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Abstract: In order to effectively solve the problems of the complex growth state of dragon fruit and
how the picking process is mostly manual, this study designed a picking and selecting integrated
remote-operation-type dragon-fruit-picking device. Based on SOLIDWORKS 2020 software for
the three-dimensional digital design and overall assembly of key components, the structure and
working theory of the machine are introduced. By improving the high-recognition-rate dragon
fruit target detection algorithm based on YOLOv5, better recognition and locating effects were
achieved for targets with a small size and high density, as well as those in bright-light scenes. Serial
communication, information acquisition, and the precise control of each picking action were realized
by building the software and hardware platforms of the picking device control system. By analyzing
the working principle of the mechanical system and the mechanics of the machine picking process,
the critical factors affecting the net picking rate and damage rate of the dragon-fruit-picking device
were confirmed. Based on the force and parameter analysis of the test results, it was confirmed that
the machine had an optimal picking influence when the flexible claw closing speed was 0.029 m/s,
the electric cylinder extending speed was 0.085 m/s, and the mechanical arm moving speed was
0.15 m/s. The net picking rate of the device reached 90.5%, and the damage rate reached 2.9%. The
picking device can complete the picking of a single dragon fruit, as well as a plurality of fruits grown
at a growing point, and integrates the integration of picking fruits, removing bad fruits, and sorting
fruits, which can improve the efficiency of dragon fruit harvesting and replace manual work.

Keywords: dragon-fruit-picking device; dragon fruit; integration of picking and sorting; fruit target
detection algorithms

1. Introduction

Dragon fruit, also referred to as jade dragon fruit or dragon pearl fruit [1–3], has
rich nutritional value [4,5]. Dragon fruit is rich in anthocyanins, vitamin E, and other
antioxidant substances as well as bioactive compounds [6,7] and has been shown to have a
variety of positive health effects, such as promoting human metabolism and antidiabetic,
anti-inflammatory, anticancer, and antimicrobial effects [8–10]. With the rapid development
of China’s economy and the continuous improvement of the living standards of its people,
people’s demand for dragon fruit and other fruits is also increasing. With the continuous
expansion of the dragon fruit market, China’s dragon fruit planting area is increasing [11];
by 2021, China’s dragon fruit planting area exceeded 66,700 hm2, making it the biggest
area in the world [12]. China is not only one of the largest dragon fruit producers, but also
one of the largest dragon fruit consumers [13]. This greatly promotes the development
of the domestic dragon fruit industry, as dragon fruit picking is an important part of the
dragon fruit industry, as well as being an essential link [14]; however, because dragon
fruit roots are very hard and the fruit growth stages are diverse, it is difficult to program a
market fruit-picking machine to distinguish between the different fruit stages of dragon
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fruit picking. Therefore, it is difficult to realize the mechanized harvesting of dragon
fruit [15], and, at present, dragon fruit is usually picked manually, which is labor-intensive
and has low picking efficiency, restricting the development of the dragon fruit industry.
In the main production areas of dragon fruit, owing to the large area and wide range of
dragon fruit planting, manual picking cannot satisfy the requirements of efficient picking,
so mechanized picking is an inevitable choice [16]. Dragon fruit belongs to the cactus
family of plants [17], so the branches are hard and thorny in appearance; thus, picking not
only requires special tools, but may also cause injury to workers. Therefore, the study of an
automatic dragon-fruit-picking robot is of practical value.

No research reports on dragon-fruit-picking robots have been found abroad; however,
developed countries have been studying fruit picking for a long time, and they have
achieved many results by combining advanced technology, unique picking forms, and
a highly developed level of intelligence. D.O. Khort et al. [18] developed a strawberry
collection device with a computer vision system that can identify the position according
to the size and ripeness of the fruit coordinates and pick the fruit using an automatic
manipulator with a computer vision system. This collection device combines a robotic
arm and visual recognition system with the ability to work synergistically. The visual
recognition system and robotic arm work in conjunction to improve fruit-picking accuracy
and picking efficiency. Arman Arefi et al. [19] developed a new segmentation algorithm for
guiding a robotic arm to use a machine vision system to pick ripe tomatoes that achieves the
fast detection and localization of fruits by the picking machine and improves the detection
ability of the algorithm in complex scenes. Nguyen Pham Thuc Anh et al. [20] developed a
robotic system for autonomous pineapple harvesting with a customized and special end
effector as well as an image-based harvesting control unit, which is based on a convolutional
neural network to automatically position and accurately harvest pineapples, recognized by
the camera. Actual harvesting tests concluded that the machine worked well and had a
high harvesting success rate. Henry Williams et al. [21] developed a kiwifruit-harvesting
robot, which consisted of four robotic arms, as well as a machine vision system, which
greatly improved the harvesting efficiency, and was capable of harvesting more than half
of the kiwifruits in the three test orchards, greatly reducing the demand for manpower
(i.e., reducing the number of workers) during the peak kiwifruit harvesting period. Johan
Baeten et al. [22] developed an automated fruit-picking mechanism for an apple-picking
robot, which used a flexible end effector to reduce the damage of the picking manipulator
to the apples as well as a binocular recognition system for the visual recognition system,
and the time taken for apple picking was 10 s for each apple through orchard tests, proving
the feasibility and functionality of the autonomous fruit-picking machine (AFPM). Takeshi
Yoshida et al. [23] proposed a method for automatic fruit harvesting using a fruit-harvesting
robot equipped with a robotic arm to pick most of the fruits from a V-shaped trellis. The
machine uses two arms for fruit picking, using sensors and computer vision to detect
the position of the fruit, which improves the picking accuracy of the machine and proves
the feasibility of this method through experiments. The machine can be used, with good
results, for picking single dragon fruits; however, it cannot be used for picking multiple
dragon fruits growing at one growing point. Although there is no research on dragon-fruit-
picking robots, a variety of fruit-picking robots exist that can help lay the foundation for
their design.

China has not yet finished products in mass production domestically, but still focuses
on prototype design [24]. Zhang Yueyue et al. [25] designed a dragon-fruit-picking robot
end effector to achieve rapid shear picking with the dragon fruit leaf edge as the positioning
reference and, at the same time, to achieve the goal of shortening the length of the incision
to be comparable with manual shear under the guarantee of picking quality. It is simple,
lightweight, and well-designed, which can be good for single-dragon-fruit picking, but not
for multiple dragon fruits growing at one growing point. Zhu Lixue et al. [26] proposed a
dragon fruit image segmentation and attitude assessment method based on an improved
U-Net to achieve a three-dimensional attitude assessment of dragon fruits, providing tech-
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nical support for the automated and accurate picking of intelligent dragon-fruit-picking
robots, but it is not suitable in the following cases: in a picking environment with a small
fruit size, high density, and complex environment, the visual recognition effect will be
reduced. Jialiang Zhou et al. [27] proposed a dragon fruit detection method based on RDE-
YOLOv7 to identify and locate dragon fruits more accurately, which theoretically supports
the development of dragon-fruit-picking robots, which have a very high recognition accu-
racy for a single fruit, but its visual recognition effect decreases in picking environments
with a high fruit density and complex environment. Bin Zhang et al. [28] suggested the
integration of a lightweight network, specifically an enhanced version of YOLOv5s, to
achieve the consistent detection of dragon fruits across diverse orchard conditions and
weather patterns, and the improved model has good robustness, which offers a good
solution for dragon-fruit-picking robotics, providing a theoretical foundation and technical
support. Ziyang Zhou et al. [29] proposed a control and actuation method for soft robots
that exploits the nonlinear mechanical properties of compliant curve beams and carefully
designed mechatronic control circuits to create a central pattern generator, and this work
is a significant step forward for soft robots towards fully autonomous, electronics-free,
SMA-based, on-board-actuation, and control-of-motion robots. This research points to the
design and control of a flexible end effector for dragon-fruit-picking devices and future
directions for improvement.

