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Abstract: In order to address the time-consuming and labor-intensive challenges as well as the
suboptimal operational quality encountered in the conventional processes of fruit bagging within
expansive orchards, an innovative end-of-bagging actuator is proposed, which can be installed
on a fruit-production robot. Due to the excessive power sources required to complete the bagging
operation, while also taking into account the quality and cost of the end effector, we have implemented
a clutch transmission system to control individual motors, thereby achieving efficient bag-opening
and collection actions. Through kinematic analysis of the bagging end effector, the optimal bag
opening size is determined to be 40.3372 mm, with a deviation of 0.1428 mm from the design target
and an error rate of 0.35%. This ensures the desired bag size for bagging juvenile fruits. Moreover, a
dynamic simulation model comprising rigid drive components and a flexible clutch was developed.
The simulation results demonstrate the system’s stable performance. However, it is evident that
the gear speed falls below that of the flexible clutch, resulting in insufficient bag opening and bag
gathering compared to the intended design target. The observed phenomenon is a result of the
characteristics exhibited by the flexible clutch. Specifically, the demands for bagging and stretching
can be accommodated by modifying the stiffness and geometric configuration of the flexible clutch,
alongside the level of operational force. To conclude, the suggested end effector can successfully
simulate the implementation of the manual bagging process. By taking into account the quality and
cost of the end effector, a clutch drive system was utilized to regulate a single motor, resulting in
efficient bag-opening and collection actions. This approach offers a more integrated and efficient
solution compared to manual bagging and semi-automatic mechanically assisted bagging methods.

Keywords: bagging of juvenile pears; structural design; simulation and analysis

1. Introduction

With the advancement of living standards, the demand for eco-friendly well-being has
surged, leading to heightened expectations regarding fruit quality. In their natural habitat,
fruits lack sufficient safeguarding, rendering them vulnerable to pesticide residues, pests,
diseases, and even natural disasters. This results in substandard appearance, compromised
quality, and diminished benefits, and, in some cases, renders the fruits inedible [1]. Such
circumstances have a profound impact on both fruit yield and economic gains. To address
these challenges, fruit-bagging technology emerged as a viable solution, effectively enhanc-
ing fruit quality. As a pivotal technique in fruit-tree cultivation operations, fruit-bagging
technology has achieved widespread adoption both domestically and internationally [2,3].
This innovative approach ensures the unhindered growth and ripening of fruits, reduces
pesticide residues, effectively mitigates the impact of pests, diseases, extreme weather, and
other factors affecting fruit quality [4–7], substantially curtails bird damage and mechanical
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harm during the fruit’s growth process [8], improves fruit aesthetics [9], and adds supple-
mentary values such as safety, hygiene, and health, consequently yielding greater economic
benefits to the fruit industry [10–12].

Nevertheless, conventional bagging techniques encounter numerous challenges and
limitations. Primarily, bagging entails elevated labor and material expenses. The manual
execution of bagging operations by farmers and the necessity of a bag for each individual
fruit impose substantial demands on human resources and economic inputs. Furthermore,
the utilization of disposable paper fruit bags contributes to increased pollution when
improperly discarded. Secondly, bagging can influence the respiration and photosynthesis
processes of the fruit, subsequently impacting its color [13]. The dim lighting conditions and
localized greenhouse effect generated by bagging alter the fruit’s growth cycle, ultimately
influencing its overall quality. Additionally, the large-scale implementation and efficient
management of bagging technology present operational difficulties due to the requisite
professional knowledge and skills demanded of farmers. Naturally, these challenges can
be mitigated by exploring alternative solutions and optimizing the advantages of bagging
technology. Particular emphasis should be placed on the proper recycling and reuse of
discarded paper bags [14]. Researchers have continually proposed innovative bagging
devices and automated robots to address the issues associated with bagging technology.
However, the majority of mainstream fruit-production robots currently available are bulky
and intricate machines that incorporate bagging as merely one of their functions, alongside
mechanical pruning, leaf spraying, and fruit picking. While these robots offer high efficiency
and diverse functionalities, their size and cost render them more suitable for large-scale
orchards and farms specializing in fruit tree cultivation, and their research advancements
have yet to be widely implemented. For example, the School of Agriculture at Okayama
University in Japan developed a multifunctional and versatile intelligent robot based
on trellis cultivation technology [15]. This robot is capable of fruit thinning, shaping,
medication spraying, bagging, and pruning residual branches and leaves by interchanging
its end effector. Vrochidou et al. [16] designed an autonomous grape harvesting robot that
relies on an integrated system architecture and employs multifactorial positioning (aerial,
remote control, and ground units) for multipurpose operations such as fruit thinning, leaf
thinning, and harvesting. In the context of small orchard planting areas, limited fruit
production, and challenging terrains, a cost-effective auxiliary fruit-bagging device proves
more practical than an automated fruit-bagging robot. Hua et al. [17] proposed a novel
semi-automatic fruit-bagging device that utilizes the self-locking principle of nuts and
bolts. The device accomplishes fruit bagging by securing paper bags with rubber bands
and plastic rings without requiring additional power sources.

