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Abstract

As a core component of a fully automatic pepper transplanter, the performance of the
seedling-picking mechanism is of particular significance. However, existing seedling-
picking mechanisms have problems such as being prone to damaging the seedling roots
and substrate, as well as having poor stability. To develop a highly efficient, stable, and min-
imally damaging seedling-picking mechanism, this study proposed a design scheme for a
stem-clamping-and-pulling-out-type seedling-picking end actuator driven by a non-circular
gear system. The specific methods and objectives include the following: (1) designing a
differential non-circular gear system to replicate a manual picking trajectory accurately;
(2) establishing a kinematic model and developing optimization software to determine
the optimal parameter combination; (3) experimentally validating the mechanism’s per-
formance through virtual simulations and bench tests. The bench tests showed that the
mechanism could complete two seedling-picking operations per rotation, extracting an
entire row (eight plants) in a single rotation at a speed of 30 r/min. The measured angles
of the end effector at four key postures were highly consistent with simulation and high-
speed camera data, with all key posture errors less than 1°. These results demonstrate the
mechanism’s high accuracy, efficiency, and reliability.

Keywords: transplanting machinery; seedling-picking mechanism; pepper plug seedlings;
stem clamping and pulling; seedling-picking posture

1. Introduction

Pepper, as an important cash crop, with edible, medicinal, and industrial value, is
rich in capsaicin, capsanthin, and other components, serving as a key raw material for
food processing and pharmaceutical manufacturing [1-3]. Seedling transplantation repre-
sents the mainstream planting method for pepper, significantly enhancing survival rates,
controlling pests and diseases, and increasing yields [4-6]. Transplantation methods are
classified into three categories: manual, semi-automatic, and fully automatic. Manual
transplantation relies entirely on human labor; some processes in semi-automatic transplan-
tation are mechanized; fully automatic transplantation achieves mechanization throughout
the entire process of seedling picking and planting [7]. Currently, pepper transplantation
predominantly employs semi-automatic methods, which restricts improvements in produc-
tion efficiency [8,9]. Mechanical transplantation offers significant advantages, including
improved quality, reduced costs, and enhanced efficiency. Fully automatic seedling-picking
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technology serves as the core indicator for evaluating the degree of automation in trans-
plantation machinery [10-12]. In recent years, optimization of seedling-picking mechanism
designs has primarily focused on increasing the rate of seedling picking, improving relia-
bility, and minimizing seedling damage. The Italian Urbinati RW32 transplanter achieves
an operational rate of 36,000 plants per hour. The Ferrari Futura model, which integrates
photoelectric sensing technology, has a theoretical capacity of 3720 plants per hour. How-
ever, its precision pneumatic system exhibits instability, and the equipment is complex
and costly, limiting its promotion in areas with complex terrain [13]. The five-bar slide
rail device developed by Choi et al. in South Korea demonstrates a high operational suc-
cess rate but suffers from cumulative phase errors, making it unsuitable for high-speed
scenarios [14]. The Japanese Yanmar PW10N duckbill transplanter features a high degree
of automation [15], while the Seikan PVPHR2 semi-automatic transplanter ensures upright
planting through a spatial seven-link mechanism [16]. Both systems encounter challenges
such as high costs and limited efficiency improvements. Young Bong Min et al. developed a
push-out onion plug seedling-picking mechanism to fulfill the requirements of mechanized
transplanting for onions. They investigated the push-out resistance and root breakage
rate of seedlings under different pin diameters and operational speeds, and found that
the push-out resistance increased as the diameter of the push-out pin increased [17]. Md
Nafiul Islam et al. designed a seedling-picking mechanism composed of gears, cams, and
crank-slider combinations. The linear picking trajectory of the mechanism is realized by
a gear-driven crank-slider mechanism, and the swing of the picking arm is controlled
by a cam. The mechanism exhibits significant vibration and low picking efficiency when
operating at high speed [18]. Md Zafar Igbal et al. designed a pepper seedling-picking
mechanism using a gear train, which enables fast and accurate transplanting of seedlings
with low power consumption, through kinematic analysis, virtual simulation, and exper-
imental research [19,20]. K. Rahul et al. designed a seedling-picking device based on
mechatronic technology, which effectively reduces energy consumption and improves
operational efficiency during the picking process [21]. Abhijit Khadatkar et al. developed a
gripper-type seedling-picking mechanism, in which the opening, closing, and releasing
of the picking mechanism are controlled by a PLC control system. However, it is only
suitable for greenhouse operations and the operation quality is relatively low [22]. Chen
Jianneng et al. improved the modified elliptical gear-seven-bar transplanting mechanism,
optimizing the transplanting trajectory, yet it remains semi-automatic equipment [23]. Yu
Gaohong et al. developed an eight-row synchronous transplanting mechanism utilizing
non-uniform planetary gear trains to enhance efficiency but encountered issues related to
structural redundancy and synchronization errors [24]. Yin Daqing et al. developed an
ejection push pot-type seedling-picking mechanism that integrates clamping and pushing
functions. This method of retrieving seedlings by clamping the substrate tends to cause
root and stem damage as well as looseness of the substrate [25]. Yuan Ting et al. developed
a pneumatic vibration seedling-picking-and-planting mechanism, achieving a high picking
success rate and low seedling damage rate. However, this mechanism exhibits high de-
pendency on specific trays and seedling cultivation methods, thereby limiting its broader
application [26].

