuji, GoldRush, and Golden
Delicious. Fuji trees were planted in 2016, and trained to fruiting wall system by tying horizontal
branches to trellis wires. GoldRush trees were planted in 2010, and trained to tall spindle structures
with trellis support. Golden Delicious trees were planted in 2009 with the same training system as
GoldRush trees. Table 1 shows the information for the test dates, type of tests, and numbers of fruit
samples in each test. The fruits tested in the study were randomly selected from these trees, which were

in clusters with three to five fruits.

Table 1. Green fruit removal tests and fruit samples for these tests

Tests Test Dates Cultivars Sample numbers
5/19/2021 Fuji 60
Pulling Tests 6/2/2021 GoldRush 50
5/25/2021 Golden Delicious 40
5/28/2021 Fuji 100
Stem-Cutting Tests 5/31/2021 GoldRush 100
5/26/2021 Golden Delicious 100
End-effector test 3/28/2021 Fuji >0
5/31/2021 Golden Delicious 50
End-effector test 6/3/2021 Golden Delicious 25

(Robotic arm)

2.2 MEASURING OF GREEN FRUIT REMOVAL DYNAMICS

2.2.1 Fruit removal dynamics tests
The force required to remove green fruit from a branch is a critical parameter for designing an

effective robotic green fruit thinning end-effector. It is important to select a proper actuator that can
provide sufficient force to remove targeted fruits. For this study, the dynamics for pulling and stem-
cutting were assessed: (Figure 1). Experiments were conducted to test the two methods in May-June,
2021, at the Fruit Research and Extension Center in Biglerville, PA. Three different apple cultivars were

used for the experiments including 1) Fuji, 2) Golden Delicious, and 3) GoldRush.
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Figure 1. Test setup for green fruit removal force measurement, a) pulling force measurement, b) stem-cutting force
measurement (1: stem-holding mount; 2) stem-cutting blade; 3) digital force gauge; 4) force-transfer rod)

2.2.1.1 Pulling
This method is defined as the removal of green fruit by directly pulling them from tree branches. A

digital force gauge (DST-110A, Imada Inc., Northbrook, IL) pulled the fruit and recorded the required
forces. A piece of 2” PVC pipe was fastened to the end of the shaft of the digital force gauge with a
groove opened halfway into the PVC pipe to engage the fruit during pulling (Figure 1a). Pulling tests
were conducted in the orchards. Due to the flexibility of tree branches, anchoring fruit was necessary
during pulling. Two holding locations were tested: branch and fruit stem. Three apple cultivars were
tested, including 60 Fuji fruits (50 holding branch, 10 holding stem), 40 Golden Delicious fruits (30
holding branch, 10 holding stem), and 50 GoldRush fruits (40 holding branch, 10 holding stem). The
PVC pipe was placed around the fruit, with the stem placed inside the groove. The fruit was then
removed from the tree by pulling the digital force gauge with one hand and holding either the branch
or fruit stem with the other. For fruit removed while anchoring the branch, the stem detachment location
was noted, which can be either from the fruit-end or spur-end, as well as the peak pulling force. If the
fruit was detached with the stem (spur-end detachment), the pulling test was repeated while holding the
fruit stem to detach the fruit from the stem (fruit-end detachment), and the force was recorded again.
For each fruit, diameter was measured at the maximum circumference, stem length was measured from
spur-end to fruit-end, and stem diameter (only measured for GoldRush fruits) was measured at the

middle of a stem.
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2.2.1.2 Stem-Cutting
This method is defined as removing a green fruit by cutting and breaking the fruit stem. To ensure

consistent cutting behavior, a laboratory setup was built (Figure 1b). This setup included: 1) a custom
3D-printed mount that hangs a fruit by its stem, with a groove in place to facilitate the cutting of the
stem; 2) an unactuated pneumatic cylinder with a razor blade (Bi-metal utility blade, Irwin Tools,
Huntersville, NC) attached to the end of its piston rod via a custom 3D-printed mount; 3) a digital force
gauge (same as used in the pulling test); and 4) a long metal bolt, located underneath the pneumatic
cylinder, with one end secured to the mount of the razor blade and the other secured to the digital force
gauge. The long metal bolt was used to translate force between the mounted blade and the digital force
gauge during testing. The entire setup was mounted on a t-slot extrusion rail. A green fruit was hung
from the fruit mount by clipping its stem. The digital force gauge was then pushed very slowly to cut
the fruit stem, such that the force applied could be considered approximately static. Finally, the peak
force was recorded from the digital force gauge. The fruit diameter and stem length were measured for

each fruit, and the stem diameter was measured for 50 GoldRush fruits.