Even though in a different application, the speed of motion and positioning accuracy
of a robot are crucial factors [18]. It is worth noting that lightweight robots, including
fruit robots, may have lower stiffness and insufficient accuracy compared to ordinary
industrial robots [19]. To address these challenges, Xia et al. [20] designed a conventional
paper fruit bag supply device for fruit bagging and established a multi-body dynamics
model to simulate the interaction between the opening mechanism and the paper fruit
bag. Based on the simulation results, at a slider speed of 200 mm/s, it can be observed
that as the slider stroke increases, the maximum equivalent force applied to the paper
fruit bag also increases until the bag breaks. Furthermore, when the velocity exceeds
300 mm/s, the device experiences vibrations. Additionally, Zhang Kai et al. [21] designed
an ontology structure for the robot system based on cylindrical coordinates, specifically
targeting trellis grape planting in horticulture. They proposed an algorithm based on a
genetic algorithm for target feature extraction. Their tests demonstrated the following
results: when the navigation vehicle was moving at a speed of 0.3 m/s, the grape target
recognition rate reached 95%, and the average time required for grape target recognition
was 136 ms. Additionally, the success rate of robotic bagging reached 85%, with an average
time of 39.6 s consumed for bagging single bunches of grapes. These findings highlight the
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effectiveness of the proposed approach in achieving high recognition rates and successful
bagging in a timely manner.

The aforementioned study holds significant importance in the realm of designing bag-
ging apparatus for juvenile fruits. This paper aims to elucidate various aspects pertaining
to bagging. Primarily, it presents a comprehensive overview of the structural framework
and operational procedures associated with the bagging end effector. Subsequently, it
delves into a detailed explanation of the design principles governing the key components.
Lastly, the structural viability is assessed through meticulous kinematic analysis, while
the system’s transfer control stability is substantiated via multi-body dynamics simulation.
Positioned as an end modular component of the fruit robot, this device exhibits adaptability,
allowing for seamless replacement to accommodate diverse fruit varieties. This capability
not only curtails production costs but also enhances operational efficiency.

2. Materials and Methods
2.1. Bagging Agronomy

The growth process of pears can be categorized into four stages (Table 1), wherein
the fruit enlargement phase is susceptible to external environmental factors. After 20 to
40 days following the blossoming of the pear trees, the pear fruit enters the expansion
phase. To prevent the occurrence of whorl disease, early bagging is recommended for green
pear varieties, while brown pear varieties can be bagged at a later stage. As an illustration,
Autumn Moon pears typically have a fruit diameter of 12–17 mm at 20 days, 20–25 mm
at 30 days, and 28–33 mm at 40 days. Although the fruit sizes of different pear varieties
may vary slightly, they generally fall within this range. Bagging should occur when the
transverse diameter of the fruit is less than 30 mm and the spots have not yet appeared.
Consequently, the main parameters for the juvenile-fruit-bagging robot’s work object can
be determined as follows (Table 2).

Table 1. Pear growth stages.

Growth Stages Characteristics

Germination Stage After fertilization of the pear flower, the ovule undergoes
division and growth, eventually transforming into a fruitlet.

Enlargement Stage During this stage, the fruit epidermis gradually solidifies and
becomes susceptible to the external environment.

Slow Growth Stage During this stage, the pulp initiates its formation,
necessitating abundant illumination and moisture.

Maturation Stage Once the pear fruit has ripened, its exterior adopts a yellow or
greenish-yellow hue and the flesh takes on a fluffy texture.

Table 2. Object parameters.