Overall, the current transplanting devices have issues such as susceptibility to dam-
aging seedling roots and substrate and poor stability [27]. To address these challenges,
this study proposes a novel stem-clamping-and-pull-out method based on a non-circular
gear system to accurately replicate the manual seedling-picking motion while minimizing
damage to the substrate and root system. This approach aims to provide robust technical
support for fully automatic pepper transplanters, thereby advancing large-scale cultivation.
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2. Materials and Methods
2.1. Design Requirements for the Seedling-Picking Mechanism

To achieve full automation of the seedling-picking mechanism, this study, grounded
in the principle of human bionics, analyzed the motion posture of manual seedling picking,
extracted the spatial characteristic parameters of seedling-picking postures, and constructed
a mechanized seedling-picking path-planning model. During manual seedling picking,
upper limb movements exhibit the typical characteristics of a 2R open-chain mechanism:
with the shoulder joint as the fixed pivot, the hand precisely executes a series of actions,
including “pulling out seedlings—transporting seedlings—releasing seedlings—resetting”,
through the flexion and extension of the elbow joint.

Conventional seedling-picking mechanisms, which constrain the movement of the end
effector via rod or slide mechanisms, suffer from limitations such as a narrow resolution
range, restricted design space, and insufficient motion accuracy, making it challenging to
meet the high-precision requirements for reproducing mechanized picking postures. This
study innovatively employs a 2R open-chain mechanism constrained by a non-circular
gear train, significantly expanding the mechanism’s operational domain and enabling
precise reproduction of specific trajectories and postures. In this mechanism, the crank
evolves into a non-circular gear train, while the swing rod transforms into an end effector
actuator for seedling retrieval. These components are structurally coupled to form a stem
clip—picking-type pepper plug seedling-picking mechanism. This composite drive system
strictly adheres to the motion posture required by the pepper-transplanting process and
accurately performs the entire sequence of “pulling-out seedlings—transporting seedlings—
releasing seedlings—resetting” for picking and planting.

2.2. Composition and Working Principle of the Mechanism

A structural diagram of the stem-clamping-and-pull-out-type pepper plug seedling-
picking mechanism is presented in Figure 1. The design layout incorporates a right-side
power input structure. Specifically, the right side of the bevel gear transmission box
is connected to the stem-clamping-and-pull-out-type pepper plug seedling-extraction
mechanism. External power is transmitted to the differential non-circular gear train of the
seedling-extraction mechanism via the output shaft of the bevel gear box and the jaw and
toothed coupling. This transmission drives the non-circular gear train sun gear and the
shell of the non-circular gear train assembly to operate at different speeds.

The stem-clamping-and-pulling-out-type pepper plug seedling-picking mechanism’s
core transmission components include the shell of the gearbox, sun gear, intermediate gears
I-1V, planetary gears I-1I, intermediate shafts I-1V, planetary shafts I-1I, and upper/lower
seedling-picking end effectors, as well as the seedling-jacking execution components. The
intermediate gears I-IV are fixed to their corresponding intermediate shafts, with each
intermediate shaft supported by double lateral heart bearings and hinged to the shell of the
gearbox. The left ends of planetary shafts I/II are integrated with planetary gears 1/1I, while
the right end is hinged to the rotating support secondary arm. The connection between
the left shell of the gearbox and the right rotating support secondary arm via the planetary
shafts I/II forms a rotating frame, which substantially enhances the overall mechanical
performance of the stem-clamping-and-pulling-out-type seedling-picking mechanism.