In response to the above, in order to effectively solve the problems of the long time
and low efficiency of the manual picking of dragon fruit, a large labor force occupied by
repetitive manual work, and the substantial time consumed in selecting and removing bad
fruits after the completion of picking, in addition to promoting the development of the
dragon-fruit-picking industry and improving the mechanization of dragon fruit picking,
this study designs a picking and selecting integrated remote-operation-type dragon-fruit-
picking device, which can realize the picking of single fruits and multiple fruits grown
at one growing point, can realize accurate identification and positioning under a dragon-
fruit-picking environment of small size, high density, and complexity, and can sort fruits
according to their weights as well as remove damaged or over-ripe fruits according to the
characteristics of the fruits in order to satisfy the market demand. At the same time, it can
also effectively relieve repetitive manual labor intensity, reduce the workload on employees,
enhance the efficiency of dragon fruit picking, reduce the time for selecting and removing
bad fruits after dragon fruit picking, and promote the development of the semiautomatic
field of dragon-fruit-harvesting machinery. The paper is laid out in a general-partitioned
structure, detailing the mechanical structure and control system of the device.

2. Materials and Methods
2.1. Overall Structure and Working Principle of the Machine
2.1.1. Overall Structure of the Picking Device

The whole picking and selecting integrated remote-operation-type dragon-fruit-picking
device adopts both electric and pneumatic drive to provide power for each part of the
structure, which integrates the functions of a shifting blade, clamping, picking, removing,
selecting, travelling, and speed regulation. The picking and selecting integrated remote-
operation-type dragon-fruit-picking device employs the format of single-row picking,
which includes a picking and sorting system, bad fruit removal system, visual identity
system, aluminum profile frames, control system, and inverted trapezoidal caterpillar track
travel system. The main structure of the system is shown in Figure 1.

The picking and selection of the integrated remote-operation-type dragon-fruit-picking
device have the following three advantages: the integration of picking and sorting can save
the time of fruit selection after the completion of fruit picking; the use of a flexible claw
gripping dragon fruits can prevent damage to the skin of the fruits during picking, and
reduce the rate of fruit loss; and, fitted with a blade-shifting device, can adapt to a variety
of complex fruit growing environments and improve the picking rate.
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Figure 1. A picking and selecting integrated remote-operation-type dragon-fruit-picking device: (a)
picking and sorting system; (b) bad fruit removal system; (c) visual identity system; (d) aluminum
profile frames; (e) control system; and (f) inverted trapezoidal caterpillar track travel system.

2.1.2. Working Principle and Main Technical Parameters

The picking and selecting integrated remote-operation-type dragon-fruit-picking de-
vice adopts the design scheme of remote operation, branch swinging and clamping, picking
and removing, and sorting. During the orchard operation, the operator controls the dragon-
fruit-picking device to reach the designated working position through remote control,
which recognizes the dragon fruit image through the visual recognition system and com-
pletes the location of the dragon fruit to ensure the accuracy of the picking work. According
to the image information and location information of the dragon fruit, the picking device
uses the end of the flexible claw and picking scissors to complete single-dragon-fruit and
multiple-dragon-fruit picking. In the picking process, the fruits are covered with a blade-
shifting device to clip out the branches to complete the picking of the covered fruit, so that
the picking work is carried out normally. When there are damaged and over-ripe fruits
in the picking process, the bad fruit removal system allows the suction cup to reach the
designated sucking position and complete the elimination of bad fruits through the mutual
cooperation of the cylinder and the slipway. The fruit picked through the funnel into the
sorting device according to the weight of the fruit will be divided into large fruit and small
fruit. The two kinds of fruit will go onto the tracks for transporting fruit into different
collection boxes and complete the dragon fruit picking.

The key technical specifications of the entire machine are presented in Table 1.

Table 1. The main technical parameters of the dragon-fruit-picking device.

Technical Parameters Numerical Value

Sizes (L × W × H)/(mm × mm × mm) 1480 × 820 × 1720
Quality of the machine/(kg) 74.8

Stepper motor for lifting device torque/(N m) 2.8
End Flex Jaw motor torque/(N m) 1.6

Twin rod cylinder actuator speed/(m/s) 0.15
Sorting device conveyor belt line speed/(m/s) 0–0.2

Work efficiency/(pieces/hour) 499

The machine design schematic is shown in Figure 2.
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2.2. Design of Mechanical Structures
2.2.1. Picking and Sorting System

The picking system mainly includes a picking device and a sorting device. The picking
device can pick either a single dragon fruit growing alone or a dragon fruit growing
together with multiple fruits. The growth state of dragon fruits is shown in Figure 3; the
shape of the fruit is ellipsoid, the average long diameter of the fruit is 87.5 mm, the average
transverse diameter of the fruit is 66.7 mm, and the average mass is 294.2 g. Through
practical tests, it can be seen that the maximum force of compression of dragon fruit should
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not exceed 100.8 N, and the shearing force of the scissors inserted into the leaf flesh is
20 N, in order to make the picking device better adapted to the indeterminate growth
characteristics of dragon fruit. In the process of picking individually grown dragon fruits,
the picking position is determined by the movement of the lifting platform composed of
the module and the round-trip movement of the electric cylinder, and the picking angle
is adjusted by the rotation of the steering gear connected to the flexible claw. The flexible
claw can completely wrap the fruit inside and cut the root of the fruit through the curved
blade on the outside of the flexible claw to complete the picking. In the process of picking
dragon fruits that grow together, the lifting platform is composed of modules and the
movement of the mechanical arm drives the end of the scissors to reach the roots of the
fruits and cut off the dragon fruits that grow together. In the picking process, if fruit is
blocked, the blocked branch is clipped out by the blade-shifting device to facilitate the
picking of shaded fruits. The sorting device through the front of the funnel to take over
the fruit was completed, and the weight of the fruit was measured indirectly through the
pressure sensor at the end of the funnel. At this time, the corresponding cylinder promotes
the baffle plate and the other side of the baffle plate to form the corresponding channel
for transporting fruits, which enter the collection box through the channel to complete the
sorting of fruits. Reinforcement was installed underneath the central load-bearing plate to
prevent the deformation of the middle load-bearing plate due to excessive weighing, and to
prevent the free fall of the load caused by the reverse movement of the lead screw module a
braking device was installed under the screw module [30]. The three-dimensional structure
of the picking and sorting system is shown in Figure 4. In the entire picking system, the
component that requires the highest stiffness is the connector between the end flexible claw
and the steering engine, and a lack of stiffness of the connector will lead to the sagging of
the end flexible claw, which cannot guarantee picking accuracy; therefore, the connector
was analyzed using ANSYS Workbench 2023R1 software, and the static stress, strain, and
displacement of the connector are analyzed and presented in Figure 5.
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The connector was constructed from 45-gauge steel and possessed a yield stress of
530 MPa. After the static stress analysis of the connector in ANSYS Workbench 2023R1
software, it was found that the maximum stress of the part appeared at the connection
position between the connector and steering gear, and the stress of the part was 46.4228 MPa.
After the static displacement analysis of the connector in ANSYS Workbench 2023R1
software, it was found that the maximum displacement of the part appeared at the edge
of the connector, and the static displacement of the part was 4.72208 × 10−3 mm. After
performing static strain analysis in ANSYS Workbench 2023R1 software, the maximum
static strain appeared at the connection position between the connector and the steering
gear, and the maximum static strain of the connector was 2.46735 × 10−4. A reasonable
demonstration of the static stress analysis, static displacement, and static strain analysis
indicates that the part meets the necessary requirements for use under operating conditions.
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2.2.2. Bad Fruit Removal System

The bad fruit removal system [31,32] is located on top of the aluminum profile frame
and is carried out by the OpenMV (Yunjiang science and technology company in China
Hangzhou) visual recognition module, through the movement of the double cylinder and
screw module in the direction of the X,Y,Z-axis, such that the organ-type suction cups can
achieve accurate positioning in space, and through the rotation of the steering engine the
sucking position is changed, then completing the culling of damaged or over-ripe fruit.
The three-dimensional diagram of the bad fruit removal system is shown in Figure 6a.
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At present, most suckers on the market are single air cavity suckers, and the adsorption
effect for irregular objects is not ideal and is easily affected by vibration and other factors;
double air cavity suckers have greater suction force and higher stability. Therefore, in
order to make suckers adapt better to the absorption of different sizes of dragon fruit and
further improve the stability and diversity of suckers, the vacuum sucker is designed as
a two-stage air cavity structure, the surface of the sucker cavity is covered with a film,
and, during vacuuming, the air pressure, Pi1, in the sucker cavity is extracted into Pi2. The
pressure difference between P and Pm1 pressurizes the film to cover the inner wall of the
suction cups. The deformation of the film expands the enclosed space, S0, between the
object and sucker, so that the initial air pressure, Pm1, equal to the ambient atmospheric
pressure in S0 is simultaneously reduced to Pm2. The dragon fruit was adsorbed using the
air pressure difference generated between Pm2 and atmospheric pressure, P0.