Parameter Volume

Transverse Diameter (mm) 20~30

Fruit Stalk Length (mm) 30~40

2.2. Structure

The bagging end effector is affixed to the fruit-production robot, serving as its mount-
ing platform, as illustrated in Figure 1. Constituting an integral facet of the modularized
design, it is amenable to selection and configuration based on specific requirements. This
adaptability allows for tailoring the system to the distinct needs of various crops and
orchards, fostering a more flexible and efficient operational paradigm. Consequently, this
design affords increased convenience and benefits to agricultural production.
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rollers, a coupling, a wire-tying finger, elastic rings, a U-shaped plate, a cutting knife, a 
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component). 
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Figure 1. Fruit-bagging robot (1. Bagging end effector).

The bagging end effector primarily comprises a framework, a bag-gathering compo-
nent, a bag-sealing component, a wire-feeding component, a transmission component, and
a bag-expanding component, as depicted in Figure 2. It is capable of executing functions
such as bag expanding, gathering, and sealing in a single operation. The wire-tying and
cutting component is primarily composed of a bevel gear assembly, double cams, rollers, a
coupling, a wire-tying finger, elastic rings, a U-shaped plate, a cutting knife, a wire-guiding
groove, and a linkage, enabling the simultaneous completion of wire tying and cutting
actions, as shown in Figure 3. The core components include the transmission component,
bag-expanding component, and bag-sealing component, as shown in Section 2.4.
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Figure 2. Structure diagram of bagging end effector (1. Framework. 2. Bag-gathering component.
3. Wire-tying component. 4. Wire-feeding component. 5. Transmission component. 6. Bag-expanding
component).
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Figure 3. Structure diagram of bag-sealing component (1. Bevel gear. 2. Double cam. 3. Roller.
4. Coupling. 5. Thread tying finger. 6. Elastic ring. 7. U-shaped plate. 8. Cutter. 9. Guide groove.
10. Linkage).
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2.3. Operational Mechanism

The bagging process can be outlined in four distinct phases: bag expansion, bag
placement, bag gathering, and bag sealing. The sealing process involves wire feeding,
wire tying, and wire cutting, as illustrated in Figure 4. The paper bag is horizontally
transported to the bag-expanding component, where the opening action is accomplished
through the utilization of vacuum suction cups and an offset crank-slider mechanism. Four
symmetrically positioned suction cups secure the paper bag, and the rotary motion of the
motor is converted into the reciprocating motion of the bag-expanding plate through the
crank-slider device, effectuating the bag-expanding action.
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Figure 4. Workflow diagram.

Upon energizing the circular electromagnet (located away from the motor), the result-
ing magnetic field attracts the iron pieces. Influenced by the clutch and the detent fork, the
iron pieces shift rightward, engaging with the driving gear. The DC reduction motor is
activated, and through intermediate gear transmission it propels the bag-expanding plate
in a vertically downward motion, causing the vacuum suction cups to adhere to both sides
of the fruit bag. Subsequently, the motor reverses, moving the bag-expanding plate in
the opposite direction, smoothly expanding the fruit bag. The juvenile fruit is seamlessly
placed into the bag.

Upon de-energizing the circular electromagnet (located away from the motor) and
energizing the circular electromagnet (proximate to the motor), the clutch, under the
influence of the detent fork, shifts leftward and engages with the driving gear. The DC
reduction motor is activated, and the clutch, biased leftward, engages with the driving gear.
Through intermediate gear and bevel gear transmission, it propels the bag-gathering rod
to complete the gathering of the fruit bag. The wire-feeding motor is activated, guiding
the iron wire through the wire-guiding groove in the bag-gathering component, forming a
circular trajectory around the fruit stem. The wire-tying finger further tightens the wire
loop, completing the sealing of the fruit bag, simultaneously driving the cutting knife to
complete the wire cutting. Finally, the bag-gathering rod returns to its initial position, the
bagging machine retracts, and the entire bagging operation is accomplished in one cycle.