2.2.2 Data analysis for dynamic tests
After the tests, the means and standard deviations of the fruit removal forces were obtained for each

set of data in the experiments. A one-way ANOVA test was conducted to analyze the existence of
significant differences among the fruit removal force means. A Games-Howell test, which does not
assume equal variances for all data, was applied to determine which force means varied significantly
from each other with a significance level of 5%. Linear regression models were applied to determine

the relationships and goodness of fit between fruit/stem dimensions and required forces for removal.

2.3 STEM-CUTTING END-EFFECTOR DEVELOPMENT

2.3.1 End-effector design
As observed in the dynamics tests, despite lower force requirements for fruit removal, pulling green

fruit without directly holding the stem may cause a large percentage of fruit to be removed at the spur-

end, which can leave a wound area in a fruit cluster and affect the remaining fruits in the cluster (J. R.
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Schupp, personal communication). Therefore, if implementing a pulling mechanism for an end-effector,
it is necessary to have a secondary mechanism hold the stem while pulling fruit from trees to ensure no
spur-end stem detachment. A stem-cutting mechanism could be a simpler solution, thus was used in this
study. Figure 2 shows a design with a cutting mechanism that removes green fruit by cutting the stem.
To minimize damage induced by the sharp cutting blade (component 2 in the Figure 2), the sharp edge

was kept facing inside and the tip was rounded.

Figure 2. Stem-cutting end-effector prototype. Components: 1) handle; 2) blade; 3) 3D-printed cutting stopper; 4)
PVC pipe; and 5) DC motor

The end-effector prototype consists of a DC motor (JGB37-520, China Motor Factory, China) rated
at 12V and 35 rpm, with a razor blade (same as was used in the dynamic test) attached to the end of its
shaft. The motor was chosen based on the torque to provide sufficient cutting force for the cutting blade
to remove fruit while being small enough to minimize the occurrence of collision with tree obstacles.
With the multiplication of the distance between the motor shaft and the central cutting point (5 cm) and
the maximum cutting force (45.7 N in Golden Delicious stem-cutting test), a DC motor with 25 kg-cm
torque was selected. The motor was mounted onto a piece of 2-inch PVC pipe, which itself holds a
custom 3D-printed mount used to assist in cutting stems. The PVC pipe was chosen such that it was
large enough to encapsulate each target fruit. Two steps were used to remove fruits. The PVC pipe was
placed to engage a fruit with its stem located at the entrance of the PVC pipe, and the DC motor was
then actuated to rotate the razor blade along the entrance surface of the PVC pipe into the stem-cutting

mount to break the fruit stem.
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2.3.2 End-effector control
A system was designed to control the stem-cutting end-effector prototype (Figure 3). A

microcontroller (Arduino Mega 2560, Arduino Inc., Italy) was the core component of the system. A
motor shield (L298N, Qunqi, China) allowed the Arduino to control the DC motor using pulse-width
modulation (PWM) signals with a frequency of 490 Hz. Specifically, the Arduino sent 5-volt PWM
signals to the motor shield, which amplified the signal to 12-volt for the DC motor. Two tactile buttons
(COM-10302, SparkFun Electronics, Niwot, CO) controlled the end-effector prototype: one for the
forward razor motion, and the other for the backward razor motion. A potentiometer was used to
manually set the duty cycle for the forward-motion PWM signal, and thus, set the speed of the forward

razor motion.

