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Abstract: After automatic in-field picking, apple stem shortening requires fixing the apple position
and maintaining a relatively stable posture, which puts high demands on the automatic apple-
orienting structure. In this paper, a novel dual roller compact apple field orientation structure with
dual rollers rotating in the same direction is proposed. It can realize the uniform orientation of apples
after automatic picking in any attitude, and the apple auto-orientation phenomenon is theoretically
analyzed based on the accurately established apple model, then the apple orientation test platform
was set up and a monocular camera combined with YOLOv5m was used to determine the time
of apple orientation. The results showed that 70.21% and 96.81% of the apples were respectively
oriented within 7 s and 28 s with only two flexible rollers rotating in the corresponding direction.
All the apples were oriented, and 95.24% of them moved along the axis toward the calyx end. The
generalizability of the apple orientation device for different shapes of apples was then verified, and
the relationship between the shape characteristics of apples and orientation speed was later illustrated.
A structural basis was finally presented for automatic stem shortening and surface damage detection
in the apple field.

Keywords: apple orientation; apple field harvest; YOLOv5m; TPU; apple shape index

1. Introduction

Aging increases the urgency of apple orchard picking automation [1]. It was deduced
from a study in an orchard that the stems of the apples should be cut short after picking [2].
Moreover, the stem cannot be completely removed due to the fact that, according to the
Chinese fresh apple grading standard, apples with missing stems are the worst fruit,
regardless of whether their surface is smooth or not [3]. In addition, according to the
Chinese standard for apple picking technology [4], some varieties with thin skin and
prickly injury (e.g., Fuji) should be cut short after picking, so that the pedicel becomes
lower than the fruit shoulder. The shortening of the apple stems can also reduce their
puncturing the surface of other apples. According to the Inspection Instructions for Apple
of the U.S. Department of Agriculture, the number of stems puncturing a single apple
affects the apple’s grading standard [5]. For high-volume apple collection, shorter stems
indicate more apples for the same weight for the fruit merchant, and the shortening of the
apple stem has potential for a 5% increase in commercial value [6]. The current study on
apple orchard machinery relied on stable and efficient apple orientation devices for surface
damage detection and apple stem shortening in the orchard. However, no commercial
automatic apple stem shortening devices are available, and the apple orientation is a
key step in apple damage detection and apple grading [7]. Throop et al. [8] designed
two wheels perpendicular to each other because the depressions at the calyx end cannot
be acted upon by the rollers to orient the apples in the factory. Another way to orient
apples consists in using a grooved ramp combined with the inertia of falling apples [9],
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as well as a set of concave mirrors to detect all the sides of the apple. Based on this
method, Lefcourt proposes a method for repeated orientation of non-oriented apples to
illustrate the feasibility of grooved ramp orientation in factory sorting [10]. Flemmer
provided an accurate description of the angle during apple rotation, which provided a
highly precise description of the position shift in the rotation of the apples, although it
could not enable the inertia-based orientation of the apples [11]. Other quality inspection
fields, such as seed visual inspection and fruit kernel removal, also require different degrees
of orientation [12,13].

Apples should also be roughly sorted upon picking in the field [14,15], where their
automatic sorting reduces the cost and increases the efficiency [14,16-19]. For instance,
apples with no or minor damage can be graded and boxed according to their size, while
those with major surface damage cannot be consumed as fresh apples and they are of-
ten recycled by factories for further processing into several products such as jam and
juice [16,20]. In contrast to fine grading in factories, in field defect detection, missing apples
or apples with obvious damage are separated from fresh apples to reduce the transportation
costs [21-24]. Partially missing apples still have the maximum equatorial diameter, and
thus it is difficult to separate the incomplete apples completely and apples with large black
spots using traditional mechanical grading. The use of machine vision allows the bad
apples to be distinguished from the fresh ones [25-29]. However, machine-vision-based
apple surface damage detection requires a clear view of the entire circumference of the
apple, and therefore a device that can make the apple rotate in a fixed direction and not
obscure the space between the apple and the camera is required. Otherwise, the accuracy of
the detection of the apple surface damage will be decreased [8]. Reese et al. [30] used only
one camera with two concave mirrors to assist the detection of damage around the entire
circumference of the apple, including its two end surfaces. However, an orientation device
was necessary to improve the accuracy of the apple damage detection. Simple and effective
apple-orienting structures are needed for both damage detection and stem shortening of
apples in the field after harvest, and an orientation device for cutting short apple stems does
not currently exist and the automatic shortening of apple stems theoretically places higher
demands on the orientation effect. The central axis of the apple is oriented to coincide as
much as possible with the actuator action point, which allows reduction in the accuracy
requirements of the actuator. The apple orientation devices at the factory level are difficult
to adapt to the size of the apple tree spacing, and complex devices are prone to failure on
unstructured surfaces in the field [16].