Processes 2024, 12, 259 6 of 15

2.4. Analysis of Critical Component

The core components include the transmission component, the bag-expanding com-
ponent, and the bag-sealing component. The transmission component, as illustrated in
Figure 5, consists primarily of a gear assembly, a flexible clutch, circular electromagnets,
iron pieces, and a detent fork. Through clutch-controlled gear transmission, it indepen-
dently realizes the actions of bag expanding and gathering. The bag-expanding component
comprises a bag-expanding plate, a stroke column, a bag-expanding connecting arm, a
vacuum suction cup, and a bag-expanding rotary arm. It utilizes a vacuum suction cup
and an offset crank-slider mechanism to achieve the opening action of the paper bag, as
illustrated in Figure 6. The design schematic of the bias crank slider is shown in Figure 7.
The bag-gathering component, as shown in Figure 8, consists of a ring plate, a wire-guide
groove, and a wire stopper.
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2.4.1. Transmission Component

Due to the excessive number of motors required for completing the bagging opera-
tion and considering the factors of end effector weight and cost, this paper implements
control over the circular electromagnet, enabling the engagement of the clutch and gear
mechanisms accordingly, thereby achieving efficient bag-opening and collection actions.

2.4.2. Bag-Expanding Component

According to the principle of bagging analysis, the bag-opening action is crucial in the
overall bagging process and plays a key role in the successful implementation of bagging.
By carefully considering the size of the bag opening in relation to the target fruit size,
the bagging process can be optimized to provide the best conditions for the growth and
protection of the juvenile fruit. The size of the paper bag opening should be suitable for
the shape and size of the fruit being bagged. In this paper, where the paper bag size is
150 mm × 180 mm and the target size for bagging juvenile fruit is 20 mm to 30 mm, it is
important to design the open bag range to be larger than the bagging target size. In this
case, a range of 40 mm has been chosen to ensure that it adequately accommodates the
desired size of the juvenile fruit being bagged. This design choice ensures that the bag
opening is large enough to effectively enclose the juvenile fruit within the bag during the
bagging process.
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During the bag-opening process, optimum bag opening is achieved when the vacuum
suction cup applies force near the mouth of the paper bag. To achieve this, the design
incorporates the offset crank-slider mechanism, as illustrated in the Figure 7 below. The
crank angle ranges from 0◦ to −60◦, and the slider’s distance from the O point must be
between 20 mm and 60 mm. The crank has a length of OA while the connecting rod’s
length is AB, both of which are located at the starting position of the crank and the slider.

From the trigonometric functions and the Pythagorean theorem, the following equa-
tions can be derived:

(|OA|+ e)2 + h1 = |AB|2 (1)(
h2 −

∣∣∣∣OA′∣∣sin θ
∣∣)2

+
(∣∣∣∣OA′∣∣cos θ

∣∣+ e
)2

=
∣∣A′B′∣∣2 (2)

And as for −60◦ ≤ θ ≤ 0◦, can be obtained:√
b2 − (a + e)2 = h1 (3)√

b2 − (acos θ + e)2 − asin θ = h2 (4)

where a—crank length; b—connecting rod length; e—offset; θ—polar angle; h1—distance
relative to the origin at the initial position of the slider; and h2—the distance relative to the
origin at the limit position of the slider.

After substituting h1 = 20 mm, h2 = 60 mm, and e = 20 mm into the formula and
using MATLAB R2022b, the values for a and b are calculated as 25.822 mm and 49.997 mm,
respectively. Rounding these results, we obtain a = 26 mm and b = 50 mm. The condition
a + e < b is satisfied, confirming that OA functions as the crank in the design. Hence, the
length of the designed crank (rotating rod) is 26 mm, and the length of the connecting rod
(driven rod) is 50 mm.

When the crank angle is 0◦, the distance of the slider with respect to the origin reaches
its minimum value. By substituting the lengths of the crank and connecting rod, we can
determine this minimum distance.

h1 = Min(xB) =

√
502 − (26 + 20)2 = 19.60 mm (5)

When the crank angle is −60◦, the distance of the slider with respect to the origin
reaches its Maximum value. By substituting the lengths of the crank and connecting rod,
we can determine this minimum distance.

h2 = Max(xB) =

√
502 −

(
26 × 1

2

)2
+ 26 ×

√
3

2
= 60.08 mm (6)

∆h = h2 − h1 = 60.08 − 19.60 = 40.48 mm (7)

The conclusion drawn from the given information is that when the crank length is
26 mm and the connecting rod length is 50 mm, and the crank angle ranges from 0◦ to −60◦,
the size of the bag opening measures 40.48 mm. This measurement surpasses the desired
size range of 20–30 mm for bagging small fruits. It ensures that the paper bag expands
adequately to accommodate fruits of diverse shapes and sizes.

