Strojniski vestnik - Journal of Mechanical Engineering = VOL72 = NO3-4 = Y2026 © The Authors. CC BY 4.0 Int. Licencee: SV-JME

Optimal Design of an Onion Planting Mechanism
Based on a Denatured Pascal Limacon Gear

Yongping Liu™ — Jianli Wang — Changbin Dong
School of Mechanical and Electrical Engineering, Lanzhou University of Technology, Lanzhou, China
DX cameliu@163.com

Abstract Mechanized onion planting is crucial for improving efficiency and reducing labor costs. However, traditional elliptical gear-driven planting mechanisms
often exhibit issues such as unstable trajectories and excessively high velocities and accelerations. To address this, this paper proposes a parallelogram planting
mechanism based on a denatured Pascal limacon gear drive. By analyzing the mechanism’s operating principle and the transmission characteristics of the
denatured Pascal limacon gear, a kinematic model was established. The effects of parameters such as gear denaturation coefficient, drive speed, and link
dimensions on the planting point trajectory and motion velocity were investigated. Results indicate that the denaturation coefficient, crank length, and initial
mounting angle significantly influence the mechanism’s performance. Based on these findings, multi-objective optimization using a genetic algorithm was
conducted to meet agronomic requirements. The optimized mechanism achieves a planting depth of 27 mm at a forward speed of 0.3 m/s and a gear angular
velocity of 2 rad/s. Horizontal velocities at soil entry and exit approach zero, acceleration changes gradually during the planting phase, and operational stability

is significantly enhanced. Compared to the elliptical gear drive configuration, it demonstrates superior overall performance.
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Highlights

= A novel onion planting mechanism based on denatured Pascal limacon gears is proposed.

= A kinematic model is established and key parameters are analyzed.

= The optimal parameters are determined through multi-objective genetic algorithm optimization.

1 INTRODUCTION

As a common vegetable, onions are highly regarded for their unique
taste and rich nutritional value [1]. With rising agricultural labor costs
and the increasing demand for large-scale cultivation, traditional
manual transplanting methods have become increasingly challenged
by issues such as unstable planting quality, low operational
efficiency, and high labor intensity [2]. Therefore, the development
of efficient and structurally simple onion transplanting machinery has
become an urgent need. According to the agronomic requirements
of onion seedling transplantation, such machinery must satisfy
specific trajectory control requirements during the transplanting
process. Specifically, during seedling insertion, the end-effector must
maintain stable motion, an optimal speed, and consistent planting
depth, imposing stringent demands on the kinematic performance of
the mechanism [3,4].

In the current agricultural machinery landscape, onion
transplanters are broadly classified into handheld, semi-automatic,
and fully automatic systems. Nandede et al. [5] developed a low-
cost handheld single-row transplanter featuring a compact design
with a duckbill mechanism (a spring-loaded seedling gripper), where
the operator controls gripper motion via a manual lever. However,
this design relies entirely on physical labor, achieving a maximum
transplanting rate of only 250 to 300 plants per hour — far below the
1500 to 2000 plants/hour capacity of semi-automatic models — and
imposes significant physical strain on operators. Studies [6,7] focused
on the needs of small-scale farmers in Bangladesh and developed a
small-scale onion transplanter suitable for local conditions. In
particular, Nasim et al. [7] optimized the rotational speed of a
gear-driven rotary planting mechanism (10 rpm to 15 rpm). Under
these conditions, the mechanism achieved maximum velocity and
acceleration of 1032 mm/s and 6501 mm/s?, respectively. At a higher
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rotational speed of 60 rpm (2z rad/s), its power consumption was
35.4 W, while the single-unit and double-unit assemblies achieved
transplanting rates of 60 and 120 seedlings per minute. Habineza et
al. [8] indicates that semi-automatic transplanters typically combine
manual seedling raising with automated planting, with common
forms including manual-pulled, ride-on, and tractor-mounted
types. In contrast, fully automatic transplanters are capable of
automatically picking seedlings, transferring them onto a conveyor,
and continuously completing the planting process. However,
onion transplanting systems still face key challenges in trajectory
control, including motion reversal interference, end-effector posture
deviation, and structural complexity.

In recent years, various transplanting mechanisms such as duckbill
type [9], five-bar linkage [10], and crank-rocker linkage [11] have
been widely studied. Researchers have utilized tools like ADAMS
and MATLAB to optimize the transplanting trajectories.

Meanwhile, non-circular gears, due to their non-uniform
transmission characteristics, have been extensively applied in rice
and vegetable transplanters [12-14]. Zhao et al. [15] put forward a
new high-order non-circular gear mechanism that is appropriate for
scallion seedling transplanting, and achieved parameter optimization
through program-based modeling and motion simulation. Shi et al.
[16] designed a non-circular gear-driven forward compensation speed
mechanism and developed a new type of direct-planting corn seeder.
Xu et al. [17], Yu et al. [18], and Xin et al. [19] also applied non-
circular gears extensively in transplanting mechanisms to optimize
motion characteristics and improve the efficiency and precision of
seedling pickup and planting. Overall, the variable-speed transmission
capability of non-circular gears has, to some extent, enhanced the
operational performance of transplanting mechanisms. In traditional
four-bar transplanting mechanisms, elliptical gears are commonly
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used as driving elements because they can provide periodic variable-
speed output. However, the transmission ratio of standard elliptical
gears is limited by their symmetrical design, which restricts precise
adjustment of the time ratio between the working and return phases
of the transplanting mechanism. This limitation further constrains the
potential for optimizing trajectory and motion characteristics [20].