Inside the non-circular gear train, the sun gear engages in first-level meshing with
intermediate gears I and III on both sides. Intermediate gear I forms a second-level meshing
connection with both the sun gear and intermediate gear II. The upper and lower surfaces
of intermediate gear II engage with planetary gear I and intermediate gear I, respectively.
Intermediate gear IIl meshes with the sun gear and intermediate gear IV, while intermediate
gear IV connects with planetary gear II and intermediate gear IlI, thereby forming a closed-
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loop transmission structure. Within this configuration, the sun gear drives planetary gears
I and II to rotate, transmitting motion synchronously via the upper and lower planetary
shafts to the upper and lower seedling-picking end actuators, causing the actuators to
rotate around the planetary axes. When the planetary carrier (the shell of the non-circular
gear train) is driven counterclockwise by the power input shaft of the bevel gearbox,
the intermediate shafts I-IV and planetary shafts I-II within it simultaneously undergo
rotational motion, driving the transplanting arm assembly to achieve rotational movement.
Ultimately, the seedling-picking end effector, under the combined influence of the planetary
axis rotation and the revolution of the shell of the non-circular gear train, reproduces the

predetermined motion trajectory and spatial postures.

Figure 1. Structure diagram of seedling-picking mechanism. 1. Transmission box body; 2. upper-
drive large bevel gear; 3. upper-drive small bevel gear; 4. power input shaft; 5. lower-drive bevel
gear; 6. lower-drive large bevel gear; 7. upper bevel gear drive shaft; 8. sun gear; 9. intermediate
shaft I; 10. intermediate gear I; 11. intermediate shaft II; 12. intermediate gear II; 13. upper planetary
axis; 14. planetary gear I; 15. shell of gearbox; 16. intermediate gear III; 17. intermediate shaft III;
18. intermediate gear IV; 19. intermediate axle IV; 20. planetary gear II; 21. lower planetary axis;
22. end face cam; 23. lower seedling-picking end effector; 24. upper seedling-picking end effector;
25. to rotate the support secondary arm.

As the core component of the stem-clamping-and-pulling-out-type pepper transplant-
ing mechanism, during the transplanting process, the stem-clamping-and-pulling-out end
actuator must precisely execute a series of consecutive actions, including clamping, pulling,
transporting, and releasing the seedlings. As shown in Figure 2, the end effector designed in
this study primarily consists of planetary shafts, left and right end face cams, compression
springs, universal balls, sliders, and guide rods. Among these components, the planetary
shaft and the small slider guide shaft function as rails to provide guidance for the actuator’s
movement. The side end face cams control the opening and closing of the actuator. During
the picking process, when the picking mechanism reaches the picking point, the universal
ball within the actuator, in conjunction with the compression spring, ensures tight contact
with the two end face cams. As the mechanism moves, the universal ball transitions from
the concave surface to the convex surface of the end face cam, driving the actuator to
complete the clamping action. In the seedling transport phase, the universal ball remains in
contact with the convex surface of the end face cam to maintain stable seedling clamping.
When the release mechanism reaches the release point, the universal ball rolls back to the
concave surface of the end face cam. Under the force exerted by the compression spring,
the upper and lower clamping plates rapidly open to perform the release action.
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Figure 2. Structure diagram of the end effector for seedling-picking mechanism. 1. Planetary shaft;
2. left end face cam; 3. left universal ball bearing; 4. compression spring A; 5. compression spring B;
6. upper clamping seedling patch-fixing plate; 7. lower clamping seedling patch-fixing plate; 8. small
slider guide shaft; 9. right universal ball bearing; 10. end face cam connecting disc; 11. right end face
cam; 12. support arm; 13. small sliders; 14. large slider.

2.3. Kinematic Analysis

Select the center of rotation O of the sun gear as the origin of the coordinate system to
establish the kinematic equation for the seedling-picking mechanism. Through theoretical
derivation and numerical computation, the rotation angle parameters of each non-circular
gear pair in the transmission system, the spatial coordinate parameters of the rotation
centers, and the tip-position parameters of the seedling-picking actuator can be determined
(Figure 3).

v

Figure 3. Mathematical model of the movement characteristics of the seedling-picking mechanism.

During the operation of the transplanting device, the sun gear assembly and the
planetary gearbox, serving as prime movers, rotate at a constant counterclockwise speed.
Counterclockwise rotation is defined as positive, while clockwise rotation is defined as
negative. When the planetary gearbox completes an angular displacement of i, the relative
rotation angle of each non-circular gear with respect to the planetary carrier is denoted
as 6y, (i), and its absolute rotation angle of motion is defined as ¢ (7). According to the
topological numbering rule of the transmission chain, k = 1 to 4 correspond respectively to
the sun gear, intermediate gear 1, intermediate gear 2, and planetary gears.