2.4.3. Bag-Gathering Component

To imitate the manual method of effectively sealing a fruit bag, the open end of the bag
must be placed in the center of the closing mechanism. This ensures that the mechanism
effectively closes in proximity to the fruit stalks, leaving an appropriate amount of space. It
is crucial that the closure is neither excessively large nor too small. An oversized closure
may lead to challenges during subsequent sealing steps due to the presence of fruit stalks,
while an undersized closure can result in damage to the fruit stalks, thereby impacting
the growth of juvenile fruits. The wire ties are arranged in circular loops along pre-
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determined wire-guide grooves encircling both the fruit bag and the fruit stalks within it.
This arrangement allows for the loops to be subsequently tightened, ensuring a secure seal.

3. Results and Discussion
3.1. Kinematic Analysis

Due to the intricate process of energizing a circular electromagnet to produce a mag-
netic field and attract the iron sheet, a simplified model was developed.

In this simplified rendition, direct impulsion is utilized to drive the iron sheet, ensuring
the requisite engagement for transmission. To achieve this, several adjustments were
implemented. Initially, solid-to-solid contact was established between the upper slider
and the clutch. Similarly, contact was established between the lower slider and the clutch,
the clutch and the flexible sheet, and the iron sheet and the ground, serving as a reference
system. Moreover, a mobile vice was integrated along the Z-axis direction for the iron
plates to symbolize motion towards the circular electromagnet. A drive mechanism was
incorporated, employing the functional expression “step (time, 0, 0, 1, 3)”. This function
facilitates the movement of the iron sheet by 3 mm towards the circular electromagnet
within the time frame of 0 to 1 s, effectively simulating the generation of a magnetic field
upon energizing the electromagnet and consequent attraction of the iron piece. The model
also encompasses a rotating vice, interconnecting various components such as the gear set,
the rotating arm, the connecting arm, and the tensioning bag plate. Kinematic simulation is
conducted to analyze the displacement, velocity, and acceleration graphs of the clutch and
the bag tensioning plate.

Based on the information provided (Figure 9), it can be observed that the clutch
displacement graph shows the position of the iron plate at different time intervals. Initially,
at 0 s, the iron plate is located at −3.2616 mm on the x-axis. After 1 s, it moves to the right
limit position, which is at −6.2616 mm on the x-axis. Finally, at 4 s, the clutch moves to the
left limit position, which is at −0.2616 mm on the x-axis. The movement range of the clutch
is stated to be 6 mm, which means that the distance between the right limit position and
the left limit position is 6 mm. This displacement range satisfies the required displacement
needs of the clutch and is in accordance with the design requirements.
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It demonstrates that the speed variation during the clutch movement exhibits a more
consistent and uninterrupted pattern (Figure 10). There are no abrupt fluctuations or
sudden shifts observed. However, some fluctuations can be observed in the initial stage of
clutch acceleration, followed by a linear progression. This behavior can be attributed to the
inherent kinetic characteristics of the clutch and the transmission system, which influence
the acceleration.
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Based on the displacement curve of the bag-opening plate (Figure 11), several key
observations can be made. Firstly, at t = 0 s, the bag-opening plate is in its initial position,
with a y-axis position of −42.819 mm. At t = 1 s, the bag-spreading plate reaches its limit
position, with a y-axis position of −83.1562 mm. Finally, at t = 2 s, the bag-spreading plate
returns to its initial position, with a y-axis position of −42.819 mm. The movement range
of the bag-spreading plate can be calculated by subtracting the initial position from the
limit position. Thus, the movement range is 40.3372 mm. This range is greater than the
cross diameter of the juvenile fruit bag. Furthermore, comparing the calculated bag range
(40.48 mm) in the third chapter with the actual movement range, there is a difference of
0.1428 mm. This difference represents an error of 0.35%, which is within the acceptable
error tolerance. Therefore, the bag-opening plate meets the design requirements.
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Figure 12 reveals that both the velocity curve and acceleration curve exhibit a continu-
ous and gradual change in their characteristics. There are no sudden or drastic fluctuations
or discontinuous jumps observed. This indicates that the movement of the tensioning
plate maintains a relatively smooth speed, and the tensioning plate experiences relatively
uniform impetus or resistance. Consequently, the state of the tensioning plate during its
movement remains relatively stable, ensuring stability for the bagging.