Thus, it is a challenge to design simple and effective apple orientation devices to
achieve a uniform direction of the central axis after apple picking. The axis of the apple can
be kept parallel to the axis of the roller after orientation in any posture. In addition, the
orientation device can make the apple rotate at a certain speed, so that all the circumferences
of the apple can be captured with just one camera and the device does not block the surface
of the captured apple [30]. Fortunately, the inertia-based orientation device for apples can
satisfy the requirements of quick orientation of apples and observing their entire surface.
In the experiment, the apples were placed on rollers made of TPU material. With a rotation
speed of 107 rad s~! (300 RPM) in the same direction as the double rollers, the apple placed
in the detection device in any posture performs its automatic adjustment. That is, the center
axis of the apple will be parallel to the center axis of the rollers.

In this paper, a theoretical analysis of apple orientation phenomenon is first conducted.
An apple orientation experiment platform is then built to verify the universality of the
apple orientation device. Finally, a relationship between the fruit shape index difference
and apple orientation time is determined. The findings of this study provide structural and
theoretical bases for damage detection in apple fields and automatic apple stem shortening.
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2. Materials and Methods
2.1. Apple Shape Statistics and Modeling

The physical dimensions of Yantai Fuji apples were determined using a digital caliper
gauge, and 15 dimensions of 152 randomly selected ripe apples were measured in a densely
planted dwarfed orchard of fusiform apple trees. The measured dimensions are the left
side distance (R;), right side distance (Ry), stem end diameter (L), calyx end diameter (L;),
apple stem length (H3), stem end angle (61), calyx end angle (6;), apple stem angle (63),
minimum height (H), maximum height (H;), stem end straight line diameter (L3), stem
end depth (Hs), calyx end straight line diameter (L4), calyx end depth (Hy), and equatorial
diameter (D) of the apple. A schematic diagram of the measured feature dimensions and
their locations is shown in Figure 1a. To facilitate the subsequent experiments, the measured
apples were individually numbered.

Stem end Central axis

H,
o
H,

H,

|A
-

_v

Calyx end

shape index = H2/D
shape index difference = (H2 - H1)/D

(a) (b)

Figure 1. Measurement feature data and sketching of apples: (a) positions of apple size measurements;
(b) apple shape index difference and shape index.

To determine the general distribution of the location of the center of gravity of the
apple, a 3D model was drawn in Solidworks (2020) according to the statistical average.
As for the hierarchical modeling, this paper uses modeling in four equal parts along
the longitudinal section of the apple. The maximum size and minimum size of the apple
feature values were first used to obtain two 1/4 longitudinal sections of completely different
sizes. The remaining two 1/4 models were then completed based on the sketches of the
two sections with different sizes using the lofting command. The four parts of the apple
were modeled as individual parts and assembled using assembly drawings.

The fruit shape index is the ratio obtained by dividing H, by D [31], which can better
describe the shape characteristics of an apple. It is a parameter used to describe the
roundness of the apple. However, in the process of Yantai Fuji apple shape determination,
it was deduced that the fruit shape index cannot accurately describe the shape of the apple,
and the difference between H; and H; of some apples was relatively large. Therefore,
this paper proposes to use H, minus H; divided by D to describe the height difference
of apples per unit diameter, as shown in Figure 1b. The relationship between fruit shape
index difference and orientation time is statistically presented in a later section.
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2.2. Analysis of the Apple Rotational Orientation Theory

Assuming that the apple is placed at any position on a stationary flexible roller, it is
subjected to different support forces in different positions due to the presence of depressions
on the calyx and stem ends of its surface and the fact that its shape is not a standard sphere.
The support forces in different directions constitute the tipping moment, which makes the
apple tumble in the direction of the side view, where only one roller is visible. It is then
driven in rotation by the friction of the roller. The motion of the apple after forces have
balanced can be considered as a rigid body rotating at a fixed point, driven by the rotational
friction of the roller.