To overcome symmetry limitations, researchers have introduced
the concept of denatured elliptical gears. By incorporating a
denaturation coefficient, the shape of the elliptical pitch curve can be
adjusted to exhibit asymmetric transmission characteristics within a
single rotational cycle, thereby providing a new approach for precise
control of mechanism motion laws [21-22]. Meanwhile, another class
of non-circular gears based on the Pascal spiral has also demonstrated
significant application potential in transplanting mechanisms. Studies
indicate that, compared with other conventional non-circular gears,
Pascal spiral gears offer distinct advantages in achieving variable
transmission ratios and non-uniform motion transmission between
two shafts [23].

At the level of multi-objective optimization methodologies,
genetic algorithms (GA) and their improved variants, such as non-
dominated sorting genetic algorithm II (NSGA-II), have been widely
applied to parameter optimization of mechanical systems due to
their strong capability in solving complex and nonlinear engineering
optimization problems. Cha et al. [24] successfully integrated
multibody dynamic simulation with genetic algorithms to optimize
the geometric parameters of a planetary gear transmission, resulting
in significant improvements in its dynamic performance. In the
field of agricultural machinery, such algorithms have likewise been
effectively employed for mechanism optimization; Zhao et al. [25]
used the NSGA-II algorithm to obtain a set of mechanism parameters
that better satisfy agronomic requirements.

Building upon this research foundation, this study proposes a
novel approach that employs denatured Pascal limacon gears as
the transmission driver, replacing conventional elliptical gears. A
kinematic model of the mechanism is established. By analyzing the
influence of various mechanism parameters on the trajectory and
velocity of the transplanter’s end-effector, the study defines multiple
performance objectives, including planting depth, trajectory, and
the zero-speed seedling release point. The NSGA-II multi-objective
genetic algorithm is then utilized to optimize the key mechanism
parameters. This integrated approach comprehensively enhances
the precision, stability, and efficiency of the transplanting operation.
The work provides a theoretical foundation and technical guidance
for developing high-speed, precise, and cost-effective onion
transplanting equipment.

2 MATERIALS AND METHODS
2.1 Design Requirements for the Planting Mechanism

Figure 1 illustrates the motion trajectory of the planter unit in the
parallelogram transplanting mechanism during operation, specifically
Fig. 1a depicts the circular trajectory of the planter when the machine
is stationary, while Fig. 1b shows that the actual trajectory during
forward movement is cycloidal. Based on existing research findings
on onion transplanters, this transplanting mechanism must meet the
following agronomic requirements: The transplanting speed should
be maintained at 70 to 80 plants per minute; the planting spacing
should be controlled within 200 to 400 mm; the average planting
depth should be maintained at 25 mm. When the duckbill reaches
the highest point of its trajectory (point a) to pick up seedlings, its
velocity should be zero; and when the duckbill releases seedlings into
the soil at point ¢, both its velocity and acceleration must be zero.
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Fig. 1. Movement trajectory of the planter: a) static trajectory, and b) dynamic trajectory

2.2 Structural Design and Working Principle

As shown in Fig. 2a, during the operation of the planting mechanism,
the power input system synchronously drives the end-effector control
device and the gear transmission mechanism via a chain and sprocket
drive. The end-effector control device regulates the opening and
closing timing of the duckbill jaws via a cam-driven mechanism [26].
Concurrently, the driving denatured Pascal limacon gear transmits
the input uniform rotational motion to the driven denatured Pascal
limacon gear via variable-ratio meshing, achieving a rotational
speed transformation. A spur gear, rigidly connected coaxially to
the driven worm gear, transfers the variable-speed rotation to the
double cranks of the parallelogram mechanism through a subsequent
spur gear transmission pair. The coordinated operation of the double
cranks results in a non-uniform periodic reciprocating motion of the
connecting rod. The duckbill end-effector, rigidly attached to the
coupler link’s distal end, generates a horizontal kinematic component
during synthesis that is equal in magnitude but opposite in direction
to the chassis’ forward velocity vector. This relative velocity
nullification at soil entry enables zero-speed seedling insertion,
ensuring stable and upright planting.