Planetary carrier rotation angle i:

i=w-t 1)
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The sun gear rotates counterclockwise in the same direction relative to the planetary
carrier at twice the speed, and the absolute rotation angle of the sun gear is

¢1(i) = faiHO + 2i (2)
The absolute rotation angle of the intermediate gear 1 is
¢2(i) = faiHO + 62, (i) 3)

where 6y,(i) = 0, (i — 1) + —‘gl(l‘)o_lgé(_i;ll&-yl(i)

The absolute rotation angle of the intermediate gear 2 is

(p3(l) = faiHO — (180 — 061) — 93(930) — 93h(i) (4)

where 03, (i) = 03,(i — 1) + \Gzh(i)ofzgfza/ﬁ;(lig\'rz(i)

The absolute rotation angle of the planetary gear 1 is

q)4<l) = faiHO — (180 — 061) — (180 — “2)+92h(940)+94h(i) (5)

where 0y (i) = 0y (i — 1) + L2l

Coordinates of the relative motion of the tip of the upper seedling-picking arm:
. : (180 —
xp1(i) = xo4(i) + S - cos l_ @0 + OHo — (180 — aq) ]

(180 — a2) + 02 (010) + Oun (i) ©6)
N e o+ Jpo — (180 — ay)
yp1(i) = Yos(i) + S - sin [—(180 —ap) + 0,(010) + 94h(i)]

2.4. Trajectory and Posture Analysis

In response to the issue of damage to the substrate and root system of pepper plug
seedlings caused by the insertion-based picking method, this study mimicked manual
picking actions to reproduce the trajectory and posture of hand-pulling pepper stems
during transplantation, as shown in Figure 4.

1 C

Figure 4. Relative motion trajectory diagram. 1. Motion trajectory; 2. seedling-picking mechanism;
3. pepper plug seedlings; 4. seedling box.

When the stem-clamping-and-pulling-type seedling-picking mechanism is in oper-
ation, the end effector for picking seedlings is required to pass through several expected
posture points in sequence and run continuously and stably along the predetermined tra-
jectory and posture. When the pepper transplanter is working normally, a fixed installation
angle is set between the seedling box and the frame, and the seedling-picking mechanism
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is kept at a specific installation distance from the seedling box. When the seedling-picking
mechanism moves smoothly from point A to point B, the end effector reaches about 3 mm
above the root of the pepper plug seedlings. At this point, the end effector for picking
seedlings closes quickly, the seedlings are pulled out and detached from the tray along the
growth direction of the plug seedlings, and it then moves to point C. The entire process
of transitioning from point A to the picking point B, where the seedlings are picked up,
followed by pulling and transporting them to point C, is defined as the picking stage.

The process by which the seedling-picking mechanism picks up the pepper plug
seedlings and runs from point C, the end of pulling out seedlings, through point D, the
intermediate point, to point E, the starting point of planting seedlings, is defined as the
seedling transportation stage. During this process, the universal ball bearings are always in
contact with the protruding working surface of the end face cam, and the clamping plates
remain clamped to hold the plug seedlings in place. During the seedling transportation
stage, it is required that the actuator at the end of the seedling picking move smoothly with
small speed fluctuations to prevent the plug seedlings from falling during transportation.

The stocking seedlings stage begins when the seedling-picking mechanism moves
from the starting point E to the ending point F. During this process, the universal ball
rolls along the protruding working surface of the end face cam to the concave area, and
the upper and lower clamping components inside the actuator at the end of the picking
are rapidly opened to both sides under the force of the compression spring, releasing the
clamping plate from the clamping state. The pepper plug seedlings fall vertically into
the seedling-separation device under the force of gravity, and then the field transplanting
operation is completed through the planting device.

The process during which the seedling-picking mechanism returns from point F (the
termination point) to point A (the initial point) is defined as the return stage. During this
stage, the universal ball remains in close contact with the concave area of the end face cam
under the action of the compression spring, ensuring that the clamping plate of the actuator
at the end of the seedling-picking mechanism stays open. To enhance the transplanting
efficiency of pepper plug seedlings, it is necessary for the transplanting arm to reset quickly
during the return stage, preparing for the next cycle of seedling picking.

2.5. Optimization Design Software Development and Parameter Optimization

The process of picking pepper plug seedlings using the stem-clamping-and-pulling-
out-type mechanism consists of four core steps: clipping the seedlings, transporting the
seedlings, releasing the seedlings, and resetting the mechanism. The process of clamping
the seedlings must ensure the integrity of the seedlings while avoiding mechanical damage.
During the seedling delivery stage, the motion trajectory should remain smooth to prevent
interference or collisions between mechanism components. Additionally, precision is
critical during the seedling-release stage to ensure that the seedlings in the tray enter the
seedling distribution device vertically. The reset action requires a rapid response to prepare
for subsequent seedling-picking operations. For this purpose, eight optimization objectives
were set in this study:

(1) The actuator components at the end of the seedling picking do not interfere with
each other;

(2) The end effector for picking seedlings does not interfere with the seedling box;

(3) Seedling-picking angle 81 € [310°,340°];

(4) Seedling-throwing angle 5; € [270°,310°];
(5) Angle difference Ax € [50°,60°];
(6) The height of the picking trajectory is greater than 250 mm;
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(7) The non-circular gear module is greater than 2.5 mm;
(8) The planetary gear does not damage the seedlings.

