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Abstract

To address the high cost, structural complexity, and poor horizontal transplanting perfor-
mance of existing sweet potato seedling transplanting mechanisms, this study proposes
a Fourier series-based kinematic synthesis method and designs a non-circular gear plan-
etary transplanting mechanism, which is then validated through virtual simulation and
prototype testing. Based on the agronomic requirements for horizontal transplanting, key
positions including seedling pick-up, soil entry, and soil exit are identified. The complex
vector method is applied to establish a 2R open-chain kinematic synthesis model with
trajectory and posture error equations, from which the optimal mechanism parameters
are derived. Kinematic modeling of the non-circular gear planetary train is conducted,
and auxiliary design software is developed to generate the pitch curves of the non-circular
gears. A cylindrical cam mechanism is designed for seedling gripping and release. Struc-
tural design and virtual prototyping are completed, and simulations verify the theoretical
model. A physical prototype is manufactured for kinematic and field testing. The results
demonstrate high consistency among the measured, simulated, and theoretical trajectories,
with a maximum deviation of 0.6° (relative error of 0.83%) at the key posture positions. At
rotational speeds of the transplanting mechanism of 30 r/min and 40 r/min, the average
transplanting success rates reach 91.2% and 81.2%, respectively, while the planting depth,
horizontal underground length, and plant spacing all satisfy the agronomic requirements,
confirming the feasibility of the proposed design. This study provides a theoretical and
technical foundation for the development of a high-performance sweet potato seedling
transplanting mechanism.

Keywords: sweet potato seedling; transplanting mechanism; Fourier series; non-circular
gear; planetary gear train; kinematic synthesis; cylindrical cam

1. Introduction

Sweet potato is an important food and economic crop in China, with an annual
planting area of approximately 1 million hectares [1]. The labor demand of the sweet potato
seedling transplanting stage accounts for approximately 30% of the total labor input in the
entire production process [2,3]. Therefore, researching sweet potato seedling transplanting
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mechanisms is of great practical significance for improving the mechanization level of
sweet potato cultivation and promoting the sustainable development of the sweet potato
industry [4,5].

Currently, the slender and soft nature of sweet potato seedlings makes mechanized
orderly separation difficult, so semi-automatic transplanters with manual feeding are predom-
inantly used worldwide. In Europe and the United States, large-scale transplanters [2,4]—such
as the semi-automatic chain-clamp transplanter from Marcinick (USA) [6] and the Fox Drive
finger-type transplanter from Checchi & Magli (Italy) [7]—achieve high efficiency but have
complex structures [5], high costs, and mainly adopt oblique planting, making them difficult
to promote in China [2]. In Japan, where planting areas are mostly hilly and mountain-
ous, small-scale transplanters are used. For instance, Kubota’s transplanter [8,9] and Iseki’s
PVHI103 [8,10] can achieve oblique or boat-bottom-shaped planting, but these machines also
face high costs and are difficult to promote in China [9-11].

In contrast, research on sweet potato seedling transplanters in China is still at the
prototype testing stage, without practical application. For oblique planting, Zhu et al. [5]
developed a belt-clip bare-root seedling transplanter using an incomplete gear and four-bar
linkage, which, however, suffered from structural complexity and poor operational stability.
Although the bionic finger-clip mechanism designed by Shentu et al. [12] successfully
applied the crank-rocker principle, its linkages were prone to severe wear, vibration, and
asynchronous motion. Liu et al. [13] coupled a sliding table with a rotary unit to gen-
erate both oblique and transverse horizontal trajectories, yet this configuration yielded
low transplanting efficiency and high manufacturing costs. Similarly, the combination
of a crank-rocker mechanism and a cam-driven finger clip proposed by Li et al. [14] for
boat-bottom-shaped planting remains inapplicable to horizontal transplanting. To enable
side-insertion horizontal transplanting, Zhang et al. [15] integrated a crank-rocker with
a cam structure, though the overall system exhibited excessive complexity. In contrast,
Zhou et al. [16] successfully achieved horizontal transplanting by designing a special-
ized seedling mechanism driven by an elliptical gear planetary train. Building upon this,
Ye et al. [17] further proposed a sweet potato seedling transplanting mechanism driven by
a deformed elliptical gear planetary train. Although planetary gear transmission offers
advantages such as a compact structure and wide transmission ratio range [18], exist-
ing transplanting mechanisms based on elliptical or deformed elliptical gear planetary
trains [16,17] rely mainly on traditional geometric methods for trajectory synthesis, which
are essentially limited to single-point approximation and involve a relatively complex
structure. Furthermore, their design freedom is significantly constrained by the fixed pitch
curve equations of elliptical and deformed elliptical gears. By contrast, Fourier series can
accurately describe complex periodic motions with a small number of harmonic param-
eters, providing an effective tool for simultaneous and precise global control of the key
target poses.