For the sucker, the temperature of the ideal gas remains constant and the amount of
substance of the ideal gas remains constant. Thus, an increase in the volume of the ideal
gas leads to a decrease in the gas pressure, and the sucker cavity is a circular truncated
cone, which simplifies the deformation process of S0 to an increase in the volume of the
circular truncated cone:

∆V =
1
3

π
[
3D2 − 3D∆hs cot(θ) + (∆hs cot(θ))2

]
∆hs (1)

where D is the diameter of the outer circle of the suction cup, θ is the angle of inclination of
the inner wall, ∆hs is the change in height of S0, and V1 is the initial volume of S0. Based on
the analysis above, the equation for the adsorption force of the suction cup is as follows:

F = ∆pS =
∆V

∆V + V1
pm1S (2)

where S is the contact area between the sucker and object, and it can be seen from the formula that
the adsorption force of the sucker is related to the volume change and contact area. The larger the
volume change, the larger the contact area, and the stronger the adsorption capacity; therefore,
this cavity design can make the vacuum suction cup better adapted to the dragon-fruit-removing
process, and the schematic diagram of the sucker structure is shown in Figure 6b.
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2.2.3. Inverted Trapezoidal Caterpillar Track Travel System

The road surface of the dragon fruit orchard has poor flatness, high water content, and
soft soil that is easy to collapse. The mobile platform should have strong off-road performance,
and the inverted trapezoidal tracked chassis can provide higher stability and off-road capability
compared to the traditional tracked chassis; it has more significant adaptability and load-bearing
capacity. Therefore, the picking and selecting integrated remote-operation-type dragon-fruit-
picking device adopts an inverted trapezoidal tracked travelling mechanism, with two parallel
screw sliding platforms mounted on top of the chassis. Thus, when the tracked travelling
mechanism can no longer move forward, the position above the sliding platform can be
further adjusted via the sliding platform, further improving the feasibility of the picking device.
According to the “Crawler transport machinery” for motor components and structure selection,
the chassis motor model 110BM-48-1000 DC brushless motor (DMKE company in China
Guangzhou) has rated torque of 6 N m, a supporting gear reducer selection RV50 worm
gear reducer (Hengming intelligent equipment company in China Shenzhen), and a reduction
ratio of 1:50. It also has walking system selection of gear rubber tracks, track pitch P = 0.065 m,
track width b = 0.18 m, track thickness of 0.02 m, and B = 0.75 m between the left- and right-side
tracks [33]. The three-dimensional diagram of the inverted trapezoidal caterpillar track travel
system is shown in Figure 7.
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2.3. Design of the Control System
2.3.1. Visual Identity System

The visual recognition system [34] is located in the uppermost part of the picking and select-
ing integrated remote-operation-type dragon-fruit-picking device, which adopts the eye-to-hand
calibration method; the hardware system adopts the XTOM-MATRIX 3D (Xintuo 3D technology
company in China Shenzhen) scanning system based on the principle of binocular stereoscopic
vision [35] and blue light projection aberration multifrequency phase-shift technology to achieve
non-contact object 3D data in detailed, accurate, and fast acquisition. Moreover, to achieve
the localization of dragon fruit using a dragon-fruit-picking device, a high-recognition-rate
dragon fruit target detection algorithm based on YOLOv5 is improved by adding fewer labeled
category images to the targeted data expansion, finding the optimal parameters adapted to
this self-constructed dataset by using hyperparametric evolution, applying an image weighting
strategy for the imbalance in the categories of the dataset, to increase the recognition accuracy of
dragon fruit, and using a label smoothing strategy to prevent overfitting of the network and
enhance the generalization ability of the network.

To reduce the influence of the category imbalance problem during the training process,
an image weighting strategy is applied to the category imbalance of the dataset, which
calculates the weight of the image acquisition during the training process. If the image
weight is larger, the probability of the image being sampled is larger. While traversing the
image, it was calculated according to the recaptured index. With the use of image weights,
the images that were poorly trained in the previous round are given increased weights in
the next round of training, so that the network can make full use of the data in the dataset.
Because manual labeling inevitably leads to mislabeling and omission, the use of a label
smoothing strategy is a good solution to this problem.

First, we train according to the parameters recommended by YOLOv5, and then add
or subtract on this basis to train again; the optimal parameter is finally determined to
be 0.05. In order to optimize the loss function IOU, we introduce an IOU loss function
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with different characteristics and adopt five IOU loss functions (DIOU [36], GIOU [37],
EIOU [38], SIOU [39], and Alpha-EIOU [40]) which were trained in combination with the
YOLOv5s model, and the results were compared to select the most suitable loss function.

Changes in various indicators during training are shown in Figure 8.
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According to Figure 8, it can be concluded that the difference between the indicators
of mAP_0.5, mAP_0.5:0.95, P, and R using different IOUs is not very large; the maximum
value does not differ by more than 1%. However, under the three indexes of classification
loss, verification loss, and target loss of the training set and verification set, the use of EIOU
can effectively reduce the loss value, which indicates that the use of EIOU can better locate
the target and complete the task.

After adding the above optimization method, the network is trained again and tested
using the weights obtained after the completion of training; a comparison graph of the
metrics between the YOLOv5 network with the optimization method added and the original
YOLOv5 network during the training process is shown in Figure 9.
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loss of the validation set; and (h) graph of changes in target loss for the validation set.

The EIOU curve (blue curve) is the network training process curve after the addi-
tion of the improvement measures, and the other curve is the original YOLOv5 network
training process curve. According to Figure 9, after adding the optimization measures,
mAP_0.5:0.95 has been improved considerably, and the simulation precision and recall
improved. According to Figure 10, after the improvement, the performance of the model
has been improved in all aspects compared with the pre-improvement period. Among
them, the mAP_5:0.95 of all categories in the model increased by 0.12 and 0.205, respec-
tively. For mature dragon fruit, mAP_0.5:0.95 increased by 0.032 and 0.092, respectively;
the mAP_0.5:0.95 of immature dragon fruit increased by 0.191 and 0.297, respectively; and
the mAP_0.5:0.95 of the model for flowers increased by 0.134 and 0.255, respectively. From
Figure 11, it can be concluded that the optimized network model can achieve superior
recognition and localization results for targets in small, dense, and bright-light scenes. A
comparison of the visual recognition effect on the test set is shown in Figure 10. The visual
recognition effect diagram of some scenes is shown in Figure 11.
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2.3.2. Dragon Fruit Weight Information Access

The sorting system is used to achieve the weighing and weight sorting of dragon fruits.
The STM32F4 microcontroller is selected to be the controller; after the target dragon fruit
is in contact with the pressure sensor, the pressure of the fruit makes the resistance of the
resistance strain gauges change and causes a change in the voltage, so as to output a signal.
The signal is transmitted to the HX711 A/D converter module and converted into a digital
signal; the signal is then converted into an accurate weight value by the microcontroller
program. The pressure sensor weighs the dragon fruit, and the weight information is
transmitted to the microcontroller through an HX711 A/D converter module. Processed
by the internal program of the microcontroller, the signal was converted into an accurate
weight value. The conversion process is as follows.

The output voltage, U, of the sensor at full scale is as follows:

U = UI · k (3)

where the following is the case:

UI—excitation voltage.
k—sensitivity, k = 1 mV/V.
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If the range of the pressure sensor is set to 5 kg and 5 V is used for power supply, then
the output voltage, U, is 5 (mV), which is equivalent to the sensor under 5 kg gravity, the
output voltage U is 5 mV, according to the circuitry of the load cell module, and the actual
output voltage U2 = 4.6 mV. When the pressure sensor is operating, the output voltage, U,
is as follows:

U =
4.6X

R
(4)

where the following is the case:

X—fruit weight, kg.
R—sensor range, kg.