The optimization design software for the stem-clamping-and-pulling-out picking
mechanism integrates 22 geometric parameters of non-circular gear pitch curves and
11 configuration parameters of the seedling-picking mechanism, forming a composite
optimization space with 33 design variables. Based on the human-machine collaborative
optimization framework, a combined optimization model using the genetic algorithm
and human-machine interaction was employed to obtain the optimal solution set for
eight performance indicators. The results of the parameter configuration optimization are
presented in Table 1 (Figure 5).

Table 1. Parameter optimization results.

Input Parameter Parameter Value/mm Input Parameter Parameter Value/®
Io 40 91 30
r] 60 02 60
rp 120 03 90
I3 40 04 120
I4 40 05 150
Is 40 66 180
Te 100 0y 210
ry 120 03 240
rg 60 09 270
Tg 80 910 300
r10 60 011 330

S 180 Det —60
Hy 80 ©Ho 284
Yx 434 Yy 97
Ya 57 ap -50
H 120 ap 60

&3 Optimization design software for stem dlamping and extraction transplanting mechanism V1.0 - o

Open Save Motion Analysis Node curve point set Schematic diagram of mechanism Gear Ratio Angular Displacement Measure m@

Objective
1. Non interference between
seedling arms:

seedling arm and the seedling box:

[LLIL]L]]

3.The seedling angle is between
310 and [340

NERENNNNNEREREN
4. The seedling pushing angle is
between 270 and [10 -

[LLLL LI ]]
5 Angle difference between 50
and fo0

7 Modulus of non-circular gear
is greater than[2.5 -

8 Planetary gear does not
o) damage seedlings:

Parameters

: Al r1, Al r2, Al r3, Al r4, Al r5, Al 16, Al r7, Al 3, Al o, Al r10. Al

w1 i 60 i = 120 i 40 N s 40 YA 40 i 100 i 120 i 60 Iy = 80 i 1“““‘““ 60 =
A

03 Al 81, Al 82; Al 93; Al B4, Al 85, Al 94; Al g7 Al B3, Al 99, Al 810: Al

r 40 1 30 1 60 T 90 1 120 x 150 3 180 1 210 X 240 3 270 ETi 300 3
b3

611. Al OHO. Al s, Al pet. [ Al H, Al ¥y, Al vy, Al Ya, Al H ‘Al a1.[5 Alq g, am

330 71 ¢ 284 k1 180 v et:(-60 v 80 v *:| 434 1 Vil 97 7 a:| 57 k71 120 ¥ 50 ¥ 60 ¥a

Figure 5. Main interface of optimization design software for stem-clamping-and-pulling-out picking
mechanism. 1. Menu bar; 2. graphic display area; 3. parameter input area; 4. step adjustment area;
5. target area.

Parameter definition description:

(1) The radial component of the sun gear pitch curve in the polar coordinate system is
denoted as rg-rqp;
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(2) The corresponding polar angle parameter of the sun gear pitch curve in the polar
coordinate system is marked as 61 — 011;

(3) The initial assembly azimuth angle of the planetary carrier assembly in the seedling-
picking device is defined as @Hy;

(4) The initial phase angle of the end effector unit is denoted as Det;

(5) The spatial distance from the center of planetary rotation to the tip of the clamp is
characterized as S;

(6) The distance between the inflection point of the terminal picking mechanism and the
axis of the planetary gear is described by the parameter Hy;

(7) The abscissa of the seedling box in the rectangular coordinate system is denoted as Yx;

(8) The ordinate of the seedling box in the rectangular coordinate system is denoted as Yy;

(9) The inclination angle of the seedling box is denoted as Y,;

(10) The single-row spacing indicator for plug seedling-planting operations is determined
by the H parameter;

(11) The first corner of the planet carrier is denoted as a;

(12) The second corner of the planet carrier is denoted as aj.

2.6. The Influence of the Main Parameters on the Trajectory of the Seedling-Picking Mechanism

A parameter system comprising 8 design indicators and 33 associated variables was
constructed in the optimization design software for the stem-clamping-and-pulling-out
picking mechanism. There exists a significant multi-factor coupling relationship between
each optimization objective and parameter variable, and the regulatory effects of differ-
ent design parameters on the mechanism’s performance exhibit marked differences. To
enhance the optimization efficiency of the stem-clamping-and-pulling-out-type pepper
plug seedling-picking mechanism, a single-variable control strategy was employed for
parameter sensitivity analysis in this study.