To determine the size of the three principal axes of inertia of the apple, a 3D model of
the average apple size is created in Solidworks (2020). The direction of the 3D model and the
principal axis of inertia after using the mass evaluation command is shown Figure 2c. The
static coordinate system is a right-handed system, as shown in Figure 2a,b. The directional
cosine values of the angle between the inertia principal axis and the static coordinate
system were Ix = (—0.68, —0.25, 0.69), Iy = (0.72, 0.00, 0.70), and Iz = (—0.18, 0.97, 0.18). The
principal axes of inertia were Px = 154,988.78, Py = 159,690.16, and Py = 167,648.14. When
the flexible roller rotates in the same direction at 107t rad s~! (300 RPM), the center axis of
the apple will be parallel to the center axis of the roller. This indicates that the apple stably
rotates around the Z-axis. Rigid body kinematics analysis is first used for the phenomenon
of the apple rotating stably along the orientation of the main axis of maximum inertia.

(b) (o)

Figure 2. Apple 3D modeling with static coordinates: (a) apple static coordinate system in the
XZ-axis direction; (b) apple static coordinate system in the XY-axis direction; (c) 3D figure showing
the position of the apple center of gravity and the direction of the main axis of inertia.

As the apple rotates around the Z-axis, due to the variable and unequal curvature of
its shape, there will be small perturbations in the other two directions during the rotation,
which makes it unstable. w can then be expressed as:

w = wze; + Aey + pex 1)

where A and y represent the disturbances of rotation around the X- and Y-axes, respectively.

Assuming that the linear velocity of the apple rotation and the linear velocity of the
roller are equal, the external torque is approximately zero. By substituting Equation (1) into
the Eulerian kinematic equations, the following system of equations is obtained:

Pzw; = (Py = Px)Ap =0
PyA — (Px — Pz)wzp =0 ()
le;l — (PZ — Py)wz)\ =0

Based on the last two equations of Equation (2), the time derivative of the second
equation and eliminating u are introduced into the third equation and the following
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equation for the second order linear constant coefficient differential with respect to A

is obtained:
(Px — Pz)(Py — Pz)
Py Py

A+ WA =0 ©)
Based on the discriminant of the solution of the homogeneous linear differential
equation, the general solution of Equation (3) can be determined as:

A = Agcos(Q;t — a) 4)

It can be deduced that the rotation around the Z-axis is a sinusoidal oscillation accord-
ing to the initial state. That is, a small perturbation of the rigid body rotating around the
apple Z-axis will not oscillate and disperse. However, if the apple is rotated around the
Y-axis with a small perturbation, then:

w = Ae; + wyey + pey )

Similarly, an equation for the second order linear constant coefficient differential with
respect to A can be obtained:

(Px — Pz)(Py — Px)

A Pz Py

c@Azo (6)

Based on the discriminant of the solution of the homogeneous linear differential
equation, the general solution of Equation (6) can be determined as:

A = Aexp(kt) + Bexp(—kt) (7)

The perturbation grows exponentially with time and cannot converge. Therefore, it is
unstable when rotating around the Y-axis. Since the perturbation does not cumulatively
increase when rotating in the direction of the main axis of maximum inertia, the apple can
stably rotate around it. The center axis of the apple is parallel to that of the roller after the
orientation is completed. Since the gravitational force and the support force of the apple
are still not in the same direction, the moments are not balanced, as shown in Figure 3a.

(b)

Figure 3. Diagram explaining the phenomenon of the apple moving toward the calyx end: (a) apple

tumbles due to unbalanced torque; (b) the inertia should be maintained so that the central axis returns
to a position approximately parallel to the axis of the roller and creates relative sliding.