Substituting the sensor range R = 5 kg into Equation (4), we obtain the output voltage
U = 0.92X (mV). The HX711 A/D converter module can amplify the sensor output voltage
128 times, at which point the output voltage, U, is 128 × 0.92X = 117.8X (mV). Set the
measured AD value to Y; convert the output voltage, U, into a 24-bit digital signal; and
then obtain the following:

Y =
U · 224

4.6
(5)

Substituting U = 117.8X in Equation (5), we obtain Y = 429,496.7X. Hence, we obtain
the following:

X ≈ Y
429.5

(g) (6)

Equation (6) shows the relationship between the measured AD value and the fruit weight.
According to this formula, the corresponding microcontroller program can be written, which
increases the processing of the oscillation signal in the program, and the acquisition of dragon
fruit weight information can be completed by eliminating the oscillating signals.

2.3.3. Control System

The system adopts an STM32F4 microcontroller (Mir technologies company in China
Shenzhen) as the core chip of the control system for picking and selecting an integrated
remote-operation-type dragon-fruit-picking device. The hardware of the control system
includes a steering engine for regulating the rotation of the vacuum suction device (model:
TD-8120MG, with a blocking torque of 20 kg cm, Feite model company in China Shenzhen);
a ball screw stepping motor module in the horizontal drive module for controlling the
left and right movements of the sucker positioning mechanism (model: 57HS22, with an
effective travel of 600 mm and a torque of 2.3 N m, Process equipment manufacturing
company in China Nanjing); a ball screw stepper motor module that controls the up
and down movements of the lifting platform (model: 57BYG250H, effective stroke of
500 mm, torque of 2.8 N m, Process equipment manufacturing company in China Nanjing);
an electric cylinder, used to control the movement of the end flexible claw expansion
and contraction (speed of 100 mm/s, effective stroke of 250 mm); a servomotor, used
to control the flexible finger opening and closing (model: 60M-R6430A5-E, torque of
1.6 N m, Huistong motor company in China Jiangsu); a DC gear motor for controlling
the sorting device (model: 5D120-GU-2, Jinmaozhan micro motor company in China
Shenzhen); a solenoid valve for controlling the working status of the cylinder and sucker
(model: 4V210-08, 2-position 5-way, Fidelion precision manufacturing company in China
Zhejiang); a relay for controlling the solenoid valve open/close (model: JQC-3FF-S-Z,
Mikolay electronics company in China Shanghai); a DC24V switching power supply; a
pressure sensor (model: FSR402, external diameter: 18.3 mm, Mack sensors company in
China Shanxi); a laser diffuse reflection counter-reflective photoelectric sensor (model: LS18-
DS80C1, sensing distance: 80 cm, Jingwei Laser Equipment company in China Liaocheng);
and a stepper motor driver (model: PFDE-DM542, incorporating three generations of 32-bit
DSP processors, Process equipment manufacturing company in China Nanjing).

The software part of the control system was programmed in the C language using Keil5
software (5.25 version), and the modification as well as debugging of the target detection
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algorithm was carried out in the Python language on PyCharm 2023. The pressure sensor,
photoelectric sensor, and visual recognition system constitute the fruit information acquisition
system, and the DC power supplies power for the control system. Before the work of the
control system, the components are first initialized to bring the control system into a ready
state; the visual recognition system then begins to identify and locate the fruit, the digital
image data collected are transmitted to the microcontroller through the USB interface, and the
microcontroller analyzes and processes the obtained information. When the fruit is judged
to be a single fruit, the microcontroller controls the end of the flexible claw picking; when
it is judged that the fruit is multifruit, the microcontroller controls the mechanical scissors
picking; and when it is judged that the fruit is blocked, the microcontroller then controls
the blade-shifting device to clip out the branches and fruit picking. During the process of
picking, the OpenMV (Yunjiang science and technology company in China Hangzhou) module
monitors the status of the fruit in real time and transmits the signal to the microcontroller
through the USB interface; when it is judged to be over-ripe or damaged, the microcontroller
controls the bad fruit removal system to remove the fruits. After the picking is completed, the
picking system puts the fruits into the funnel; the fruits enter the sorting device through the
funnel, the pressure sensor weighs the fruits, the weight signal is converted and transmitted
to the microcontroller, and the voltage signal is converted into accurate weight data by the
microcontroller program. Meanwhile, they will be sent to the upper computer through
the USART serial port; the weight data are displayed in real time, and the microcontroller
controls the corresponding cylinder to push the baffle plate to form different transmission
channels according to different weights. The fruits enter the different collection boxes through
the channels, and after the fruits enter the collection boxes the microcontroller controls the
electrical components to reset and complete the process of one operation. The machine is
driven by a combination of electric and pneumatic components, and the various control
hardware aspects of the picking and selecting integrated remote-operation-type dragon-fruit-
picking device are connected by a combination of an interrupt control and a timer control.
The feedback signals from the laser diffuse reflective photoelectric sensors, pressure sensors,
and visual recognition system were used as signs with which to control the work of various
electric and pneumatic components. The precise control of the slider position of the stepper
motor ball screw module, the speed of the stepper motor, the speed of the servomotor, the
opening and closing of relays and solenoid valves, the opening and closing of the end flexible
jaws, the expansion and contraction of the electric cylinders, the removal of damaged and
over-ripe fruits, and the picking and sorting of fruits are based on the position of the fruit and
the state of fruit growth. The system uses a visual recognition system to judge the position of
fruit growth and growth state and provides feedback to the microcontroller to regulate each
mechanism to carry out the corresponding action [41]. The control system controls the motion
state of the electric device by controlling the rotation of different motors through electrical
signals, in order to achieve the function of each system. In this paper, the control of the motors
uses PWM signals, and the control of the motors is completed through the PWM signals
generated by the STM32. The mechanical control architecture is shown in Figure 12.
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2.4. Dynamic Analysis of a Picking and Selecting Integrated Remote-Operation-Type
Dragon-Fruit-Picking Device
2.4.1. Mechanical Analysis of the End Effector of the Blade-Shifting Device

The end effector should have an appropriate clamping force during the working
process to ensure that the dragon fruit branches are stably clamped without causing
damage to the branches. The magnitude of the clamping force is related to the specific
structure of the end effector and the diameter of the branch. By analyzing the force on the
end effector, the relationship between the driving force of the end effector, the clamping
force, and the mass of the branch can be established. To ensure that the end effector can
complete the clamping work with the appropriate clamping force during the operation,
researchers conducted force analyses to ascertain the direction and magnitude of the forces
acting on the end effector. Subsequently, force diagrams were plotted, and force balance
equations were formulated, as depicted in Figure 13.
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where the following is the case:

FP—the driving force of the end effector, provided by the steering engine, acts on the pin.
F—distribution of the driving force on the gripping fingers.
FN—clamping force on the leaf ridge, N.
α—the angle between the direction of the groove of the finger and the line between the two
rotary pivot points.
L1—distance between the rotary pivot point and center of symmetry of the overall structure.
L2—distance from the rotary pivot point to the center of the branch.
K1—safety factor, take 2.0.
K2—working condition factor K2 = 0.98.
K3—azimuth coefficient.
G—gravity of the branch.

In order to reduce the weight of the end effector, the material of all parts of the end
effector is 7075-T6, which can meet the required fatigue strength of the place where the
slide groove contacts the pin during the operation. In order to prevent the end effector
damaging the branch, the rubber is affixed to the inner and outer walls of the clamp finger
as a buffer medium. The power of the end effector is supplied by the steering engine,
the model of the steering engine is HTS-35H (Feite model company in China Shenzhen),
and the maximum torque is 343 N. In the case of a certain clamping force, the size of the
driving force depends on the α angle; if the α angle is too large, this will lead to the end
effector size being too large, which is not conducive to the normal operation of the end
effector, so α = 45◦ is selected. It is known through the test that the maximum compression
critical resistance of the dragon fruit is 100 N, and that its minimum clamping force is
15 N. Of the maximum compression critical resistance, 30% is taken as the safety pressure,
FN = 30 N, and, according to Equations (7) and (8), it can be concluded that the driving
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force, FP, is 70.5 N. From this, it can be seen that the torque provided by the steering engine
can meet the requirements of the normal use of the end actuator. Among them, safety
factor K1 = carrying capacity/load = 100/30 = 3.3, and working condition factor K2 = actual
steering engine output power/rated steering engine output power = 24.5/25 = 0.98.