2.3 Kinematic Model of Planting Mechanism

Figure 2b presents the fundamental structure of the planting
mechanism. A XO,Y Cartesian coordinate system is established,
designating point O, as the origin, the horizontal line as the X-axis,
and the vertical line as the Y-axis, as illustrated in Fig. 2b. Table 1
enumerates the relevant parameters along with their definitions,
which are also indicated in Figs. 2a.
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Fig. 2. Overall structure diagram of the planting device

Table 1. Relevant parameters and their meanings

Symbol  Explanation

LT Pitch radius of denatured Pascal limacon gear, [mm]

o Initial phase angle of crank 0,4

ey, & Angular displacement of the driving and driven denatured Pascal
’ limacon gear, [°]

[ Length of crank 0,4

l The length of the connecting rod AB, [mm]

I3 Length of crank DB, [mm]

I5 The length of the connecting rod BC, [mm]

ls Height of the duckbill planting tool, [mm]

2.4 Theoretical Analysis of Denatured Pascal Limacon Gear
2.4.1 Pitch Curve Equation of a Gear Pair

Figure 3 illustrates the generation principle of an arbitrary Pascal
limacon gear. In Fig. 3, generating circle 1 is centered at point (5/2,0)
with a radius b/2. Trajectory 2, defined as the path of a point located
at a radial distance 1 from a point on this circle, forms a Pascal curve.

=y

Fig. 3. Pascal's curve

By adjusting the ratio of b to I, the shape of the limacon line can be
changed: when b/1 is small, the limacon approaches a circle, as shown
in Fig. 4a; when b/1 increases, the curve exhibits distinct “limacon”
characteristics, that is, with one side bulging outward and the other
side curving inward, as shown in Fig. 4b (when b=1, the curve is
heart-shaped; when b>1, the curve shows a loop-like phenomenon)
[27].
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According to geometry, this trajectory follows a cosine pattern
and the expression for this point’s trajectory can be represented as:

r=bcosO +1. (1)

In the polar equation of the Pascal curve, b represents the diameter
of the generating circle, and / denotes the offset distance from a point
on the circle’s circumference.

a) b)
Fig. 4. The line types of the node curve at different ratios of b to /

The denatured Pascal limacon gear used in this paper introduces
a denaturation coefficient into the basic Pascal limacon gear pitch
curve equation to asymmetrically adjust the gear transmission ratio
curve, thereby generating asymmetric speed changes within one
rotation cycle. This design is beneficial for the planting mechanism
to have different speed changes during the soil insertion stage and
the lifting stage, that is, deceleration during insertion and acceleration
during lifting, thereby reducing the impact on the seedlings and the
soil.

Pascal limagon curve
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Fig. 5. Pitch curve of the denatured Pascal limacon gear



The denatured Pascal limacon gear line consists of two curve
segments. By introducing a denaturation coefficient, the periodic
variation of the transmission ratio of the non-circular gear changes
from symmetry about ¢ =7 to an asymmetric pattern. In Fig. 5, I
represents the basic Pascal limacon gear pitch curve. At ¢ ==, the
curve is divided into two segments. In the first segment 0<¢p <,
the denaturation coefficient m;; is introduced and the interval
becomes 0<¢<(w/m;;). Similarly, in the second segment 7<¢ <2,
the denaturation coefficient m;; is introduced and the interval is
adjusted to (7/m;)<@<2x. Variables m,; and m,, are the coefficients
of variation for the two segments, respectively, and m;; and m;, are
required to satisfy the following expressions:

1
m,>=,
2
2
—+—=27.
mll le

Based on geometric modeling and numerical analysis, the
mathematical equations for the pitch curve of the denatured Pascal
limacon gear are established as shown below:

beos(my,p,)+1,

(o) )
bcos(m]z(Zn'—(p]))+l, LS(p] <2m.
n,

In Eq. (3), ¢, represents the initial angle. To ensure the continuous
transmission of non-circular gears, it is necessary to ensure that the
center distance between the conjugate gear pitch curves remains
constant at each angular position, that is, the sum of the radii of the
pitch curves of the driving gear and the driven gear is always equal to
a fixed center distance [28]. According to the gear meshing principle

Structural Design

and transmission characteristics, the pitch curve equation of the non-
circular gear 2 that is conjugate to it is:

n(e,)=a-rn(e),

el e ni(e) 4)
o, ()= 0 gdfpl—_[o md%

2.4.2 Closure Conditions and Convexity-Concavity Inspection
of the Gear Pair

Based on the angular relationship between the driving gear and the
driven gear, the closed condition of the pitch curve can be obtained.
If the center distance of the gear pair is a, the closure condition for
the pitch curve of the non-circular gear 2 that is conjugate to the
denatured Pascal limacon gear is:

— J‘mH

where 1, denotes the order of the driven gear. Given the arc length
formula for the non-circular gear pitch curve and the condition of
uniform tooth distribution, the perimeter L of the pitch curve must
satisty the following condition:

L:_[Ozn (r)2 +(r')zd(p=7th, (6)

where m is the gear module and Z is the number of teeth on the
gear. The pitch curve equation of the modified Pascal’s limacon
gear indicates that its arc length comprises two distinct segments.
Accordingly, the lengths of the two pitch curve segments, denoted
as /q; and /,, relate to the total perimeter L through the following
expressions:

2n _ o h (pl beos(myp,)+1

do,, Q)
)

n,  a-r(e) (beos(m,p,)+1

L=1l,+1,= L’"T\/bz +1, +2bl cos(m,,@,) + (m,,> = 1)b* sin* (m,,p,)do,

+ j: b, + 1, + 2bl cos(m,, (27 — @) + (m,> = 1)b* sin>(m,, (27 — ,))dep, = xmZ. )