Power Supply

5/12V DC l

-

/ \ /' Stem-Cutting End-Effector
1 1

! 1 ! |

[ S N ! |

' Motor Speed \ S_ : Motor DC |

: (potentiometer) . (@) | Driver Motor :

! = : |

! : o N ’

— o S memmmcmmeeemmm—anaes .

1 ! o

H Forward |

: (button #1) 1 :

e =

1 1 . )

v \ ! 2 Serial Monitor

1 Backward | —

H (button #2) H () (Laptop)

oee— -

! 1

! 1

' ’ _/

Figure 3. The controller flowchart of the developed stem-cutting end-effector

The experimental stem-cutting steps for the end-effector prototype are illustrated in Figure 4. The
steps include: 1) identify the targeted fruits to remove in a cluster. Typically, the king fruit in a cluster
should be retained unless the fruit is abnormal, and the maximum final fruit set in a cluster is two or
three (rare situation) depending on the crop density in a branch/tree. 2) Measure the targeted fruit
diameter, as well as the stem length and stem diameter. 3) Position the end-effector prototype around
the fruit such that the fruit is in place, and then actuate the end-effector motor to have the razor cut the
stem. 4) Release the removed fruit by rotating the razor blade back to the initial position. Manual

operations were made for identifying targeted fruits, encapsulating the fruit, and pressing the button to

8
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rotate the motor and blade. In the future, these manual steps will be automated when an imaging system

is employed.

Identify targeted fruits
in a cluster

[ Encapsulate fruit ]

}

Cut the stem by rotating
motor/blade

l

[ Rotate the blade back to ]

initial position
Yes
Next fru%

.| No

y

End
Figure 4. The process of identifying and removing fruit for end-effector

2.4 END-EFFECTOR FIELD EVALUATION

A series of green fruit thinning end-effector tests were conducted to evaluate the developed
mechanism (testing dates and samples were described in section 2.1). Two settings were tested, one
placing the end-effector onto a handheld bar, and the other integrating the end-effector with a six DoF
robotic manipulator (URSe, Universal Robots, Denmark) (Figure 5). The majority of tests were
conducted with the handheld prototype, including 50 green fruit each for three cultivars, Fuji, Golden
Delicious, and GoldRush. For the integrated robotic manipulator prototype, only 25 Golden Delicious
green fruit were evaluated. These cultivars were selected in part due to their varying stem lengths, which
is an important factor of fruit engagement by the end-effector. As the goal of thinning is to reduce the
fruit count in a cluster, clusters of three to five fruits were randomly selected at different locations of

the tree canopies. Both settings were tested with manual positioning of the end-effector around the
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targeted fruits. A duty cycle of 100% was used for the forward-razor-motion PWM signal to ensure a
maximum stem-cutting force. A duty cycle of 50% was used for the backward-razor-motion PWM
signal to ensure a controlled return motion to reset the end-effector prototype for the next fruit. The
manipulator was manually positioned to engage targeted fruits. The purpose of testing the end-effector
with the robotic manipulator was to observe canopy-robot interaction during the green fruit thinning
process, e.g., how well the end-effector can be maneuvered by the robotic manipulator through the
canopy during thinning to provide guidance for further develop fully automated green fruit thinning
system. The fruit length and diameter, as well as the stem length (and stem diameter for GoldRush
fruits), were measured for the handheld and robotic manipulator implementations. The successfully
removed fruit were recorded and used to calculate the green fruit removal success rate. The limitations

or reasons for removal failures were also noted.

Figure 5. Field tests of the green fruit thinning end-effector, left) handheld type, and right) attached to a six DoF
robotic manipulator

RESULTS AND DISCUSSION

3.1 PARAMETERS OF REMOVED FRUITS

The mean fruit diameters for each cultivar were similar for the stem-cutting tests (Table 2). The fruit
diameter for each cultivar varied for the pulling tests. This is due to the larger time frame in which the

pulling tests took place compared to the stem-cutting tests. The mean stem lengths for the Fuji and