2.4.2. Mechanical Analysis of the End Effector of a Scissor Device

The end effector should have an appropriate shear force during the working process
to ensure that the end effector can cut the tree diameter at the connection with the dragon
fruit. By analyzing the force diagrams of the scissors and connecting rod, the relationship
model between the driving force and shear force can be established, force diagrams can be
plotted, and force balance equations are established, as shown in Figure 14.
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∑ Fx = FDx + FCx + FBx = 0 (9)

∑ Fy = FDy + FCy + FBy = 0 (10)

∑ MC = FBx · c+FBy · b − FDx · c − FDy · d + FDx · (c − e) = 0 (11)

∑ MB = FCx · c + FCy · b − FDy · (b + d)− FDx · e + FDy · (b + d) + FDx · e = 0 (12)

FDx = F sin β, FDy = F cos β (13)

where the following is the case:

F—shear force.
FAx, FAy, FBx, FBy, FCx, FCy, FDx, FDy—force on the scissor device in the x, y direction at A, B,
C, and D, respectively.
β—half of the angle between the two scissors when the fruit root is subjected to maximum
shear force.
b—transverse distance between pins B, C when the fruit root is subjected to the maximum
shear force.
c—longitudinal distance between pins B, C when the fruit root is subjected to the maximum
shear force.
d—lateral distance between the fruit root and pin C when the fruit root is subjected to
maximum shear force.
e—longitudinal distance between the fruit root and pin B at the time of maximum shear on
the fruit root.

The association of Equations (9)–(13) yields the following:

FBx = −
[
(1 + 2c + e) · F · sin β + 2(b + d) · F · cos β

1 + c

]
(14)
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Based on the analysis of the force relationship in Figure 14, we can obtain the following:

FAx = −FBx (15)

Because the steering engine generates a driving force acting on the slider bar in the
direction of the horizontal to the left, the direction of the force synthesized by FAx and
FAy is horizontally to the left. To prevent the scissors from opening and closing too much,
the maximum angle between FAx and the horizontal direction is set to 40 ◦; therefore, the
driving force can be calculated according to FAx. To minimize the cost of the end effector
and improve the convenience of use, the steering engine model HTS-35H (Feite model
company in China Shenzhen) was chosen as the power unit with which to simplify the
control system while ensuring the efficiency of the picking, and it can be seen from the test
that the shear force required by the scissors to cut a fleshy stem with mesophyll is known
to be 20 N. From the above formula, the driving force required by the scissor device can be
calculated as 160 N when the shear force is 20 N. The maximum torque produced by the
steering engine was 343 N. The maximum torque generated by the steering engine is 343 N,
which indicates that the torque provided by the steering engine can meet the requirements
of normal end effector use.

3. Results
3.1. Experimental Materials, Conditions, and Equipment

In order to complete the final experiment of the machine, the test conditions and test
steps are based on the national standard NY/T 3911-2021 [42] “Dragon Fruit Harvesting,
Storage and Transportation Technical Specification”, to test whether the various systems of
the picking and selecting integrated remote-operation-type dragon-fruit-picking device
can work properly. In December 2023, a picking test was carried out on the campus of
Liaocheng University to test the picking of prepared dragon fruit branches. The length of
the experimental branch was 0.9~1.2 m, and the installation height of the experimental
branches was 1.3~1.7 m. The power source for the system was a German Komax 220 v
small oil-free silent air compressor, rated at 1490 W and capable of achieving a maximum
pressure of 0.8 Mpa. Additionally, a 220 V–2500 W outdoor mobile power supply was
chosen to supply power to the air pump and electrical components within the machine. The
selected prototype is the picking and selecting integrated remote-operation-type dragon-
fruit-picking device studied in this study, as shown in Figure 15.
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At the onset of the design stage, the mechanical structure of each component of the
picking machine was modeled, simulated, and analyzed using SOLIDWORKS software
2020. Additionally, a simulation was conducted for the dragon-fruit-picking device that
encompassed picking and selecting functionalities. By integrating the data from preliminary
investigations and design calculations, any deficiencies or irrationalities within the design
were rectified and optimized throughout the trial process. Subsequently, drawings for
processing and assembly were utilized to produce a prototype for trial use.

3.2. Assessment of Indicators

To visually demonstrate the picking effect and quality of the picking and selecting
integrated remote-operation-type dragon-fruit-picking device, the net picking rate and the
damage rate were selected as evaluation indicators. Each index is the average value of
multiple trials and is defined as follows:

N =
T1

T
(16)

In this equation, N denotes the net harvesting rate throughout the trial, %.
T1 is the actual number of fruits picked by the device.
T is the number of fruits to be picked throughout the trial.

Z =
T2

T1
(17)

In this equation, Z denotes the rate of fruit damage throughout the trial, %.
T2 is the total number of damaged fruits after picking is completed.

3.3. Analysis of Orthogonal Experiments

To better optimize the parameters and elucidate the interactions among the experi-
mental factors, the ranges of various factors such as flexible claw closing speed, A, electric
cylinder extending speed, B, and robotic arm movement speed, C, were determined through
meticulous calculations and analyses. Subsequently, a three-factor and three-level quadratic
regression orthogonal experiment was conducted, utilizing the net picking rate, N, and
damage rate, Z, as the response values. The corresponding code for each experimental
factor is listed in Table 2.

Table 2. Encoding of experimental factors.

Coded Value

Factor

Flexible Claw
Closing Speed,

A/(m/s)

Electric Cylinder
Extending Speed,

B/(m/s)

Speed of Movement
of the Robotic Arm,

C/(m/s)

−1 0.02 0.05 0.1
0 0.05 0.15 0.2
1 0.1 0.25 0.3

The data were analyzed and processed using Design Expert software (22 version); the
three-factor and three-level experiments were designed in accordance with Box–Behnken’s
experimental principle, as shown in Table 2.

Utilizing Design Expert software (22 version), multivariate linear regression and
quadratic fitting were conducted to determine the net harvesting rate, N, and damage rate,
Z. Based on the data presented in Table 3, quadratic regression equations for both N and Z
were derived.

N = 93.39 − 43.2A + 16.3B − 23.41C + 240AB + 312.5AC − 31.25BC − 64A2 − 101B2 − 5.875C2 (18)
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Z = 3.02875 − 30.7A + 1.425B − 1.475C + 15AB + 10AC − 6.25BC + 206A2 + 14B2 + 4.125C2 (19)

Table 3. Encoding of experimental factors.

Product Key
(Software)

Factor Performance Indicator

A (m/s) B (m/s) C (m/s) N/% Z/%

1 0.05 0.15 0.2 92.7 2.8
2 0.02 0.05 0.2 88.9 2.3
3 0.05 0.25 0.3 91.8 3.9
4 0.02 0.15 0.1 92.8 2.6
5 0.05 0.15 0.2 92.6 2.7
6 0.05 0.05 0.3 93.0 2.8
7 0.1 0.15 0.1 94.0 4.0
8 0.05 0.25 0.1 91.0 3.5
9 0.05 0.15 0.2 92.6 2.7
10 0.1 0.05 0.2 93.8 3.7
11 0.02 0.25 0.2 86.7 2.9
12 0.05 0.15 0.2 92.6 2.7
13 0.1 0.25 0.2 96.4 4.6
14 0.1 0.15 0.3 97.9 4.4
15 0.02 0.15 0.3 84.2 2.6
16 0.05 0.15 0.2 92.6 2.7
17 0.05 0.05 0.1 89.7 1.9

The variance analysis of the regression equation simulation was carried out using
Design Expert software (22 version) to obtain Tables 4 and 5; from Table 4, it can be seen
that the net picking rate of the picking device was p < 0.05, suggesting that the regression
model is statistically significant. Variance analysis demonstrated that the speed of flexible
claw closure (p < 0.0001) had a statistically significant impact on the net picking rate, and
that the speed of the electric cylinder extension (p < 0.05) exerted a notable influence on the
net picking rate. Variance analysis demonstrated that the influence of each factor on the
net picking rate, ranked in descending order of significance, was as follows: the speed of
flexible claw closure, and the speed of electric cylinder extension. There was no significant
effect of the mechanical arm movement speed.