The frictional force of the roller is insufficient to balance the moment from gravity and
support forces. The apple rotation nutation angle is affected by the unbalanced moment.
The unbalanced torque causes the apple to roll clockwise along the surface of the roller
with a certain angle, as shown in Figure 3a where the rolling apples and the applied forces
are indicated by dashed lines. As the roller rotates, the apple will remain axially parallel to
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the roller axis under the influence of the moment of inertia, as shown by the dashed line
in Figure 3b. Due to the weak friction between the roller and the apple, the apple exhibits
sliding friction relative to the rollers. Therefore, there is a misalignment in successive
positions as shown in Figure 3b. After the apple axis is rotated in the direction of the central
axis of the roller, the apple rotation tends to be dynamically stable so that it moves along the
central axis. The reason for this phenomenon is that the apple is pulled up by the upward
rotational action of the moment of inertia and the frictional force of the roller is less than
the roll torque, which causes the apple to move in the axial direction. The apple will keep
moving horizontally along the axis until the thin plate provides a support force parallel to
the axis of the roller. Theoretically, once the relative relationship between the position of
the center of gravity of the apple and its equatorial position is determined, the direction
of motion along the axis after its orientation is fixed. As shown in Figure 3b, if the center
of gravity of the apple is to the right of the equatorial diameter, it moves in the direction
of the axis of the roller towards the calyx end. The orientation can be accomplished with
two rollers for a single apple, which theoretically explains the reason for the stable rotation.
The generalizability of apple orientation still needs to be verified, and therefore an apple
orientation test platform was built.

2.3. Construction of the Orientation Test Platform
2.3.1. Double Roller Installation and Restraint

The main body of the rotating device uses a double roller model with a minimum
distance of 24 mm between the two rollers and a diameter of 49 mm, rotating in the same
direction at 107t rad s~ ! (300 RPM), as shown in Figure 4a. To guarantee the motor speed
synchronization, the same A4988 and Arduino UNO are used for the two stepper motors.
The two linear actuators are self-locking to ensure that the tilting angle is fixed during the
roller rotation, as shown in Figure 4a. The self-locking feature of the screw is used to ensure
that the rollers’ distance is fixed, as shown in Figure 4b. The PLA board is 3D printed and
fixed with jackscrews, which are also used to ensure that the distance between the rollers is
fixed during the rotation, and the PLA board is fixed to the transparent PMMA plate by hot
melt adhesive, as shown in Figure 4c. The used TPU95A roller material has some elasticity
to better protect the apple from damage during the rotation [32]. The 42 stepper motor is
used to rotate the roller. The A4988 and Arduino UNO are used to control the rotation of
the motor, with a 12 V mobile lithium battery as power supply.

Figure 4. Cont.
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(d) (e)

Figure 4. Apple-orienting test platform construction: (a) test platform and control structure; (b) the

self-locking screw guarantees a fixed roller distance; (c) the jackscrews guarantee a stable roller
distance; (d) flexible roller made by 3D printing; (e) thickness of the flexible roller.

The flexible roller molding made with FDM3D printing is shown in Figure 4d. FDM3D
printing is used as a flexible roller molding method with a conventional proximity extrusion
3D printer [33]. The end face of the roller is pre-drilled with holes for motor mating. The
roller aperture size is 4.86 mm and the motor shaft diameter size is 5.01 mm, which presents
an interference fit between the aperture and the motor. The print wire is black TPU95A
made by ESUN, with a printhead temperature of 220 °C and a hot bed temperature of 60 °C.
The print speed is 24 mm s~ ! with 80% infill, shown in Figure 4d. In order to guarantee the
softness of the material and to consider the stability of the structure, the thickness of the
drum is 1.6 mm, as shown in Figure 4e.

2.3.2. Camera and Posture Determination Equipment

The test platform of the apple orientation and the camera shown in Figure 5a are
used to determine the apple orientation time. Although the camera has low resolution,
the timing requirements can be met with a low cost. The industrial camera has 1 million
pixels, a sensing size of 1/4 inch COMS, a resolution of 720 p, and a focal length of 6 mm.
The PyTorch-based YOLOv5m model is used as a training deep-learning framework to
implement the determination of apple pose and to auxiliarily calculate the apple orienta-
tion time. The results from the study showed that YOLOv5 was easier to use under the
same setting and could be chosen as the baseline network based on how well it detected
things [34]. YOLOv5m was chosen for its rapid inference time and minimal hardware
demands [35]. The determination is added for each frame of the apple pose while running
the target detection code. The key frames of the apple orientation process are shown in
Figure 5b, where the number below each image represents its current number of frames
recorded by the camera.