10
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GoldRush cultivars did not differ greatly from each other, for both the pulling and stem-cutting tests.
However, for both tests, the mean Golden Delicious stem length was significantly greater than both Fuji
and GoldRush. The mean stem diameter for GoldRush did not vary greatly between the pulling and
stem-cutting tests. Fruit diameter and stem length means did not vary greatly among handheld end-
effector tests and fruit removal dynamics tests for each cultivar, except the fruit diameter mean for the
Fuji cultivar during pulling tests, which was notably less. The mean fruit diameter for Golden Delicious
for the robotic arm housed end-effector tests was considerably greater than that for the handheld end-
effector tests, whereas the mean stem length for Golden Delicious for the robotic arm end-effector tests
was considerably less than that for the handheld end-effector tests. The decrease in measured stem
length for the same cultivar between tests is likely due to the shoulders of fruit starting to encapsulate

part of the stem when they grow larger.

Table 2. Basic parameters of the fruits tested in the dynamic tests and end-effector tests
Fruit Dimensional Parameters (mm)

Tests Cultivars

Fruit diameter Stem length Stem diameter

Fuji 16.1£3.6 26.2+3.9 -

Pulling Tests GoldRush 24.5+1.8 24.1+£3.7 1.89+0.21
Golden Delicious 19.8+2.5 44.7+5.5 -
Fuji 22.5+£3.2 25.8+4.2 -

Stem-Cutting Tests GoldRush 22.742.1 21.6£3.6 1.99+0.21
Golden Delicious 20.7+1.8 40.7+5.8 -

End-effector test Fuji 21.0+3.9 27.7+£5.7

Golden Delicious 22.8+3.1 39.2+5.0 -

End-effector test Golden Delicious 27.542.5 34.744.6 1.87£0.22

(Robotic arm)

3.2 GREEN FRUIT REMOVAL DYNAMICS RESULTS

Table 3 shows the means and standard deviations for the pulling and stem cutting forces required for
fruit removal for three cultivars. The pulling test detachment success percentages are also listed based
on detaching location. The overall mean required removal force values among all three cultivars for

each removal method are also provided.

Table 3. Means and standard deviations for the fruit-removal dynamics experiments. Each mean belonging to a single
letter group is not significantly different from others within the group.

Stem Cutting Force Spur-End Pulling Fruit-End Pulling Force Pulling Detached Location (%)
Cultivars ™) Force (N) ™) Fruit-end Spur-end
Fuji 36.3+5.8* 20.5+5.14¢ 26.6+5.4"¢ 28% 72%
Golden Delicious 37.1+8.6* 19.544.24¢ 23.746.7%¢ 50% 50%
GoldRush 27.545.2° 19.1£3.5¢ 23.545.2%4 60% 40%

11
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Overall 33.6+8.0 19.9+0.6 24.8+0.5 42% 58%

No significant differences were found among cultivars for either spur-end detachment force or fruit-
end detachment force. However, detachment forces were significantly smaller for spur-end detachment
compared to fruit-end detachment forces for each cultivar. When pulling fruit from the clusters by
holding the branch, a large portion of fruit were detached from the spur-end. The spur-end detachment
rate for the Fuji cultivar was particularly high at 72%. Thus, to ensure fruit-end detachment if using a
pulling end-effector, a secondary mechanism should be used to hold the stem during the pulling
operation. In the pulling test, for fruits first detached from the fruit-end, there was no way to measure
the spur-end detachment force, while for fruits first detached from the spur-end, the fruit-end
detachment force was also measured by manually holding the stem. For some cultivars (particularly
GoldRush), the fruit-end detachment rate is slightly higher than that of spur-end detachment even
though the mean force for fruit-end detachment was greater. The absence of some spur-end detachment
force measurements may partially explain the big difference in the mean forces.

For the stem-cutting test, no significant difference was found for mean cutting forces between the
Fuji and Golden Delicious cultivars. However, Fuji and Golden Delicious mean cutting forces were
found to be significantly greater than that of GoldRush. Overall, the mean stem cutting forces for all
fruits were found to be significantly greater than corresponding mean pulling forces. Although based
on these results, a stem-cutting end-effector would require more force than a pulling end-effector, it is
relatively easier to design since it does not require a secondary mechanism to secure the stem during
the fruit removal. Therefore, a stem-cutting mechanism was developed based on the stem cutting force
measurement for the end-effector field evaluation test.