(1) The response relationship of r; to the optimization objective of the seedling-
picking mechanism

As shown in Figure 6a, an increase in the polar diameter of the sun gear-type value
point r1 leads to a vertical offset of the picking point, an increase in the picking angle,
and a forward displacement of the throwing point. This is accompanied by a reduction
in the throwing angle, resulting in an increase in the trajectory height and an expansion
of the angular difference. Additionally, the increase in r; makes the loop trajectory of
the picking point more pronounced, which may cause stem breakage and negatively
affect the transplanting quality. However, when the number of teeth remains constant, an
increase in rq corresponds to an increase in the module, which can enhance the anti-fracture
performance of the gear pair.

(2) The response relationship of 6; to the optimization objective of the seedling-
picking mechanism

As shown in Figure 6b, an increase in 6; results in a vertical downward shift of
the seedling-picking point, an increase in the seedling-picking angle, and a backward
displacement of the seedling-throwing point. Simultaneously, the seedling-throwing angle
exhibits a negative decrease, ultimately leading to an enlargement in the angular difference
and an upward trend in the trajectory elevation. At this stage, the seedling-picking rail
moves closer to the right-hand seedling box, increasing the likelihood of interference with
the seedling box, which may cause damage to the seedling tray and substrate.

(38) The response relationship of Det to the optimization objective of the seedling-
picking mechanism
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As shown in Figure 6¢, as the value of Det increases, the seedling-picking position

shifts laterally to the left, with a corresponding increase in the seedling-picking angle.

Simultaneously, the seedling feeding point shifts laterally to the right, and the seedling

feeding angle also increases, thereby leading to an increase in the operational distance

between the picking mechanism and the seedling box. In this condition, the relative

distance between the end effector and the tray becomes greater, which raises the likelihood

of clamping failure.

r1=50
N

r1=60
r=70

c) The effect of the single variable Det (°)

®H0=294
PH0=284
©H0=274

(e) The effect of the single variable r1 @H, (°)

(f) The effect of the single variable S (mm)

Figure 6. Summary analysis of the effect of different variables on the seedling-picking mechanism.

(4) The response relationship of a, to the optimization objective of the seedling-

picking mechanism

As shown in Figure 6d, as the corner a, of the planetary carrier increases, the seedling-

picking point moves upward, leading to a counterclockwise deflection in the overall



Agriculture 2025, 15, 1563

11 0f 18

picking trajectory. This change results in an increased distance between the seedling-
picking point and the seedling box, a corresponding reduction in the seedling-picking
angle, and challenges for the seedling-picking plate to accurately grasp the root of the
pepper plug seedlings.

(5) The response relationship of @Hy to the optimization objective of the seedling-
picking mechanism

As shown in Figure 6e, an increase in the initial installation angle @Hj of the planetary
carrier causes the picking trajectory to rotate negatively around the axis, resulting in
an increase in the vertical offset of the picking position. As @Hj continues to increase,
the risk of collision in the seedling-picking mechanism increases. At the same time, the
seedling feeding point moves laterally to the right and the release angle decreases negatively.
When @Hj reaches 294°, the seedling feeding point deviates from the axis of the seedling
separation device, the plant is less upright, and the verticality of the seedling is lost.

(6) The response relationship of S to the optimization objective of the seedling-
picking mechanism

As shown in Figure 6f, an increase in the value of S leads to an increase in the vertical
displacement of the seedling-picking point and an increase in the seedling-picking angle.
At this time, the distance between the transmission box and the seedling box decreases,
resulting in an increase in the overlap rate between the circumferential rotation of the
seedling-picking mechanism and the seedling delivery operation space, and a significant
increase in the risk of mechanical interference.

3. Results
3.1. Virtual Simulation Experiment

Based on the optimized mechanism parameters, a virtual prototype of the stem-
clamping-and-pulling-out-type pepper plug seedling-picking mechanism was established
to complete the virtual simulation experiment. The movement trajectory of the seedling-
picking mechanism was obtained through virtual simulation. By comparison, the working
trajectory and posture obtained from the virtual simulation were basically consistent with
the results of the optimization design software, mutually verifying the correctness of the
kinematic analysis, optimization design software, and virtual simulation.

In the virtual simulation test environment, the planetary carrier rotates at 30 r/min,
and the sun gear rotates at 60 r/min. Upon completion of the simulation, the motion data
of the trajectory-marking point at the end of the seedling-picking mechanism was extracted
to generate the simulation trajectory curve presented in Figure 7a. The following critical
indicators can be validated through visual analysis: the interference state of the mecha-
nism’s motion, the meshing accuracy of the non-circular gear, and the pose accuracy of the
actuator at the end of the seedling-picking process. A comparison between the simulation
trajectory and the theoretical trajectory generated by the optimization design software
Figure 7b revealed a high degree of spatial consistency between the two, confirming the
equivalence of the virtual prototype model to the theoretical model. These comparison
results effectively validated the correctness of both the structural design scheme and the nu-
merical model, providing robust theoretical support for the subsequent physical prototype
trial production.