The apple pose is divided into two categories: incorrect and correct. In addition, the
numbers of undirected and directed frames are separately counted. The total number of
frames in which the apple changes from undirected to oriented is counted. The camera
records the apple orientation process using 60 FPS, and the time of the apple orientation
is calculated by dividing the number of frames by the video frame rate of 60. The dataset
for model training is derived from the video captured by the monocular camera during



Horticulturae 2023, 9, 1235

8 of 14

the automatic orientation of the apple rotation. The video annotation of the images is
performed on the CVAT.ai web page. The tags are set in two states: correct (apple oriented)
and incorrect (apple non-oriented). The total number of datasets is 16,624, the validation
set is 1845, the batch size is set to 6, and a total of 550 rounds are trained. It is important to
mention that the apple will move along the axial direction after orientation. In the process
of image training and labeling, the apple is judged to have completed orientation when it
tends to move in the axial direction, instead of relying on sticking to the shell of the test
platform. In order to ensure a high detection accuracy, this study does not perform the time
calculation in real time but uses video recording, because the stable frame rate of video
recording leads to more accurate calculation time.

incorrect 0.94

5 581
»
7 639

(a) (b)

Figure 5. Apple orientation process and its frame: (a) apple orientation test platform; (b) apple

orientation process and its frame.

2.4. Apple Orientation Experiment

The trained YOLOv5m model was used to measure the time required to orient 104 Yan-
tai Fuji apples. All the apples were placed in a uniform pose, and they were all oriented
vertically with the static coordinate system X-axis. The apples were rotated in the Y-axis
direction, which indicates that the center axis of the apple is placed perpendicular to that
of the roller. This is because the apples are theoretically unstable as they rotate around the
second inertial axis. To determine if the apple can spontaneously rotate from an unstable
state to a stable direction, orientation tests were also performed before the experiment with
apple axis and roller axis of less than 90°. The obtained results showed that the longest
orientation time was achieved by placing the apples in a posture with the central axes
perpendicular to each other. The roller was continuously rotated at an angular speed of
107 rad ! (300 RPM), and the apples were placed as close as possible to the surface of the
roller to prevent them from spinning out of it. The camera recorded the entire process of
rotating each apple in the direction of orientation, while naming the folder with the apple
number. After saving the videos, their orientation times were calculated using the trained
YOLOvSm.

3. Results and Discussion

Firstly, the apple statistics obtained from the shape characteristics are analyzed to
show that there is not a complete overlap between the apple’s center of gravity and the
equatorial diameter. Then, the relationship between apple orientation time and apple shape
is analyzed, based on the statistical results of the speed of apple orientation time.
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3.1. Apple Shape Characterization Results

Due to the apple shape, the overall center of gravity is at a certain distance from the
equatorial diameter. The reason for the tipping of the apple is the distance that exists
between the position of the center of gravity and the supporting force. The deviation
between the two is also the reason for the phenomenon of axial movement of the apple after
orientation. The shape parameters of 151 groups of Yantai Fuji varieties were randomly
selected and the statistical results of the main dimensional parameters were obtained using
vernier calipers, as shown in Figure 6a. The diameter of the end face of the fruit pedicel is
larger than that of the end face of the calyx, leading to uneven distribution of mass on the
two sides of the equatorial plane of the apple, which makes it hard to keep the central axis
and the horizontal plane parallel when the apple is placed stationary on the plane without
friction. Assuming the apple is a complete ellipsoid, its stem end and calyx end are cut in
two opposite directions, but the volume cutoff at the stem end is larger than that at the
calyx end, which causes its overall center of gravity to deviate from the equator.

95

120 1= I Length of apples| 90
85
[ Angles of apples 30 I

75
70

—_
(=]
(=]

x©
(e
()]

Angle/deg
W N N
wn O

Length/mm
[}
[}

40 | s
i % 40
20 + . 35

(a) (b)

Figure 6. Apple critical feature size statistics chart: (a) length of the apple measured using a vernier
caliper; (b) angle measured using an angle ruler.

There is also a volume inequality between the depression at the end of the apple stem
and that at the end of the calyx, which results in uneven mass distribution between the
two sides of the apple. The greater the mass difference between the two, the more favorable
it is for the apple to tumble toward the roller under the action of the rotational moment.