My

Therefore, meeting these formulas enables precise transmission of
the denatured Pascal limacon gear pair [29,30]. Unlike circular gears,
non-circular gears have a pitch curve with varying radii of curvature
at each point. Using the curvature formula from differential geometry
for parametric curves, the radius of curvature at any point on the non-
circular gear’s pitch curve is given by:

2|r?
g

p= 2 S ®
dr dr
Bt2l——| —r——
do do
where dr/dp and d*r/dp* denote the first and second derivatives of
r with respect to ¢, respectively. According to differential geometry,
by analyzing the radius of curvature at each point on the denatured
Pascal limacon gear’s non-circular pitch curve, it can be concluded
that when the curvature radius p>0, the pitch curve is convex; when
p<0, the curve is concave. By analyzing the radius of curvature at
each point along the pitch curve of the denatured Pascal limacon
gear, the criterion for avoiding concave points on the driving gear’s

pitch curve is obtained as follows:

[(1=(m +1)k)J1=8) >0,
[(1—(%2 +1)k)}(1—k) >0, ©)

k=2,
/

Similarly, the condition for determining that the driven conjugate
non-circular curve that meshes with the active denatured Pascal
limacon gear does not undergo inward concave denaturation is:

() + 1)K + (2= my, Yo —m, k> +1>0,

(my> +1)k +(2=m, )k —m,)’ K +1>0, (10)
k=2,
/

2.4.3 Construction of the Three-Dimensional Model of the Gear
Pair

By investigating the generation principle of the denatured Pascal
limacon gear, this paper primarily makes use of the closure condition
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and center distance equation, using a numerical approach based on
solving systems of nonlinear equations. Combined with numerical
integration and nonlinear optimization of an objective function, the
method iteratively solves for the main design parameters b and / of the
denatured Pascal limacon gear through initial value estimation. Due
to the unique structure of non-circular gears, their design involves
complex kinematic constraints, and the generation of the tooth profile
remains a key challenge. Therefore, this study employs a tooth profile
generation method based on coordinate transformation matrices and
numerical envelope principles. This approach simulates the conjugate
generating motion between standard cutting tools and denatured
Pascal limacon gear blanks through numerical computation,
transforming the continuous tooth envelope problem into a discrete
high-precision point set for solution. The resulting point set data can
be directly imported into computer-aided design software. Through
spline curve fitting and solid modeling, the denatured Pascal limacon
gear three-dimensional model shown in Fig. 6 is ultimately generated.

Fig. 6. Three-dimensional model of the denatured Pascal limacon gear pair

2.5 Analysis of the Transmission Characteristics of the Denatured
Pascal limacon gear

To clarify the kinematic analysis of the denatured Pascal limacon
gear pair, a fixed coordinate system Oxy is established with its origin
at the rotation center O of the driving gear, as shown in Fig. 7. In the
Fig. 7, 1 represents the pitch curve of the driving denatured Pascal
limacon gear, 2 denotes the pitch curve of its conjugate driven gear;
a is the center distance, r; and 7, are the Pitch radius of denatured
Pascal limacon gear pair, ¢, and ¢, are the polar angles of the driving
and driven gears, and w; is the angular velocity of the driving gear.
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®
1 @ (%)
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a

Fig. 7. Denatured Pascal limacon gear pair

2.5.1 Rotational Angle Relationship of the Denatured Pascal
Limacon Gear

Since the denatured Pascal limacon gear has a non-circular shape,
the angular relationship between the driving and driven gears can be
obtained from Eq. (4), as shown in Fig. 8.
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Fig. 8. Rotational angle relationship of the denatured Pascal limacon gear

Figure 8 illustrates the angular relationship curves of the driving
and driven gears under different denaturation coefficients m;;=0.8,
1, 2, revealing a clear nonlinear angular displacement mapping. A
smaller m; (e.g., 0.8) results in a larger angular displacement of the
driven gear, indicating a higher transmission ratio and faster variation
in angular velocity. In contrast, a larger m; (e.g., 2) shows a slower
change in the low-angle region and accelerated growth in the high-
angle region, exhibiting a “slow-start and fast-return” transmission
characteristic.

This variable-speed transmission characteristic is advantageous
for optimizing the motion of the parallelogram four-bar onion
planting mechanism. It ensures low-speed stability during the
planting phase to enhance precision; during the reset phase, it enables
high-speed return to improve operational efficiency. These features
highlight the practical value of the denatured Pascal limacon gear in
onion transplanting machines and other agricultural mechanization
applications.
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2.5.2 Gear ratio of the denatured Pascal limacon gear

To carry out optimal design, it is essential to first investigate the
transmission ratio of the denatured Pascal limacon gear, as this
establishes a theoretical basis that enables the optimization of the
transplanting mechanism.