The realization of the seedling-picking mechanism’s function not only requires the
precise reproduction of the ideal seedling-picking trajectory but also ensures that the end
effector for seedling picking can continuously execute a series of transplanting actions,
including clamping and picking seedlings, stable transportation of seedlings, precise
placement of seedlings, and quick reset. To comprehensively validate the mechanism’s
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performance, this study integrated the seedling delivery mechanism, the seedling-picking
mechanism, and the seedling feeding mechanism for simulation. The final assembly model

of the pepper seedling-delivery seedling-picking seedling-feeding mechanism is presented
in Figure 8.

(a) The relative motion trajectory of the optimized seedling-picking mechanism (b) Relative motion trajectory of the theoretical model

Figure 7. Comparison of relative motion trajectory.
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Figure 8. Final assembly model of seedling-picking mechanism.

The simulation results show that the seedling-picking mechanism, seedling-feeding
mechanism, and seedling-delivery mechanism of the stem-clamping-and-pulling-out-type
pepper plug seedlings operate in coordination without interference, and the working
sequence of each component was precisely coordinated. The end effector for picking
seedlings can precisely perform the action of picking and planting. It was tested whether
the clamping center of the clip was perfectly aligned with the target clamping point of the
tray, verifying the effectiveness of the mechanism design. The process of picking seedlings
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with the upper and lower end effectors is shown in Figure 9. In the upper end of the end
actuator for picking seedlings (Figure 9a), the upper and lower clamping components are
marked in brown and red, respectively, and the pepper plate seedlings corresponding
to the picking point (1, 3, 5, 7) are marked in green. At the beginning stage of picking,
the universal balls of the upper and lower clamping assembly are tightly attached to the
concave surface of the end face cam, and the clamping plates are opened to the maximum
extent, with all four pepper plug seedlings in the center positions of the two sets of clamping
plates. As the universal balls rotate to contact the convex surface of the end face cam, the
clamping plate synchronously moves the center of the guide rod, precisely adhering to
the outer surface of the cylinder of the pepper plug seedlings, and firmly clamping the
seedlings at the center of the clamping plate, successfully completing the seedling-picking
action. Similarly, the upper and lower clamping components of the lower end of the end
effector for seedling picking (Figure 9c¢,d) are distinguished by different colors, and the
seedling-picking point (2, 4, 6, 8) is marked in red. The entire process of picking seedlings
was smooth and coherent, the trajectory of picking seedlings was highly consistent with
the design expectation, and the effect of picking seedlings reached the pre-set technical
indicators, fully verifying the reliability and practicality of the mechanism.

(a) The upper-end seedling-picking end effector begins (-b) The upper-end seedling-picking end effector
to grip the seedling

completes the seedling clamping

—

(c) The lower-end seedling-picking end effector begins (d) The lower-end seedling-picking end effector

to grip the seedling. completes the seedling clamping

Figure 9. Simulation of the end effector for seedling picking.

3.2. Pose Verification Experiment

The I-SPEED3 high-speed camera was employed to capture images of the entire
rotation cycle of the transplanting mechanism at all times, as shown in Figure 10. Figure 10a
illustrates the movement trajectory of the tip of the seedling-clamping plate of the end
effector for seedling picking, as measured by the high-speed camera; Figure 10b presents
the corresponding trajectory generated by the simulation of the virtual prototype model in
the ADAMS 2020 software; Figure 10c depicts the relative motion trajectory of the tip of
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the seedling-clamping plate calculated based on the theoretical model in the optimization
software. Through comparison and analysis, it was determined that the three trajectories
exhibited a high degree of consistency. This result effectively validated the accuracy and
reliability of the physical prototype, the three-dimensional simulation model, and the
kinematic model derived from the optimization design software for the stem-clamping-

and-pulling-out-type pepper plug seedling-picking mechanism.

(a) Seedling-picking trajectory of (b) Seedling-picking trajec- (c) Seedling-picking trajectory of the
physical prototype tory of simulation optimization software

Figure 10. Summary of cusp motion trajectory of seedling picking.

Four critical postures of the seedling-picking mechanism during one rotation cycle
were captured, and the postures of the seedling-picking end effector at the initiation of clip
closing, complete clip closure, initiation of clip opening, and complete clip opening were
recorded, respectively, as shown in Figure 11. The angles of the clamping plates relative
to the horizontal direction at different states, as recorded by the high-speed camera, are
summarized in Table 2.

(c) The clips begin to open (d) The clips are completely open

Figure 11. Posture of key positions of the seedling-picking mechanism.
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Table 2. Summary of key angles for high-speed cameras.