To address these limitations, this paper proposes a Fourier series-based kinematic
synthesis method for sweet potato seedling transplanting mechanisms and designs a non-
circular gear planetary train transplanting mechanism. The proposed method enables
simultaneous and precise control of multiple key poses and offers greater design freedom
through non-circular gears. Specifically, a global scheme and key poses are first determined
according to the horizontal transplanting agronomic requirements. A motion synthesis
mathematical model of a 2R open-chain mechanism is then established based on the
Fourier series to solve for the optimal parameters. Furthermore, kinematic modeling is
performed, followed by the design of non-circular gear pitch curves and the cylindrical cam
mechanism. Finally, simulations and prototype experiments verify the mechanical design,
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kinematic characteristics, and operational performance, providing a solid foundation for
the development of sweet potato seedling transplanters.

2. Materials and Methods

The horizontal transplanting method for sweet potato seedlings is a widely adopted
cultivation practice. Compared with other planting methods such as oblique and vertical
transplanting, this approach not only promotes a higher yield of stems and vines but
also ensures uniform tuber size, thereby facilitating high-yield harvesting and delivering
greater economic returns [17,19]. As illustrated in Figure 1, horizontal transplanting is
suitable for sweet potato seedlings with a length of 200-300 mm. The planting depth H
is approximately 50 mm, the horizontal length of the underground seedling L is around
150-200 mm, and the plant spacing S is approximately 200 mm. Given the soft and slender
nature of sweet potato stalks, automated orderly seedling separation is difficult to achieve;
therefore, a semi-automatic sweet potato seedling transplanting scheme is adopted in
this study. During operation, the seedlings are manually fed into an intermittent feeding
device and orderly conveyed to the seedling pick-up position, where they are subsequently
gripped by the transplanting mechanism and planted into the soil along a predetermined
trajectory. The transplanting mechanism comprises a non-circular gear planetary train
and a transplanting arm, whose tip trajectory must precisely conform to the agronomic
requirements of horizontal transplanting. To this end, the static trajectory of the mechanism
is divided into three distinct phases [16]: (1) Seedling pick-up and conveying phase AB:
At the pick-up point A, the transplanting arm is oriented nearly perpendicular (~90°) to
the seedling stalk axis to ensure reliable perpendicular gripping. At the soil-entry point B,
the angle between the transplanting arm and the horizontal plane ranges from 40° to 45°
to reduce soil penetration resistance. (2) Planting phase BC: At the planting point C, the
transplanting arm is oriented approximately horizontally, ensuring steady seedling release
and precise soil placement. Within the absolute trajectory corresponding to this phase, the
planting depth is approximately 50 mm, the horizontal distance is about 150-200 mm, and
the plant spacing is roughly 200 mm. (3) Return phase CD: The transplanting arm returns
to its initial position via the soil-exit point D, preparing for the next operational cycle.

Seedling feeding
device

Transplanting
mechanism

\ Static trajectory

Moving trajectory

Ground

Figure 1. Schematic of the horizontal sweet potato seedling transplanting scheme and key positions.