Table 4. Analysis of variance regression equation of the net picking rate of dragon fruit.

Source Sum of Squares df Mean Square F-Value p-Value

Model 160.11 9 17.79 12.82 0.0014
A—Flexible claw Closing speed 108.78 1 108.78 78.42 <0.0001

B—Electric cylinder pushing speed 0.0313 1 0.0313 0.0225 0.0089
C—Speed of movement of the robotic arm 0.0450 1 0.0450 0.0324 0.8622

AB 5.76 1 5.76 4.15 0.0081
AC 39.06 1 39.06 28.16 0.0011
BC 1.56 1 1.56 1.13 0.3238
A2 0.1078 1 0.1078 0.0777 0.7885
B2 4.30 1 4.30 3.10 0.1219
C2 0.2325 1 0.2325 0.1676 0.6945

As is evident from Table 5, the quadratic regression model of the damage rate of the
dragon-fruit-picking device is p < 0.05, indicating that the regression model was significant.
Variance analysis demonstrated that the flexible claw closing speed (p < 0.0001) has a
very significant effect on the damage rate of dragon fruit and that the electric cylinder
extending speed and the mechanical arm movement speed (p < 0.05) had a significant effect
on the damage rate of dragon fruit. Analysis of variance showed that the effects of the
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factors on the damage rate in descending order were as follows: flexible claw closing speed,
electric cylinder extending speed, and mechanical arm movement speed. The significant
effect of the interaction term proves that there is an interaction between the flexible claw
closing speed and the electric cylinder extending speed on the damage rate; there is also
an interaction between the flexible claw closing speed and the mechanical arm movement
speed on the damage rate.

Table 5. Analysis of variance regression equations for dragon fruit damage rate.

Source Sum of Squares df Mean Square F-Value p-Value

Model 9.06 9 1.01 24.25 0.0002
A—Flexible claw closing speed 4.96 1 4.96 119.55 <0.0001
B—Actuator extension speed 2.21 1 2.21 53.13 0.0002

C—Speed of movement of the robotic arm 0.3613 1 0.3613 8.70 0.0214
AB 0.0225 1 0.0225 0.5422 0.0486
AC 0.0400 1 0.0400 0.9639 0.0359
BC 0.0625 1 0.0625 1.51 0.2594
A2 1.12 1 1.12 26.91 0.0013
B2 0.0825 1 0.0825 1.99 0.2013
C2 0.1146 1 0.1146 2.76 0.1405

3.4. Response Surface Analysis

Design Expert software (22 version) was used to optimize the solution, and the optimal
solution is obtained; when the flexible claw closure speed was 0.029 m/s, the electric
cylinder extension speed was 0.085 m/s and the robotic arm movement speed was 0.15 m/s.
At this time, the net picking rate was 91.7% and the damage rate was 2.1%. Using the
value obtained at this time as the standard and as the variable value under the interaction
in the response surface analysis, we can derive the response surfaces influenced by each
interaction, as demonstrated in Figure 16a–f.

From the response surface analysis depicted in the aforementioned figure, it is evident
that the variation rule of the factors affecting the response surface is basically consistent
with the results of the model and regression equation analysis of variance; A—flexible claw
closing speed, B—electric cylinder extending speed, and the interaction term between AB
and AC have a significant effect on the net picking rate and damage rate. The movement
speed of the robotic arm had no significant effect on the net picking rate, but had a
significant effect on the damage rate. Using the optimization function of Design Expert
(22 version), an optimization analysis was carried out to constrain the levels of each test
factor; the maximum net picking rate and the minimum damage rate of the dragon fruit
picker were taken as the optimization indexes, and the optimal parameter combinations
were obtained as follows: in the case of a flexible claw closure speed of 0.069 m/s2, a push
rod extension speed of 0.085 m/s2, and a robotic arm movement speed of 0.100 m/s2, the
net picking rate of the dragon fruit picker was 91.7%, and the damage rate was 2.1%.
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4. Discussion

Based on the model design, simulation experiment, and trial production of key com-
ponents, an integrated remote-operation-type dragon-fruit-picking device was designed.
Compared with the manual picking of dragon fruit, according to the calculation of 12 h of
work per day, manual picking can only pick 1500 dragon fruits per day, but this picking
device can pick 7000 fruits per day. The cost of the manual picking of dragon fruits is
approximately CNY 1500/mu, but the cost of machine operation is approximately CNY
200/mu. In other words, the efficiency of this picking device is 4.67 times that of manual
picking, and the cost saving is approximately CNY 1300/mu. This picking device only
needs one person to complete the picking operation of the machine, saving labor while
reducing costs. The picking device integrates picking, sorting, and removing fruit, greatly
reducing the labor force and labor time, freeing up the hands of fruit farmers. The picking
device can complete both the picking of a single fruit and the picking of a plurality of fruits
grown at a growing point, so that the device can better complete the picking of dragon
fruits with complex growth. The entire control system of the device selects the STM32F4
microcontroller as the main control module, the software part of the control system is
programmed in the C language using Keil5 software (5.25 version), and the modification
and debugging of the target detection algorithm is carried out in the Python language on
PyCharm, through the establishment and debugging of the hardware and software of the
control system. The sensing ability of the picker to the external environment was enhanced,
and the working efficiency of the mechanism was improved.

Compared with the domestic DELIXI fruit-picking mechanism, the dragon fruit dam-
age rate of the DELIXI fruit-picking mechanism was 6.0%, the net picking rate was 80.7%,
the dragon fruit damage rate of the machine was 2.9%, and the net picking rate was 90.5%.
Moreover, the DELIXI fruit-picking mechanism is only able to complete the picking of
single fruits; it is not able to pick more than one fruit growing at one growing point. Under
identical picking conditions, this machine can guarantee the efficient harvesting of dragon
fruit and satisfy the operational demands specific to dragon fruit picking. Vietnam, Thai-
land, and the Philippines are world-renowned dragon fruit producers, and Vietnam alone
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accounts for more than 50 per cent of global dragon fruit production; therefore, the dragon-
fruit-picking device mentioned in this paper has promising applications in countries such
as Vietnam, Thailand, and the Philippines. At present, the picking device still suffers from
the disadvantage of a limited picking area, and the shortcomings of the device will be
addressed in the future by optimizing the mechanical structure and transmission system.

5. Conclusions

This article addresses the issues of the manual picking of dragon fruits being time-
consuming and inefficient, requiring substantial labor due to repetitive physical work and
the lengthy process of selecting and removing spoiled fruits after harvesting. A picking
and selecting integrated remote-operation-type dragon-fruit-picking device is designed
and manufactured.

1. The picking device integrates picking, sorting, and removing fruits, which greatly
reduces the labor force, liberates the hands of fruit farmers, and has broad applica-
tion prospects.

2. The YOLOv5-based high-recognition-rate dragon fruit target detection algorithm
is improved by using the image weighting strategy for the category imbalance of
the dataset, hyperparameter evolutionary optimization, label smoothing strategy,
loss function optimization, etc. The adaptability of the visual recognition system to
a complex picking environment was investigated, and the results showed that the
improved device can achieve better recognition and localization results for targets
with a small fruit size, high density, and bright-light scenes.

3. The HX711 A/D converter module completes the process of converting the voltage
signal output from the pressure sensor into weight data, and designs a procedure
with which to reduce the interference of shock and vibration with the weight signal to
realize the real-time display of the weight of the fruits and their sorting.

4. Through the design of the tracked mobile platform, the picking device achieves
excellent obstacle-crossing ability and good shock-absorbing capability. By eliminating
vibration interference, the picking device can better perform localization.

5. By optimizing the suction pad structure of the bad fruit removal system into a double
air cavity design, the bad fruit removal system is better adapted to the process of
dragon fruit picking.

6. The feasibility of the end effector of the plucking device and shearing device is
investigated through mechanical analysis, and the results show that the structure of
both can satisfy the requirements for use.

Eventually, through several orthogonal experiments and data processing, the picking
effect was found to be optimal when the closing speed of the flexible claw was 0.029 m/s,
the extension speed of the electric cylinder was 0.085 m/s, and the movement speed
of the robotic arm was 0.15 m/s. The net picking rate of the device can reach 90.5%,
and the damage rate can be up to 2.9%, satisfying the requirements of the dragon-fruit-
picking operation.