The concepts of eccentricity and relative center distance are
introduced to aid in the analysis of the transmission characteristics of
the denatured Pascal limacon gear. Let the ratio of the center distance
a to [ be defined as the relative center distance d:

=2 (11

/

The eccentricity of the denatured Pascal limacon gear is defined
as the ratio of the generating circle diameter / to the developed length
[, that is:

k=2,

/

For a meshing pair of denatured Pascal limacon gears, under the
assumption of negligible sliding and deformation, from the pitch
curve in Egs. (11) and (12), the transmission ratio is derived as

follows:

(12)

d —(kcos(m, p,)+1)
kcos(m,,p,) +1

d — (kcos(m,,(2m —¢,))+1)
kcos(m,(2m —¢,)) +1 '

a_rl((pl):

ilz((Pl) = P ((Pl)

(13)

The denaturation coefficient is a key parameter in the design of the
denatured Pascal limacon gear, and different values of this coefficient
will have a significant impact on the transmission ratio of the
denatured Pascal limacon gear. The eccentricity directly reflects the
non-circular characteristics of the pitch curve of the non-circular gear
and plays an important role in the fluctuation range of its transmission
ratio. Therefore, this paper adopts the method of controlling variables
to study and analyze the influence of the denaturation coefficient and
eccentricity on the transmission ratio of the denatured Pascal limacon
gear.

When other design parameters are kept constant, selecting
different denaturation coefficients, such as m;;=0.8, m;,=1.333;
my =1, mpp=1 and m;;=1.2, m,=0.857, yields the effect of the
denaturation coefficient on the transmission ratio, as shown in the left
part of Fig. 9. Similarly, under the same design conditions, choosing
different eccentricities demonstrates the influence of eccentricity on
the transmission ratio, as illustrated in the right part of Fig. 9.

As shown in Fig. 9a, the range of variation in the gear transmission
ratio remains unchanged under different denaturation coefficients.
However, the larger the denaturation coefficient, the smaller the
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driving gear rotation angle when the transmission ratio reaches its
extreme values. This implies that the denaturation coefficient affects
the time ratio between the working stroke and the return stroke
during the transplanting process. Additionally, Fig. 9b shows that
as the eccentricity increases, the variation range of the transmission
ratio becomes larger. Therefore, selecting an appropriate eccentricity
can significantly enhance transplanting efficiency.

2.5.3 Variation of Angular Velocity and Angular Acceleration of
Denatured Pascal Limacon Gear

Based on the principles of gear transmission, the equations for the
angular velocity and angular acceleration of the gear pair can be
derived as follows:

Angular velocity of the gear pair:

o, (kcos(m,,p,) +1) i 0<op, SL,
PR d — (kcos(m,,p,) +1) my, (14)
Ty | oykcos(m, Qo))+ m _ o <21
d —(keos(m, 2z ) +1)" m,
Angular acceleration of the gear pair:
_ﬂ _ 2 ilzy(q’])
52 = =07
dr I ((Pl)
o dkm;, sin(m,,p,) . 0<g <,
- (d = kcos(m, ) 1) m, (15)
= , ' 3
,"dkm,, sin(m, 27 — @,)) . <g <2r

(d — kcos(m,,(2n —(Pl))—l)2 o,

As shown in Fig. 10, during the continuous increase of the
denaturation coefficient, similar to the transmission ratio, the
variation ranges of the angular velocity and angular acceleration of
the driven gear remain unchanged. This indicates that the denaturation
coefficient does not affect the magnitude of the angular velocity and
angular acceleration of the driven gear. However, within one rotation
cycle of the gear, a larger denaturation coefficient results in the peak
angular velocity of the driven gear occurring at a smaller rotation
angle of the driving gear. Therefore, when studying the combined
mechanism of the denatured Pascal limacon gear, it is important to
select an appropriate denaturation coefficient to achieve optimization
objectives.

As shown in Fig. 11, which illustrates the influence of eccentricity
on angular velocity and angular acceleration, it can be observed that
the greater the eccentricity, the driven gear exhibits a greater variation
range in its angular velocity and angular acceleration. However,
larger angular velocity and angular acceleration fluctuations
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Fig. 10. Angularvelocity and angular acceleration of the driven gear under different coefficient of denaturation
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Fig. 11. Angular velocity and angular acceleration of the driven gear under different eccentricities

introduce dynamic impacts, vibrations, and noise; these effects
reduce transmission efficiency, shorten gear lifespan, and ultimately
degrade the transplanting mechanism’s performance.

2.5.4 Influence of Input Speed on Transmission Characteristics

The input speed of the denatured Pascal limacon gear transmission
mechanism is generally a constant value, and its magnitude directly
affects the output working efficiency and rotational speed. As shown
in Eq. (14), the input speed is directly proportional to the angular
acceleration of the driven gear. Figure 12 shows the variation curves
of the driven gear’s angular acceleration under different input speeds.
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= o, = 100 rad/s

2000 p = @, = 150 rad/s

-2000
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-6000

Driven gear angular acceleration [r/min?]

0 1 2 3 4 5 6 7
Driving gear rotation angle [rad]

Fig.12. Driven gear angular acceleration at different input speeds

Under the same denaturation coefficient and eccentricity,
variations in input speed have a significant impact on angular
acceleration. The higher the input speed, the greater the variation
range of the driven gear’s angular acceleration, which greatly affects
the dynamic stability of the mechanism.