Processes 2024, 12, 259 11 of 15

Processes 2024, 12, x FOR PEER REVIEW 11 of 15 
 

 

 
Figure 12. Bag-opening plate speed and acceleration curve. 

3.2. Dynamic Analysis 
The modeling and assembly of the clutch, gears, and drive shaft were completed, and 

the model was imported into RecurDyn V9R5 to establish a dynamic model. In the Re-
curDynV9R5, the Library module was utilized to set the material of the drive shaft and 
gears as steel. In the Flexible module, the clutch was meshed using solid elements 
(Solid4/Tetra4), and considering computational precision and time, the minimum mesh 
edge length was defined as 0.3 mm. The mesh was created with 19,272 nodes and 97,831 
elements (Figure 13). Material properties for the meshed flexible plate were added based 
on the considerations outlined in Table 3. 

Table 3. Parameters of the dynamic model [22]. 

Subjects Parameters Volume 

Flexible Clutch 
Density (kg·m−3) 7.85 × 10−6 

Young’s Modulus (Pa) 200,000 
Poisson’s Ratio 0.285 

Flexible Clutch–Gears 
Max. Penetration 1 

Static Friction Coefficient 1.26 
Friction Coefficient 1.2 

 
Figure 13. Dynamic simulation model diagram. 

To facilitate the addition of contact, the clutch is modeled as a set of patches through 
Patch. Simultaneously, the contact type between the flexible clutch and gear is set to FSur-
face to Surface Contact, with the relevant contact parameters detailed in Table 3. The 

Figure 12. Bag-opening plate speed and acceleration curve.

3.2. Dynamic Analysis

The modeling and assembly of the clutch, gears, and drive shaft were completed,
and the model was imported into RecurDyn V9R5 to establish a dynamic model. In the
RecurDynV9R5, the Library module was utilized to set the material of the drive shaft
and gears as steel. In the Flexible module, the clutch was meshed using solid elements
(Solid4/Tetra4), and considering computational precision and time, the minimum mesh
edge length was defined as 0.3 mm. The mesh was created with 19,272 nodes and 97,831 el-
ements (Figure 13). Material properties for the meshed flexible plate were added based on
the considerations outlined in Table 3.
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Table 3. Parameters of the dynamic model [22].

Subjects Parameters Volume

Flexible Clutch
Density (kg·m−3) 7.85 × 10−6

Young’s Modulus (Pa) 200,000
Poisson’s Ratio 0.285

Flexible Clutch–Gears
Max. Penetration 1

Static Friction Coefficient 1.26
Friction Coefficient 1.2

To facilitate the addition of contact, the clutch is modeled as a set of patches through
Patch. Simultaneously, the contact type between the flexible clutch and gear is set to
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FSurface to Surface Contact, with the relevant contact parameters detailed in Table 3. The
flexible clutch is incorporated as a moving component along the x-axis with the drive
shaft as the reference system. A Displacement (time) drive function is added, expressed as
step(time, 0, 0, 1, 3) + step(time, 3, 0, 5, 6) + step(time, 7, 0, 8, −3). Specifically, during the
interval of 0–1 s, the flexible clutch moves 3 mm in the positive x-axis direction to engage
with gear 1; from 3–5 s, the flexible clutch moves 6 mm in the negative x-axis direction
to engage with gear 2; and from 7–8 s, the flexible clutch returns to its original position.
The shaft is introduced as a rotating component with the ground as the reference system,
rotating along the x-axis direction. A Displacement (time) drive function is added, and the
function expression is step(time, 1, 0, 2, −pi/3) + step(time, 2, 0, 3, pi/3) + step(time, 5, 0, 6,
pi/2) + step(time, 6, 0, 7, −pi/2). This signifies that from 0–1 s, the axis rotates clockwise
by 60◦; from 2–3 s, the axis rotates counterclockwise by 60◦; from 5–6 s, the axis rotates
counterclockwise by 90◦; and from 6–7 s, the axis rotates clockwise by 90◦.