Author Contributions: Conceptualization, P.Y. and L.Q.; methodology, P.Y. and Q.S.; software, P.Y.
and Y.Z.; validation, Q.S., P.Y., and L.X.; formal analysis, Z.F.; investigation, A.Z. and Z.F.; resources,
Q.S. and L.X.; data curation, Y.Z.; writing—original draft preparation, P.Y.; writing—review and
editing, P.Y. and L.Q.; visualization, P.Y. and L.X.; supervision, Q.S.; project administration, P.Y. and
Q.S.; funding acquisition, P.Y., L.X., and Q.S. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by the Liaocheng University Latitudinal Projects under grant no.
K23LD60, Shandong Province Science and Technology Small and Medium Enterprises Innovation
Ability Enhancement Project No. 2022TSGC2589, Liaocheng University Project Fund No. K23LB0101,
Discipline with Strong Characteristics of Liaocheng University—Intelligent Science and Technology
under grant 319462208, and Liaocheng University Undergraduate Innovation and Entrepreneurship
Training Program under Grant 202210447017.



Appl. Sci. 2024, 14, 4786 23 of 24

Data Availability Statement: The original contributions presented in the study are included in the
article, further inquiries can be directed to the corresponding author.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Angkat, N.U.; Siregar, L.A.M.; Damanik, R.I. Identifikasi Karakter Morfologi Buah Naga (Hylocereus sp.) Di Kecamatan Sitinjo

Kabupaten Dairi Sumatera Utara: Identification of Morphological Characteristic of Dragon Fruit (Hylocereus sp.) in Sitinjo District
of Dairi Regency North Sumatera. J. Online Agroteknologi 2018, 6, 818–825.

2. Huda-Shakirah, A.R.; Kee, Y.J.; Wong, K.L.; Zakaria, L.; Mohd, M.H. Diaporthe species causing stem gray blight of red-fleshed
dragon fruit (Hylocereus polyrhizus) in Malaysia. Sci. Rep. 2021, 11, 3907. [CrossRef]

3. Kakade, V.; Morade, A.; Kadam, D. Dragon Fruit (Hylocereus undatus) 7. Trop. Fruits Theory Pract. 2022, 11, 240–257.
4. Abirami, K.; Swain, S.; Baskaran, V.; Venkatesan, K.; Sakthivel, K.; Bommayasamy, N. Distinguishing three Dragon fruit

(Hylocereus spp.) species grown in Andaman and Nicobar Islands of India using morphological, biochemical and molecular traits.
Sci. Rep. 2021, 11, 2894. [CrossRef] [PubMed]

5. Magalhães, D.S.; da Silva, D.M.; Ramos, J.D.; Salles Pio, L.A.; Pasqual, M.; Vilas Boas, E.V.B.; Galvão, E.C.; de Melo, E.T. Changes in
the physical and physico-chemical characteristics of red-pulp dragon fruit during its development. Sci. Hortic. 2019, 253, 180–186.
[CrossRef]

6. Som, A.M.; Ahmat, N.; Abdul Hamid, H.A.; Azizuddin, N. A comparative study on foliage and peels of Hylocereus undatus (white
dragon fruit) regarding their antioxidant activity and phenolic content. Heliyon 2019, 5, e01244. [CrossRef]

7. Vargas, M.d.L.V.; Cortez, J.A.T.; Duch, E.S.; Lizama, A.P.; Méndez, C.H.H. Extraction and Stability of Anthocyanins Present in the
Skin of the Dragon Fruit (Hylocereus undatus). Food Nutr. Sci. 2013, 4, 1221–1228. [CrossRef]

8. Nishikito, D.F.; Borges, A.C.A.; Laurindo, L.F.; Otoboni, A.M.M.B.; Direito, R.; Goulart, R.d.A.; Nicolau, C.C.T.; Fiorini, A.M.R.;
Sinatora, R.V.; Barbalho, S.M. Anti-Inflammatory, Antioxidant, and Other Health Effects of Dragon Fruit and Potential Delivery
Systems for Its Bioactive Compounds. Pharmaceutics 2023, 15, 159. [CrossRef] [PubMed]

9. Raj, G.V.S.B.; Dash, K.K. Dragon fruit peel extract microcapsule incorporated pearl millet and dragon fruit pulp powder based
functional pasta: Formulation, characterization, and release kinetics study. Food Sci. Biotechnol. 2022, 32, 779–792. [CrossRef]

10. Wakchaure, G.C.; Choudhari, J.D.; Kukde, R.B.; Reddy, K.S. Postharvest Technology of Dragon Fruit. In Technical Bulletin No. 41;
ICAR–National Institute of Abiotic Stress Management: Baramati, India, 2023; Volume 41, pp. 45–106.

11. Sharma, S.; Mittal, R.; Sharma, A.; Verma, V. Dragon fruit: A promising crop with a growing food market that can provide
profitable returns to farmers. Int. J. Agric. Sci. Res. 2021, 11, 1–14.

12. Fan, C. Dragon Fruit opens the fire red road of rural revitalization. Econ. Ref. News 2022, 5, 006. [CrossRef]
13. Sosa, V.; Guevara, R.; Gutiérrez-Rodríguez, B.E.; Ruiz-Domínguez, C. Optimal areas and climate change effects on dragon fruit

cultivation in Mesoamerica. J. Agric. Sci. 2020, 158, 461–470. [CrossRef]
14. Thanusri, R.; Vaishnavi, D.; Aranganathan, A. Detection of quality monitoring using deep learning for dragon fruits. Int. Res. J.

Mod. Eng. Technol. Sci. 2023, 5, 2384–2391.
15. Zhou, J.; Zhang, Y.; Wang, J. A Dragon Fruit Picking Detection Method Based on YOLOv7 and PSP-Ellipse. Sensors 2023, 23, 3803.

[CrossRef] [PubMed]
16. Khatri, S.; Shrestha, S. Mechanization in Fruit Cultivation: Present Status, Issues, Constraints and Future Aspects of Nepal. Acta

Mech. Malays. 2022, 5, 35–43. [CrossRef]
17. Islam, M.; Khan, M.; Hoque, M.; Rahman, M. Studies on the processing and preservation of dragon fruit (Hylocereus undatus) jelly.

Agriculture 2012, 10, 29–35. [CrossRef]
18. Khort, D.O.; Kutyrev, A.I.; Filippov, R.A.; Vershinin, R.V. Device for robotic picking of strawberries. E3S Web Conf. 2020, 193, 01045.

[CrossRef]
19. Arefi, A.; Motlagh, A.M.; Mollazade, K.; Teimourlou, R.F. Recognition and localization of ripen tomato based on machine vision.

Aust. J. Crop Sci. 2011, 5, 1144–1149. [CrossRef]
20. Anh, N.P.T. Thiết kế và d̄iều khiển robot thu hoạch khóm. Tạp. Chí. Khoa. Học. Và Công. Nghệ-Ðại. Học. Ðà Nẵng. 2021, 19, 63–68.