2.6 Mathematical Models of Displacement, Velocity and
Acceleration of the Planting Mechanism

As shown in Fig. 2b, let 0,4=1,, AB=1,, BD=13, O,D=1,, BC=I;,
CE=Is. This mechanism is a parallelogram planting mechanism,
hence /;=13, [,=1,. The crank O,4 is rigidly connected to the driven
gear, meaning the crank rotates synchronously with the driven gear.
The angle 0,0, between O,4 and EF represents the initial phase
angle of the crank. Therefore, the displacement equation of point O,4
is:

vy . (16)

0, ]

{XOZ :Xo, +(lolo +looz)

The displacement equation of point A is:
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{XA:XOZ+llcos(a—<p2) an

Y, =Y, —isin(a-9,)

According to geometric relationships, the displacement equation
of point £ is:

{XE =X, +(L+1)

18
YE:YA_IG {19

This study utilizes a computational software platform to perform
dynamic simulations of the planting mechanism’s motion trajectories
based on the established mathematical model. The code employs the
platform’s integral function to calculate the pitch curve circumference
and the fSolve solver to optimize the center distance parameter. Using
a central difference scheme, the platform computes the first and
second derivatives of Eq. (18), yielding the planting point’s velocity
and acceleration curve from point £ displacement coordinates. These
derived kinematic parameters are then used to simulate and analyze
the mechanism’s dynamic behavior and motion trajectory.

2.7 Factors Influencing the Kinematic Characteristics of the
Planting Mechanism Driven by Denatured Pascal Limacon Gear

The performance of the planting mechanism is mainly reflected in
three aspects: planting trajectory, planting speed and acceleration.
Among them, the planting trajectory has a direct impact on the
efficiency and planting effect of the planting mechanism. The
planting speed affects the uprightness of the transplanted seedlings
after transplantation. The planting point acceleration has a significant
influence on the wear degree of the planting device. Based on the
agronomic requirements for onion transplanting: plant spacing of 150
mm to 300 mm, planting depth of 20 mm to 30 mm, and plant height
of 150 mm to 200 mm, the forward speed of the machine is set to
300 mm/s, and the height of the duckbill planter is set to /g=230 mm.
According to the design requirements and constraints of the planting
mechanism, a set of initial values is selected: /,=/3=40, /,=1,=180,
15=90, [5,=230, b=5, [=40, m;;=1, and the initial installation angle
of the crank a=0. Using the computational software platform and
applying the control variable method for single-factor analysis,
three equally spaced values were selected for each parameter. The
corresponding transplanting trajectories and vertical velocity—time
curves for point £ were then obtained, as shown in the Figs.

2.7.1 The Influence of Each Parameter on the Planting Trajectory

As depicted in Fig. 13a, increasing the gear center distance a does
not alter the vertical displacement range of the planting point, but the
horizontal trajectory translates posteriorly while maintaining constant
row spacing. The lateral deviation of the duckbill planter after
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entering the soil changes only slightly, resulting in a small variation
in planting depth. When ¢ = 40 mm, the planting depth is 45 mm;
when a = 80 mm, the planting depth is 26 mm; and when a = 1200
mm, the planting depth is 19 mm. Therefore, as the center distance
increases, the planting depth shows a decreasing trend.

As shown in Fig. 13b, although the vertical trajectory range
remains unchanged with the increase of the gear denaturation
coefficient my;, the planting depth varies significantly. When
my;=0.8, the planting depth is 30 mm; when m,;=2, the planting
depth reaches 2 mm. Therefore, the denaturation coefficient should
not be too large when designing the driving gear.

As shown in Fig. 14a, with the increase of /|, the planting point
trajectory becomes vertically stretched, resulting in a larger offset in
the soil-entry segment. Meanwhile, the overlapping portion of the
curve during planting also extends, leading to an increase in planting
depth. Similarly, Fig. 14b shows that although changes in the initial
installation angle of crank AB do not affect the planting spacing,
they have a significant impact on the planting depth and trajectory.
Therefore, the planting depth can be optimized by adjusting the initial
installation angle.

As shown by the unit’s forward speed and the trajectory in Fig.
15, the speed mainly affects the planting rhythm and spacing, with no
significant impact on planting depth. Therefore, the forward speed of
the unit can be reasonably adjusted by investigating the optimal plant
spacing for onion planting.

2.7.2 Influence of Various Parameters on the Horizontal Velocity
Component of the Planting Point

As shown in Fig. 16a, the variation in center distance does not
significantly affect the motion period or frequency. However, a larger
center distance results in a smoother horizontal motion of the planting
point, enhancing the effectiveness of “zero-velocity planting.”

Analysis of Fig. 16b reveals that as the gear denaturation coefficient
increases, for example, when m; =2, the ascending segment becomes
steeper while the descending segment becomes more gradual,
exhibiting pronounced asymmetry and nonlinearity. This enhances
the asymmetry of the mechanism. The gear denaturation coefficient
is thus a key parameter influencing the amplitude and stability of the
horizontal motion in the planting mechanism. Its selection should
be carefully balanced based on the onion planting environment and
performance requirements.
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Fig. 15. The curve of the planting trajectory changes with the variation of the machine’s

forward speed

As shown in Fig. 17a, with the increase in the length of crank
AB, both the upper and lower bounds of the horizontal velocity of
the planting point increase, indicating more intense reciprocating
motion of the mechanism. This suggests that crank length has a
significant impact on the motion amplitude. When L;=60 mm, the
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velocity fluctuation is the strongest, implying that the driving force
of the unit is the greatest at this length. However, this may also lead
to larger impacts and vibrations. Analysis of Fig. 17b shows that the
installation angle of the crank mainly affects the phase characteristics
of the velocity curve. As the angle o changes from negative to
positive, the velocity peak gradually shifts backward, indicating that
the initial installation angle can be used to adjust the planting position
during the planting operation.