The statistics of other apple parameter size measurements are shown in Table 1. It can
be noticed that all the size parameters above the equator are larger than the mean values of
the parameters below the equator, which indicates the uneven distribution of apple mass.
This leads to the appearance of orientation as well as movement towards the calyx end
during apple rotation. The favorable orientation of apples is based on rotational inertia.
The shape characteristics of the apple can be accurately described by the statistical results,
where its center of gravity is located behind the equatorial diameter. The specific shape
of the apple leads to the formation of a torque between its support force by the roller and
its gravitational force, which is not sufficient to perform its force balance. Five of the one
hundred and five apples moved in the direction of the calyx end. That is, 95.24% of the
apples moved towards the calyx end in the direction of movement after orientation. It
can be shown that the center of gravity of the apples is located more at the calyx end of
their equatorial diameter, which is consistent with the location of their center of gravity in
apple modeling.
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Table 1. Measurement results of other apple parameters.
Apple’s Maximum Minimum Average Val Standard
Dimensions Values Value erage vatue Deviation
R; (mm) 59.70 26.18 40.41 5.41
R; (mm) 55.30 21.80 39.60 5.16
L; (mm) 58.50 25.30 37.62 5.52
Ly (mm) 50.10 18.90 29.29 4.66
Hj3 (mm) 26.10 0.00 9.29 4.60

3.2. Association Results between Apple Orientation Time and Apple Shape

After training, there were cases where the apple pose was not recognized during
the actual calculation of the apple orientation time. For the experiments, recognition
failed for 8 out of 104 apples. The small number of trained apples may be the reason for
the unsuccessful recognitions. In total, 92.38% of the apples were effectively identified
and oriented. The number of trained samples can be increased to solve the problem of
remaining unidentified cases. The apple size was accurately determined by repeating
measurement with 94 apples. The apples with stems and those with missing stems were
distinguished. The relationship between the number of apples and the orientation time is
shown in Figure 7. It can be seen that 74.07% and 97.53% of the apples with stems were
oriented within 7 s, and 28 s, respectively. In total, 70.21% and 96.81% of the apples were
oriented within 7 s and 28 s, respectively. With more apples orientated in a shorter time,
this is consistent with the effect of long ramp orientation [9].

) I Apples with stems
60 60 I Apples without stems

o
£:50
2 -
U
=401
30
5 |
20
=5 L
210

0 " 0 1 0 I 2h1_|

(0,71 (7,14] (14.21] (21,28] (28,35] (35,42] (42,49]
Orientation time/sec

Figure 7. Statistical graph of the apple orientation time.

The apples without stems were more likely to take longer time to orient. This is due
to the fact that the apple stem can provide support force in different directions during
the rotation process, which makes the orientation time shorter. On the other hand, the
stem increases the overall height of the apple, which slows down the rotation speed at the
two ends and accelerates its orientation.

It can be seen from the angle statistics of the apple in Figure 6b that the stem end angle
(81) is close to 90°. The difference in the fruit shape index can characterize the degree of
parallelism between the two ends of the apple per unit diameter when its stem end is used
as the reference surface. In addition, the angle between the main axis of inertia of the apple
and the static coordinate system also becomes larger due to the uneven distribution of the
apple mass. The distribution of the fruit shape index difference by the number of apples
observed by OrgininPro (2022) is shown in Figure 8, and it can be deduced that the fruit
shape index difference is approximately normally distributed.
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Figure 8. Statistical distribution of the apple shape index difference and number of apples.

After removing the apples without stems, the relationship between the apple fruit
shape index difference, height difference, and apple orientation frame number was found,
as shown in Figure 9a. The frames were divided into four categories using the break in the
number of frames with large gaps, and the fruit shape index difference was measured for
different frames. The statistical plot between the fruit shape index difference and the num-
ber of apple-oriented frames is shown in red in Figure 9a. The mean t-test values between
70-260 frames and other categories were all less than 0.05. A graph of the relationship
between the apple height difference and time change is shown in blue in Figure 9a. The
latter also shows a strong relationship between the apple orientation time and the direction
of apple height, with essentially the same trend of change.

[ shape index difference |
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Figure 9. Statistical graph of fruit shape and number of oriented frames of apples: (a) statistical graph
of the relationship between the orientation time with index difference of fruit shape index and height
difference; (b) statistical graph of orientation time function of the equatorial diameter.