As shown in Figure 2, nine specific positions including the aforementioned key points
are selected along the trajectory of the transplanting mechanism, and their corresponding
pose data are determined (as listed in Table 1) to provide a solid basis for the subsequent
mechanism synthesis. Specifically, pose point Py controls the seedling pick-up position,
while soil-entry point P3 and planting point Py regulate the underground seedling length L.
Soil-entry point P3 and soil-exit point Pg govern the entry and exit locations and orientations,
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ensuring that the orientation of the gripping claw is nearly tangent to the path during soil
entry and exit, thereby minimizing the soil resistance encountered by the claw tip within
the ridge. Furthermore, auxiliary pose points P4, P5, and P7 help ensure close alignment
between the soil-entry and soil-exit trajectories, while pose points P, and Pg regulate the
conveying path trajectory and the peak height of the return phase, respectively.

Po

Figure 2. Distribution of specific position points along the trajectory.

Table 1. Specific positions and corresponding posture angle data of the mechanism trajectory.

Position P; xp; [mm] Yp; [mm] op; [°] 0p; [°]
1 185.8994 —77.5328 135.3 50.4
2 151.829 —168.582 —69.4 7.3
3 100.829 —216.624 —83.0 —15.8
4 63.2438 —237.632 —103.4 —54
5 —24.516 —261.092 —-110.8 —75.2
6 —83.311 —264.17 —94.9 —124.9
7 —2.6479 —238.454 -71.9 —141.5
8 24.5483 —216.747 —38.6 —166.3
9 137.262 —10.4282 148.3 95.6

2.1. Working Principle of the Transplanting Mechanism

As illustrated in Figure 3, the sweet potato seedling transplanting mechanism driven
by a non-circular gear planetary train consists of two primary components: the planetary
gear train transmission mechanism and the transplanting arm. The transmission mecha-
nism employs a two-stage non-circular gear train: sun gear 1 and the first intermediate gear
2 constitute the first-stage transmission, while the second intermediate gear 3 and planet
gear 4 form the second-stage transmission, with sun gear 1 fixed to the frame. During
operation, the drive shaft 6 drives the rigidly connected planet carrier 5 to rotate clockwise
at a uniform speed. Driven by the two-stage non-circular gear transmission, planet gear
4 rotates counterclockwise around its own axis at a non-uniform speed. Consequently, the
motion of planet gear 4 is a compound movement combined by the uniform clockwise
rotation with the planet carrier 5 and the non-uniform counterclockwise rotation around
its own axis. Since the housing of the transplanting arm is rigidly connected to the planet
gear shaft, the trajectory of the arm tip can be optimized through mechanism design to
strictly satisfy the horizontal transplanting requirements of sweet potato seedlings. The
transplanting arm utilizes a cylindrical cam mechanism to perform the seedling pick-up
and release operations. Cylindrical cam 8 is rigidly attached to the planet carrier 5; as
planet gear 4 drives the cam box housing 11 and the gripping claw 10 fixed on it to rotate
counterclockwise via the drive shaft 7, the roller 9 tracks along the profile of the cylindrical
cam 8. The gripping claw 10 closes when the roller 9 resides on the inner dwell segment
(near dwell) of the cam and opens when it reaches the outer dwell segment (far dwell). This
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achieves precise sequential control characterized by “closing and gripping at the pick-up
point, maintaining during the conveying phase, opening and releasing at the planting
point, and returning empty during the return phase,” thereby cooperatively completing a
full transplanting cycle. The proposed transplanting mechanism employs only 11 major
moving elements. Compared with conventional crank—rocker and cam mechanisms, this
compact design with fewer parts reduces the accumulation of assembly errors, improves
transmission reliability, and subsequently lowers manufacturing costs.