As indicated earlier, fruit diameter and stem length/diameter were measured. The relationships
between fruit parameters were plotted with the force required for fruit removal (Figures 6-8). Linear

regression models were then applied to indicate these relationships, with goodness-of-fit (R?) provided.

12
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As the figures show, there were no significant correlations between any fruit parameters and fruit-
removal force for either removal method in the three cultivars. In each individual test, the fruit diameter
differences were typically within 10 mm, which showed a certain uniformity of fruit size at a time. Due
to limited time, not all tests were conducted on the same day when the fruit were at similar diameters.
For example, the stem-cutting tests for the Fuji cultivar occurred later than the pulling tests for the
cultivar. The stem-cutting mean forces were found to be significantly greater than both pulling mean
forces for the Fuji cultivar. However, stem-cutting forces were also significantly greater than the pulling
forces for the other two cultivars, which had similar fruit diameter ranges across all three removal tests.
Therefore, the delay in stem-cutting fruit removal for the Fuji cultivar does not necessarily explain the
increase in required stem cutting force. Further studies are planned to investigate the relationship
between the removal force and the time of removal after petal fall.
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Figure 6. Scatterplots for Fuji fruits on the relationship between fruit parameters and fruit removal forces
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Figure 7. Scatterplots for Golden Delicious fruits on the relationship between fruit parameters and fruit removal
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Figure 8. Scatterplots for GoldRush fruits on the relationship between fruit parameters and fruit removal forces
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The differences among the stem lengths can be more than 20 mm even in the same test cultivar, while
no strong correlation has been found between the stem length and required force for all tests. Golden
Delicious apples have much longer stems than the other two. Typically, when the stem is longer, there
is more open space around the fruit, which serves as an advantage when implementing robotic green
fruit thinning by allowing for easier navigation. For the GoldRush cultivar, the required fruit removal
forces were found to slightly increase along with stem diameter, although this relationship was found
to be very weak. One reason could be that these stem diameters among the fruits were very similar at a
given time, mostly in the 2+0.5 mm range. The stem diameter was not recorded for Fuji and Golden

Delicious fruits, although similar situations would likely occur for these fruits as well.

3.3 STEM-CUTTING END-EFFECTOR PROTOTYPE RESULTS

The results for the stem-cutting end-effector prototype experiments are shown in table 4. Among all
the tests, including using the handheld prototype and robotic arm, high success rates of over 90% were
achieved with single cut trial for all cultivars. In most cases, the end-effector could engage fruit without
interference from obstacles, while for some fruits, leaves or shoots may need to be pushed aside. The
GoldRush cultivar had a relatively lower success rate compared to the other two cultivars, which is
possibly due to the shorter stem for these apples. The chances of cutting leaves or spurs were higher if
the fruit stem was shorter. For densely-packed clusters, the targeted fruit could only be engaged within
the PVC pipe either when other fruit in the cluster were pushed away, or the end-effector was offset.
The major reason for the failures was due to obstacles such as leaves or spurs being stuck in the cutting
pathway. A more powerful cutting mechanism may help improve the success rate, although it is not
ideal to damage leaves or spurs during green fruit removal. Therefore, more effort should be put into
the improvement of the mechanism to possibly move these leaves or shoots aside when engaging with

the target fruits.

Table 4. The performance of the developed stem-cutting end-effector in the field tests
Tests Cultivars Total No. Fruits Removed Fruits Success Rate

Handheld prototype Fuji 50 47 94%
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Golden Delicious 50 48 96%

GoldRush 50 45 90%

Robotic arm prototype Golden Delicious 25 23 96%

Overall, the stem cutting mechanism effectively cut and removed the majority of the targeted green
fruit. In particular, the test with the six DoF robotic arm achieved a very high success rate, which
provides potential for further development of a full robotic green fruit thinning system. The manipulator
could be maneuvered around the canopy without considerable difficulty when reaching target fruit.
However, for fruits located near the edge of the manipulator’s workspace, only fruit facing directly
towards the base of the manipulator could be properly encapsulated by the end-effector, due to it being
mounted collinearly to the tool end of the manipulator. At this point, all the fruit engagements were
accomplished manually. With the future development of systems for machine vision and control, the
stem-cutting end-effector could be integrated as a core component of the robotic system. For dense
clusters, the end-effector would need to be offset so as to not collide with other fruits. The reachability
of the manipulator also needs to be considered when implementing the end-effector on a robotic
manipulator to optimize fruit-removal effectiveness at the edge of the manipulator’s workspace.