Firstly, the fruit shape index difference is not the largest (it is relatively small) for the
best effect of orientation, which should have some relationship with the direction of the
apple principal axis of inertia. The asymmetry between the two sides of the height of the
apple helps the direction of the support force to vary, and thus the greater the shape index
difference, the shorter the orientation time, purely in the aspect that the variable support
force helps the apple orientation. However, it is deduced that the shortest orientation time
is not the one with the largest shape index difference, which is caused by the angle between
the principal axis of inertia and the static coordinate axis of the apple also becoming larger.
A small angle does not affect the stability of the apple rotation, and a larger angle affects
the orientation time of the apple. Secondly, the orientation time of apples becomes longer
as the difference of fruit shape index decreases. It can be observed from Figure 9a that
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the fastest orientation is not for the apple with the largest fruit shape index difference. In
addition, after 70 frames, the apple orientation time becomes longer as the fruit shape index
difference decreases. Moreover, it can be deduced that the speed of apple orientation can
be roughly predicted by the maximum and minimum height difference of the apples. If the
difference in apple height is large, then the orientation time is more concentrated in the
relative middle.

It can also be seen from the mean t-test that the height difference and the fruit shape
index difference do not significantly diverge between the minimum and maximum orienta-
tion frame ranges. Figure 9b shows the relationship between the equatorial diameter of the
apple and the orientation frame, in which the mean t-test value is less than 0.05 between
the two categories, under 70 and above 600 frames. Compared with the largest orientation
time interval, the shortest orientation intervals tend to have smaller median diameters.
This is because, for the same linear speed of the flexible roller, the apples with a smaller
diameter can achieve a higher angular speed, which makes their orientation faster. There is
still a significant difference in apple diameter between the maximum and minimum time,
which indicates that the angular velocity is one of the key factors. Angular velocity is an
important factor that affects the orientation time of apples, and this result is consistent with
other materials oriented by the dual roller orientation method [36]. In other words, the
apple orientation based on rotational inertia is still dominated by the angular velocity of
the apple, and the different fruit shape indexes of the apple also have a secondary effect on
its orientation. Thus, the size from the apple diameter can also be used as one of the factors
to predict the time of apple orientation, which tends to be shorter when the apple size is
smaller. When the apple size is larger, the larger the difference in the shape index and the
shorter the orientation time of the apple.

Furthermore, based on the above theory, increasing the factor of changing the direction
of the support force can accelerate the orientation of the apples, which is currently produced
only by gravity and support forces. During the orientation process, the tilt angle of the
roller can be changed or small non-smooth protrusions on the surface of the roller can be
designed such that the direction of the support force on the apple is varied to speed up its
tumbling. An additional rotating paddle wheel can be added to the roller axis orientation to
provide a force parallel to its central axis in order to make the apples fall faster. Vibrations
can also be artificially added to make the apples have axially unbalanced forces during
rotation, which increases the likelihood of their tripping. Note that the use of this structure
in the field should give better orientation results since the ground is an unstructured scene
that can just cause vibrations and disturbances in the orientation device.

4. Conclusions

In this paper, a theoretical analysis of apple orientation is provided. The stability is
determined according to rigid body kinematics and rotated around the direction of the
main axis of maximum inertia, and thus the apple’s central axis can rotate parallel to the
roller axis in a stable manner. A reasonable explanation is also given for the translations in
the direction of the central axis when the apple is oriented. YOLOv5m combined with a low-
cost monocular color camera is then used to calculate the orientation time of apples. The
generalizability of the orientation structure to the Yantai Fuji apples is also verified. Finally,
experiments are conducted to determine the relationship between the apple orientation and
fruit shape index difference. The fruit shape index difference shows a trend of increasing
and then decreasing with the increase in the orientation time. Valuable references on how
to accelerate the apple orientation are also provided. For example, a suitable roller speed
range can be selected to help shorten the apple orientation time, and shape changes and
topology optimization of the surface of the roller should be beneficial in shortening the
apple orientation time. There are some potential constraints, which can be modeled and
analyzed using finite element modeling, such as dynamic properties and damage studies
during the apple orientation process and the rigid—flexible coupling of the model [37].
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The simple structure of automatic apple orientation can be useful for automatic sorting,
automatic stem cutting, and field quality inspection. The automatic picking robot helps to
perform the whole mechanization of apples in the field after picking. The phenomenon of
apples moving to the calyx end is useful for factory high-throughput apple grading. Using
the phenomenon of moving along the axis after the apples are oriented, multi-way rollers
can be arranged in parallel to transport apples, which reduces the overall size and increases
the efficiency. This allows for tighter rows than drive belts, enabling a greater throughput
of mechanical apple grading and factory-level apple quality inspection.
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