The Clips Begin to Close

The Clips Are Completely Closed The Clips Begin to Open  The Clips Are Completely Open

337.41°

336.26° 286.26° 285.12°

3.3. Seedling-Picking Test

In this study, Alstonia pepper was selected as the test material (Figure 12b), and the
plug seedlings were raised for 30 days. The tray size was 8 x 16, with an upper diameter
of 30 mm x 30 mm. The angle and position of the seedling trays were adjusted to align
with the spatial position of the seedling-picking point of the seedling-picking mechanism,
and the rotational speed of the seedling-picking mechanism was set at 30 r/min to lay the
foundation for subsequent data collection and performance analysis. The test bench is

shown in Figure 12a.

(b) Alstonia pepper eedlings
Figure 12. Bench seedling-picking test.

The seedling-picking mechanism developed in this study is capable of performing two
seedling-picking operations per full rotation. A single rotation can complete the extraction
of an entire row of seedlings (eight plants), thereby significantly enhancing the efficiency
of the seedling-picking process. To further investigate the kinematic characteristics of the
mechanism, a laser-angle meter was employed to measure the angles corresponding to
four critical postures of the end effector during the entire operational cycle. During the
seedling-picking experiment, the following data were obtained: when the clamping plates
began to close, the digital laser angle meter measured the angle between the clamping
plates and the horizontal direction as 22.33° (equivalent to 337.67°); when the clamping
plates were fully closed, the angle was 23.41° (equivalent to 336.59°); when the clamping
plates started to open, the angle between the clamping plates and the horizontal direction
reached 74.17° (equivalent to 285.83°); and when the clamping plates were fully open, the
measured angle was 75.42° (equivalent to 284.58°) (Figure 13).

The measured angles were summarized and compared with the angle data from the
optimization software and the high-speed camera, as shown in Table 3. The high-speed
camera test and the bench seedling-picking test showed that the actual motion of the
seedling-picking mechanism angle was consistent with the simulation and theoretical data,
and the key pose error of the seedling-picking end actuator was less than 1°, verifying the
reliability of the mechanism design.
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(c) The clips begin to open (d) The clips are fully open
Figure 13. Analysis chart of seedling-sampling test angle.

Table 3. Comparison of the angles of the seedling-picking mechanism.

Optimization Software High-Speed Camera Test Bench
P gh-oP Seedling-Picking Test

The clips start to close 337.26° 337.41° 337.67°
The clips are completely closed 336.14° 336.26° 336.59°
The clips start to open 285.72° 286.26° 285.83°
The clips are completely open 284.24° 285.12° 284.58°

Through a systematic analysis of the data from the seedling-picking test, it is known
that the designed seedling-picking mechanism can fully carry out a series of action processes
including seedling picking, transportation, feeding, and resetting. Through comparison
and verification, the posture performance of the end effector for picking seedlings at
the key positions of picking seedlings is highly consistent with the simulation results of
the optimized software and the data from the high-speed camera test. The results fully
demonstrate that the design scheme of the stem-clamping-and-pulling-out-type pepper
plug seedling-picking mechanism is not only feasible at the theoretical level, but also
shows good practicality and reliability in practical application scenarios, providing a solid
practical basis for subsequent engineering applications.

4. Conclusions

This study introduces a novel stem-clamping-and-pulling-out method for picking
seedlings, which is based on a non-circular gear system. By employing a double-end
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collaborative operation, the system effectively replicates a manual seedling-picking trajec-
tory through the non-uniform transmission characteristics of the non-circular gears. The
clamping of the seedling stems significantly enhances the quality of seedling extraction.
Furthermore, the coordinated action between the end face cam and the seedling-picking
end effector allows for the transplantation of eight seedlings in a single cycle, greatly
improving operational efficiency.

In addition to the mechanical innovation, a comprehensive kinematic model of the
seedling-picking mechanism was established. Optimization design software tailored for
the stem-clamping-and-pulling transplanting mechanism was developed, enabling the
determination of optimal parameters for the seedling-picking mechanism based on eight
distinct optimization objectives. This systematic approach ensures that the mechanism
operates at peak performance.

To validate the proposed method and mechanism, a dedicated seedling-picking test
bench was constructed. Through the use of high-speed cameras and rigorous bench testing,
it was confirmed that the actual movement trajectory closely matched both simulation and
theoretical predictions. Notably, the key pose error of the end effector was found to be less
than 1°, which strongly supports the accuracy and reliability of the entire process design
for the stem-clamping-and-pulling-out-type pepper plug seedling-picking mechanism.
This research provides robust technical support for the mechanization of pepper planting,
paving the way for more efficient and precise agricultural practices.
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