Available online: https://jst-ud.vn/jst-ud/article/view/7429 (accessed on 20 May 2024).
21. Williams, H.A.; Jones, M.H.; Nejati, M.; Seabright, M.J.; Bell, J.; Penhall, N.D.; Barnett, J.J.; Duke, M.D.; Scarfe, A.J.; Ahn,

H.S. Robotic kiwifruit harvesting using machine vision, convolutional neural networks, and robotic arms. Biosyst. Eng. 2019,
181, 140–156. [CrossRef]

22. Baeten, J.; Donné, K.; Boedrij, S.; Beckers, W.; Claesen, E. Autonomous fruit picking machine: A robotic apple harvester. In Field
and Service Robotics: Results of the 6th International Conference; Springer: Berlin/Heidelberg, Germany, 2008; Volume 42, pp. 531–539.
[CrossRef]

23. Yoshida, T.; Onishi, Y.; Kawahara, T.; Fukao, T. Automated harvesting by a dual-arm fruit harvesting robot. Robomech J. 2022,
9, 19. [CrossRef]

24. Qiu, L.Q.; Yu, J.Z.; Zhang, X.L.; Zhao, J.H. A kind of dragon fruit automatic picking and harvesting machinery design. South.
Agric. Mach. 2022, 53, 4–6+19.

https://doi.org/10.1038/s41598-021-83551-z
https://doi.org/10.1038/s41598-021-81682-x
https://www.ncbi.nlm.nih.gov/pubmed/33536453
https://doi.org/10.1016/j.scienta.2019.04.050
https://doi.org/10.1016/j.heliyon.2019.e01244
https://doi.org/10.4236/fns.2013.412156
https://doi.org/10.3390/pharmaceutics15010159
https://www.ncbi.nlm.nih.gov/pubmed/36678789
https://doi.org/10.1007/s10068-022-01220-x
https://doi.org/10.28419/n.cnki.njjck.2022.005485
https://doi.org/10.1017/s0021859620000775
https://doi.org/10.3390/s23083803
https://www.ncbi.nlm.nih.gov/pubmed/37112144
https://doi.org/10.26480/amm.02.2022.35.43
https://doi.org/10.3329/agric.v10i2.13139
https://doi.org/10.1051/e3sconf/202019301045
https://doi.org/10.3316/informit.745798602538938
https://jst-ud.vn/jst-ud/article/view/7429
https://doi.org/10.1016/j.biosystemseng.2019.03.007
https://doi.org/10.1007/978-3-540-75404-6_51
https://doi.org/10.1186/s40648-022-00233-9


Appl. Sci. 2024, 14, 4786 24 of 24

25. Zhang, Y.Y.; Tian, J.Q.; Wang, W.X.; Zhou, J.L.; Wang, J.P.; Hu, H.R. Design and test of end-effector for dragon fruit picking robot.
J. For. Eng. 2023, 8, 144–150. [CrossRef]

26. Zhu, L.X.; Lai, Y.J.; Zhang, S.A.; Wu, R.D.; Deng, W.Q.; Guo, X.G. Improved U-net dragon fruit image segmentation and attitude
estimation for picking robots. Trans. Chin. Soc. Agric. Mach. 2023, 11, 1–16.

27. Zhou, J.; Zhang, Y.; Wang, J. RDE-YOLOv7: An Improved Model Based on YOLOv7 for Better Performance in Detecting Dragon
Fruits. Agronomy 2023, 13, 1042. [CrossRef]

28. Zhang, B.; Wang, R.; Zhang, H.; Yin, C.; Xia, Y.; Fu, M.; Fu, W. Dragon fruit detection in natural orchard environment by
integrating lightweight network and attention mechanism. Front. Plant Sci. 2022, 13, 1040923. [CrossRef] [PubMed]

29. Zhou, Z.; Li, S. Self-Sustained and Coordinated Rhythmic Deformations with SMA for Controller-Free Locomotion. Adv. Intell.
Syst. 2024, 6, 2300667. [CrossRef]

30. Chen, P.; Wu, J.; Zhao, J.; He, R.; Liu, H.; Yang, C. Design and Power-Assisted Braking Control of a Novel Electromechanical
Brake Booster. SAE Int. J. Passeng. Cars—Electron. Electr. Syst. 2018, 11, 171–181. [CrossRef]

31. Agustina, D. The Influencing Factors in Cleaner Production Adoption on the Aluminium Processing Industry. J. Eng. Manag. Ind.
Syst. 2023, 11, 14–25. [CrossRef]

32. Jalgaonkar, K.; Mahawar, M.K.; Bibwe, B.; Kannaujia, P. Postharvest Profile, Processing and Waste Utilization of Dragon Fruit
(Hylocereus Spp.): A Review. Food Rev. Int. 2020, 38, 733–759. [CrossRef]

33. Haiyan, L. Calculation and Selection Design of Crawler Traveling Mechanism. Min. Technol. 2013, 13, 90–93. [CrossRef]
34. Tang, Y.; Chen, M.; Wang, C.; Luo, L.; Li, J.; Lian, G.; Zou, X. Recognition and Localization Methods for Vision-Based Fruit Picking

Robots: A Review. Front. Plant Sci. 2020, 11, 510. [CrossRef] [PubMed]
35. Yang, L.; Wang, B.; Zhang, R.; Zhou, H.; Wang, R. Analysis on Location Accuracy for the Binocular Stereo Vision System. IEEE

Photonics J. 2018, 10, 1–16. [CrossRef]
36. Zheng, Z.Z.; Wang, P.; Ren, D.W.; Liu, W.; Ye, R.G.; Hu, Q.H.; Zuo, W.M. Enhancing Geometric Factors in Model Learning and

Inference for Object Detection and Instance Segmentation. IEEE Trans. Cybern. 2021, 52, 8574–8586. [CrossRef] [PubMed]
37. Rezatofighi, S.H.; Tsoi, N.; Gwak, J.Y.; Sadeghian, A.; Reid, I.D.; Savarese, S. Generalized Intersection over Union: A Metric and A

Loss for Bounding Box Regression. CoRR 2019, 7, 658–666. [CrossRef]
38. Zhang, Y.F.; Ren, W.Q.; Zhang, Z.; Jia, Z.; Wang, L.A.; Tan, T.N. Focal and efficient IOU loss for accurate bounding box regression.

Neurocomputing 2022, 506, 146–157. [CrossRef]
39. Zheng, Z.; Wang, P.; Liu, W.; Li, J.; Ye, R.; Ren, D. Distance-IoU Loss: Faster and Better Learning for Bounding Box Regression. In

Proceedings of the AAAI Conference on Artificial Intelligence, New York, NY, USA, 7–12 February 2020; Volume 34, pp. 12993–
13000. [CrossRef]

40. Wang, X.F.; Song, J.Y. ICIoU: Improved Loss Based on Complete Intersection Over Union for Bounding Box Regression. IEEE
Access 2021, 9, 105686–105695. [CrossRef]

41. Chiu, Y.C.; Chen, S.M.; Lin, J.F. Study of an Autonomous Fruit Picking Robot System in Greenhouses. Eng. Agric. Environ. Food
2013, 6, 92–98. [CrossRef]

42. NY/T 3911-2021; Dragon Fruit Harvesting, Storage and Transportation Technical Specification. Ministry of Agriculture and Rural
Affairs of the People’s Republic of China: Beijing, China, 2021.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.13360/j.issn.2096-1359.202209011
https://doi.org/10.3390/agronomy13041042
https://doi.org/10.3389/fpls.2022.1040923
https://www.ncbi.nlm.nih.gov/pubmed/36340417
https://doi.org/10.1002/aisy.202300667
https://doi.org/10.4271/2018-01-0762
https://doi.org/10.21776/ub.jemis.2023.011.01.2
https://doi.org/10.1080/87559129.2020.1742152
https://doi.org/10.13828/j.cnki.ckjs.2013.04.005
https://doi.org/10.3389/fpls.2020.00510
https://www.ncbi.nlm.nih.gov/pubmed/32508853
https://doi.org/10.1109/jphot.2017.2784958
https://doi.org/10.1109/TCYB.2021.3095305
https://www.ncbi.nlm.nih.gov/pubmed/34437079
https://doi.org/10.1109/cvpr.2019.00075
https://doi.org/10.1016/j.neucom.2022.07.042
https://doi.org/10.1609/aaai.v34i07.6999
https://doi.org/10.1109/access.2021.3100414
https://doi.org/10.1016/s1881-8366(13)80017-1

	Introduction 
	Materials and Methods 
	Overall Structure and Working Principle of the Machine 
	Overall Structure of the Picking Device 
	Working Principle and Main Technical Parameters 

	Design of Mechanical Structures 
	Picking and Sorting System 
	Bad Fruit Removal System 
	Inverted Trapezoidal Caterpillar Track Travel System 

	Design of the Control System 
	Visual Identity System 
	Dragon Fruit Weight Information Access 
	Control System 

	Dynamic Analysis of a Picking and Selecting Integrated Remote-Operation-Type Dragon-Fruit-Picking Device 
	Mechanical Analysis of the End Effector of the Blade-Shifting Device 
	Mechanical Analysis of the End Effector of a Scissor Device 


	Results 
	Experimental Materials, Conditions, and Equipment 
	Assessment of Indicators 
	Analysis of Orthogonal Experiments 
	Response Surface Analysis 

	Discussion 
	Conclusions 
	References