The tests showed that when designing an effective stem-cutting robotic end-effector system for green-
fruit removal, there are several criteria to be considered. First, the system needs to be able to detect the
location of a fruit’s stem with high precision. Second, the size of the end-effector needs to be compact
enough to allow for optimal maneuverability. Third, the end-effector relative to the robotic manipulator
needs to be oriented for optimal fruit removal without the manipulator unintentionally colliding with
the tree. The size of the end-effector prototype was also shown to be a limitation in effective fruit
removal. The PVC-pipe enclosure was considerably larger than all the fruit, ~50 mm, and the largest
fruit was not greater than 30 mm. While a larger enclosure allows for a larger margin of error for a
robotic system engaging green fruits, a smaller one could be used to allow for better maneuverability

of the end-effector. Furthermore, for a path-planning algorithm, stricter boundaries would need to be
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imposed to prevent collision of the tree canopy and end-effector. The DC motor-based prototype also
limited the maneuverability of the end-effector, as its location near the cutting mechanism made it
harder to target certain fruit when other obstacles such as leaves and other fruits were nearby. Once the
intended fruit was encapsulated in the end-effector, the orientation of the end-effector relative to the
stem was not found to significantly affect the performance of the end-effector in fruit removal. The end-
effector was able to cut the stem successfully even at large angles between the fruit and end-effector.
As shown in the field test, the implementation of the stem-cutting end-effector prototype onto a
robotic manipulator was proven to be overall effective in reaching and removing targeted fruits. In the
future, with the implementation of the improvements for the end-effector previously mentioned, success
in removing green fruit could be potentially increased. While a pulling-based end-effector is not
investigated in this study due to design complexity, such a design may be considered in the future.
Although the end-effector performed well in green fruit removal when applied manually, to obtain a
completely autonomous green fruit thinning system, a machine vision system will need to be
implemented that helps determine fruit and obstacle locations, as well as a collision-free path planning
algorithm. Currently, a study on green fruit and stem instance segmentation and orientation estimation
is ongoing using color images. It is intended that the fruit locations and orientations calculated from the
study can guide the developed green fruit thinning end-effector to remove the targeted fruits precisely
and successfully, along with collision-free paths to achieve robotic green fruit thinning for full

automation.

CONCLUSIONS

A series of green fruit removal dynamic tests were conducted to identify the detachment force
required for robotic green fruit thinning. A stem-cutting end-effector was then developed and tested in
the field using two methods of manipulation. The following conclusions were drawn from the study.

1. The pulling method required less force than the stem cutting method to remove fruit using the

designed devices in the fruit removal experiments. However, the high rate of spur-end detachment
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when holding the branch would be a concern for practical operations.

2. The force requirements for fruit removal did not vary significantly between the tested cultivars in
most cases, the only exception was that GoldRush required significantly less force for stem cutting
compared to the other two cultivars. Also, since no significant relationship was found between the
force requirements and the measured fruit/stem dimensions, the fruit parameters may not serve as
variables in determining the required force for detaching the fruit.

3. The stem-cutting end-effector showed the capability to remove green fruit and could serve as
foundation for further research on end-effector development for robotic green fruit thinning. Its
integration with a robotic manipulator worked well as a mechanical system for green fruit removal.

In summary, as a core component, the stem-cutting end-effector showed great potential as a

component of a robotic green fruit thinning system. In the future, integrating the end-effector with a
machine vision system to identify the fruit locations, determine the target fruit, and navigate the robotic

system to engage the fruits will be the major steps to develop a robotic green fruit thinning system.
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