As shown in Fig. 18, with the increase in the unit’s forward speed,
the horizontal velocity fluctuation range of the planting point expands
significantly - the peak velocity rises from approximately 500 mm/s
to 700 mm/s.
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Fig. 18. The horizontal velocity curve changes along with the variation
of the machine’s forward speed

This indicates a velocity coupling effect between the tractor
forward velocity and the planter tip velocity. Therefore, selecting an
appropriate forward speed is crucial to maintaining smooth motion

80 = SV-JME = VOL72 = NO3-4 = Y2026

and avoiding excessive dynamic loads, especially in precision-
demanding tasks like onion transplanting, where velocity stability
directly affects planting accuracy and depth control.

3 CASE STUDY ON PARAMETER OPTIMIZATION
3.1 Genetic Algorithm Optimization
3.1.1 Mathematical Modeling

To achieve zero-velocity transplanting and stable planting depth,
a multi-objective optimization model is formulated based on the
established kinematic model of the transplanting mechanism. The
horizontal velocity at seedling release V,, planting depth H, and the
pickup trajectory range Y are selected as objective functions, while
planting depth requirements and variable bounds are imposed as
constraints. Eight key geometric parameters of the transplanting
mechanism myy, [, [}, 5, Is, lg, o and b identified through preliminary
screening are treated as design variables. Accordingly, the following
multi-objective optimization mathematical model is established:

Optimization variable: X=[m,, [, [}, L, s, ls, a, b]T.

Objective function: {f;(X)=|V(2,)|, L(X)=|H-25|, f5(X)=|Y(X-300}.
The mathematical expression for the optimization problem is:
Minimize F(X)=[/i(X), £(X), 1"

Subject to 25 <H <30, Xin <X <X ax-

In the model, V(z,) denotes the horizontal velocity component of
point £ at the planting instant te, which corresponds to the lowest
point of the trajectory. The planting depth H is defined as the
vertical displacement range in the vicinity of the trajectory minimum
(IXg—Xg(t£)|<0.5 mm). The parameter Y(X)=max(Yz)—min(Yy)



represents the displacement range in the vertical direction. X, and
Xmin denote the upper and lower bounds of each design variable,
respectively.

3.1.2 Multi-Objective Optimization Based on NSGA-II

NSGA-II is a classical multi-objective optimization algorithm
proposed by Deb et al. [31]. By employing non-dominated sorting
and a crowding-distance comparison mechanism, the algorithm
effectively preserves population diversity and converges toward a
well-distributed set of optimal solutions that closely approximate the
true Pareto front.

The population size is set to 100, and the maximum number of
generations is 200. The crossover probability is 0.8, with a crossover
distribution index of 10, while the mutation distribution index is set
to 20.

3.1.3 Optimized Results

The NSGA-II optimization process yielded a set of optimal
parameters, as follows: m;;=1.5, b=13 mm, /=53 mm, /;=82 mm,
1,=254 mm, [5=61 mm, /y;=119 mm, and o.=6°.

Based on the optimized mechanism parameters, the key design
parameters for the denatured Pascal limacon gear pair were derived,
as listed in Table 2 and in Eq. (19). This provides the necessary
theoretical basis for subsequent numerical simulations.

Table 2. Design parameters of the denatured Pascal limacon gear pair

Basic Parameters Value
Modulus [mm)] 2
Tooth number 55

Center distance [mm] 110
Tooth width [mm] 30
Pressure angle [°] 20

Tooth addendum [mm] 2
Tooth dedendum [mm] 15
Whole depth [mm] 4.5
Pitch curve Eq. (19)

Pitch curve equation:

13cos(1.5¢,) +53,

i(9) " (19)
13c0s(0.375(27 — ¢,)) + 53, 5 Se s

3.2 Theoretical Model Validation Based on Kinetic Simulation

To validate the accuracy of the theoretical model and optimization
results, this study employed a multibody dynamics simulation method
to establish a virtual prototype of the planting mechanism. The
optimized parameters were imported into the simulation environment.
After appropriately simplifying components and correctly defining
kinematic pairs and drives, the motion trajectory, horizontal velocity,
and vertical velocity data at the planting point were extracted. Based
on this, quantitative comparative analysis was conducted between the
theoretical curve and the simulation curve by calculating the relative
error at corresponding data points.
Definition of relative error:

Structural Design

ysim - ytheory

Y theory

e, = x 100 %. (20)

rel

The results show that the average relative error between the two
models is less than 4 %. This indicates good consistency between
the simulation model and the theoretical model, providing reliable
predictions for subsequent physical experiments on planting
mechanisms.