Conducting multi-body dynamics simulation, the force distribution map of the flexible
clutch is shown in Figure 14. From the graph, it is evident that the stress on the flexible
clutch is concentrated in the region where it contacts the gears, and the distribution is
relatively uniform.
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Figure 14. Force distribution map of the flexible clutch. (a) Bag expansion; (b) bag gathering.
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As shown in Figure 15, at 1 s, the flexible clutch contacts Gear 1. From 1 to 3 s, the
flexible clutch first rotates counterclockwise by 60◦ and then clockwise by 60◦, reaching a
peak speed of 1.58 rad/s and a trough speed of −1.58 rad/s. The speed curve is smooth.
During this time, Gear 1 has a peak speed of 0.89 rad/s and a trough speed of −0.83 rad/s.
The analysis (Table 4) reveals that Gear 1 first rotates counterclockwise by 33.8◦ and then
clockwise by 31.5◦, with fluctuations in the speed curve. At 5 s, the flexible clutch contacts
Gear 2. From 5 to 7 s, the flexible clutch first rotates clockwise by 90◦ and then clockwise
by 90◦, reaching a peak speed of 2.36 rad/s and a trough speed of −2.36 rad/s. The speed
curve is smooth. At this time, Gear 2 has a peak speed of 1.84 rad/s and a trough speed
of −1.38 rad/s. The analysis (Table 4) shows that Gear 2 first rotates clockwise by 70.1◦

and then clockwise by 52.6◦, with fluctuations in the speed curve. The study indicates that
the gear speed is lower than the clutch speed, and the speed extremum of the gear has a
certain delay relative to the flexible clutch. Additionally, the rotation angle of the gear is
less than the design target. As shown in Figure 16, the contact force between the flexible
clutch and the gears is 165 N, exhibiting fluctuations.
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Table 4. Clutch drive.

Parameters Rotation Angle

Clutch 60◦ 60◦ 90◦ 90◦

Gear1 33.8◦ 31.5◦ / /

Gear2 / / 52.6◦ 70.1◦

Drive efficiency 56.3% 52.5% 58.4% 77.8%
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3.3. Discussion of Flexible Clutch

Aligned with bagging agronomy, the paper achieves bag-opening and -gathering
actions through a motor using clutch transmission, as determined by action timing analysis
and design optimization.

This paper employs an offset crank-slider mechanism to execute the bag-opening
action, ensuring that the vacuum suction cup approaches the mouth of the paper bag for an
improved opening effect. The size of the juvenile fruit bag ranges from 20 to 30 mm. In the
kinematic analysis, the determined bag-opening range at the end effector is 40.3372 mm,
with a design target size of 40.48 mm. The discrepancy between the two is 0.1428 mm,
classified as a relative error with a value of 0.35%, which meets the target size for bagging
juvenile fruits.

Dynamic simulation analysis reveals that the speed of the gear is lower than that of the
clutch and the rotation angle of the gear is smaller than the design target. This phenomenon
is attributed to the characteristics of the flexible clutch. Specifically, when the flexible clutch
transmits torque, a portion of the torque is absorbed and stored due to the presence of an
elastic element. The magnitude of this stored torque depends on the stiffness and geometry
of the elastic element, as well as the magnitude of the operating force. In particular, the
requirements for bag opening and bag closure can be met by adjusting the stiffness and
geometric configuration of the flexible clutch, as well as the operational force level.

4. Conclusions

To solve problems with conventional fruit harvesting, the article proposes an innova-
tive bagging end actuator that can be installed on a fruit-producing robot. Based on the
presented structures and analyses, conclusions were formulated:

• We proposed a modularized design of a bagging end effector for fruit-production
robots which allows for selection and configuration based on specific needs, enabling
adaptability to different crops and orchards. Consequently, it achieves more flexible
and efficient operation, providing enhanced convenience and benefits to agricul-
tural production.

• Through action timing analysis and design optimization, the paper implements a mo-
tor for completing the bag-opening and bag-gathering actions via clutch transmission.
This approach simplifies the system structure, reducing manufacturing costs while
effectively controlling action timing to enhance accuracy and stability.

• The utilization of multi-body dynamics simulation software in this paper facilitates
the simulation and analysis of flexible clutch transmission. This intuitive tool allows
for the observation of various motion laws for each component and the derivation
of characteristic curves. The results indicate that multi-body dynamics simulation
software offers a rapid and reliable method for conducting structural design research.

The proposed analytical approach can be utilized to simulate the interaction between
the bag-gathering component and the paper bag itself. As a result, research will be con-
ducted in the future to optimize the bag-gathering process and achieve superior results.
Additionally, future work will comprise the development of identification and positioning
systems specifically tailored for young pears during bagging operations, as well as control
systems aimed at automating the bagging.
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