= Theoretical trajectory
= = =Simulated trajectory
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600 900 1200 1500 1800 2100
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Fig.19. Comparison of end-effector trajectories

As shown in Fig. 19, the comparison between simulation results
and theoretical model calculations demonstrates high alignment in
motion trajectories. The planting point vertical height of 163 mm,
plant spacing of 300 mm, and planting depth of 27 mm all meet the
preset agronomic requirements.

Simultaneously, the velocity characteristics of the end-effector
of the planting mechanism were analyzed, yielding the horizontal
and vertical velocity variation curves shown in Figs. 20 and 21.
Consistent with the trajectory analysis results, the simulation curves
generally align well with the theoretical curves, exhibiting only
minor discrepancies as shown in Fig. 20 due to inherent numerical
fluctuations in multibody dynamics simulations.

o

—— Simulated horizontal velocity
= = Theoretical horizontal velocity

—_
NS}

<
~

g machine horizontal velocity [m/s]
(=] (=}
o =

0.0 0.2 0.4 0.6 0.8 1.0
Time [s]

Plantin,
S
ok

Fig. 20. Comparison of end-effector horizontal velocities

The horizontal velocity curve indicates that during the planting
phase (¢ is 0.2 s to 0.6s), the planter’s horizontal velocity approaches
zero, achieving “zero-speed transplanting” that helps maintain the
seedlings’ upright posture. In the vertical velocity curve, point a
corresponds to the planter reaching the seedling pickup position,
while point b corresponds to the planter reaching the planting
position, where the vertical velocity is zero, ensuring stable planting
operations. Additionally, the curves reveal that the vertical velocity
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during the return phase is significantly higher than during the
seedling delivery phase, reflecting the “slow planting, fast return”
characteristic that enhances operational efficiency.
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4 CONCLUSIONS

In response to issues such as unreasonable end-effector trajectories
and insufficient mechanical stability in the mechanized transplanting

of onions,

this study proposes a parallelogram-type onion

transplanting mechanism driven by a denatured Pascal limacon gear.
The transmission and kinematic characteristics of the mechanism
are thoroughly analyzed and optimized. Key research findings are
summarized as follows:

A novel onion transplanting mechanism driven by a denatured
Pascal limacon gear was designed. Its working principle was
systematically elucidated, transmission characteristics of the
non-circular gear were analyzed using kinematic mapping, and
the mathematical model of the mechanism was derived.

Based on the mathematical model of the mechanism, the
influence of parameters such as the gear denaturation coeftficient,
crank length, initial installation angle, and forward speed of the
unit on the trajectory and velocity of the planting point was
investigated using the computational software platform.

A multi-objective optimization of the key parameters of the
planting mechanism was conducted using a genetic algorithm.
A comparative analysis of the optimized theoretical results
and simulation outcomes reveals that the theoretical model
recommends a planting depth of 27 mm and a spacing of 300
mm. Furthermore, the horizontal separation velocity approaches
zero during the seedling planting phase, fully meeting the
optimized agronomic requirements. Furthermore, by calculating
the relative error between valid data points on the theoretical
and simulated curves, an average error of less than 4 % was
obtained, validating the reliability of the optimized model.
This result provides credible simulation support for subsequent
physical prototype experiments.
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Optimalna zasnova mehanizma za sajenje cebule na
osnovi zobnika v obliki deformiranega Pascalovega polza

Povzetek Mehanizirano sajenje ¢ebule je kljucno za izboljSanje ucinkovitosti
in zmanjSanje stroskov dela. Vendar pa tradicionalni sadilni mehanizmi, gnani
zelipticnimi zobniki, pogosto izkazujejo teZave, kot so nestabilne trajektorije ter
previsoke hitrosti in pospeski. Za odpravo teh pomanjkljivosti ¢lanek predlaga
paralelogramski sadilni mehanizem, ki temelji na pogonu z zobnikom v okliki
deformiranega Pascalovega polZa. Z analizo principa delovanja mehanizma in
prenosnih znacilnosti zobnika je bil vzpostavijen kinematicni model. Preuceni
so bili vplivi parametrov, kot so koeficient deformacije zobnika, pogonska
hitrost in dimenzije ¢lenov, na trajektorijo sadilne toCke ter hitrost gibanja.
Rezultati kaZejo, da koeficient deformacije, dolZina rocice in zacetni montazni
kot bistveno vplivajo na delovanje mehanizma. Na podlagi teh ugotovitev je
bila izvedena vecCkriterijska optimizacija z uporabo genetskega algoritma, da
bi zadostili agronomskim zahtevam. Optimiziran mehanizem doseZe globino
sajenja 27 mm pri napredovalni hitrosti 0,3 m/s in kotni hitrosti zobnika 2
rad/s. Horizontalni hitrosti ob vstopu in izstopu iz tal se priblizata vrednosti
ni¢, spremembe pospeska med fazo sajenja so postopne, operativna
stabilnost pa je bistveno izboljSana. V primerjavi s konfiguracijo z elipti¢nim
zobnikom izkazuje boljse celotne zmogljivosti.

Kljuéne besede zobnik v obliki deformiranega Pascalovega polza,
presajanje Cebule, nekroZni zobnik, asimetricni prenos, optimizacijski
algoritem
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