Figure 3. Schematic diagram of the planetary gear train sweet potato seedling transplanting mecha-
nism. 1. Sun gear; 2. First intermediate gear; 3. Second intermediate gear; 4. Planet gear; 5. Planet
carrier; 6. Power shaft; 7. Transmission shaft; 8. Cylindrical cam; 9. Roller; 10. Gripping claw;
11. Transplanting arm housing.

2.2. Establishment and Solution of the Transplanting Mechanism Synthesis Model

As illustrated in Figure 4, to establish the kinematic synthesis model of the sweet
potato seedling transplanting mechanism driven by a non-circular gear planetary train, the
mechanism is equivalent to a planar 2R open-chain mechanism [20-22]. Taking point O as
the origin of the coordinate system, the length of the base link OA is defined as r, and its
angle with the x-axis is designated as p. The input link AB (with a length of a) represents
the planet carrier of the transplanting mechanism, with its center of rotation located at
point A; w denotes its angular velocity, and its rotation angle is jointly determined by the
initial phase angle 6y and the dynamic input angle 6. The output link BP (with a length
of b) represents the transplanting arm, with its center of rotation at point B and its output
angle denoted as . The posture angle of the transplanting arm is defined as the rotation
angle between the output link BP and the trajectory guide line, and point P serves as the
trajectory generation point at the arm tip.

Figure 4. Schematic diagram of the planar 2R open-chain mechanism.
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The arm tip trajectory P(x,y,¢) of the planar 2R open-chain mechanism where ¢
represents the posture angle at point P, is a function of the input angle 6 with a period of 2.
According to the Fourier series theory [23,24], it can be expressed in the form of a complex
series as follows:

+00 .
p(6) =Y cpe™ (1)

where ¢, denotes the Fourier coefficient, whose value establishes a definite mathematical
mapping relationship with the mechanism parameters r, i, a, b, and 6.
Based on the complex vector analysis method [25], the closed-loop vector equation is
constructed as follows:
I e
rp=r+a+b (2)

By expressing Equation (2) in complex form, it is multiplied by its complex conjugate
and rearranged to yield Equation (3):

rpTp + p1p—1 + b — paTy + (bpr — bry) Ba + (bp—1 — b7p) B

: : ( | 5
+bpapae® +bp_oPre + (p_ap1 — p-arp)e™ + (p—2p-1 — paFp)e ¥ =0 ®)

Let p; = relt; p_1 = re i, p2 = ae'?; p_2 = ae 19, B1 = elP(0); B = e 1B(0) The
. : . — — :
Fourier series expansions of r, and 7, are given by:

rp= Y ™ =co+c1e? +cre’ +...cope "+ cpet”
o @
400 ‘ . , , ‘

Fp= Y e ™ =Tg+T_1e 0 +T1e + ... T_pe M0 + T
—0Q

The Fourier series expansion of the output angle B is expressed as:

+00 . . . . .
Br= Y bpe™® = by +b_1e + brel® + ... b_pe~ " + bye?

Yoo - )
Bo= Y bue 0 =By +b_1e~® + byet® + ... b_ye " + yein®

To obtain the continuous target trajectory for Fourier fitting, the nine key poses listed
in Table 1 were first interpolated using a cubic B-spline to construct a continuous and
smooth target curve. Furthermore, Fourier fitting and error analysis were performed for
different harmonic orders 7, and the results are shown in Figures 5 and 6. The fitting
results in Figure 5 indicate that when n < 3, a significant deviation exists between the fitted
curve and the target trajectory; when n = 3, the global characteristics of the trajectory can
be reproduced with high precision. The quantitative error analysis in Figure 6 further
demonstrates that both the root mean square error (RMSE) and the maximum absolute
error exhibit a decreasing trend as n increases. The RMSE drops below 0.5 mm after
n =3 and remains essentially stable thereafter. Therefore, considering both computational
efficiency and fitting accuracy, the harmonic order # is ultimately determined to be 3.

Substituting the expanded terms 77,, 7p, B1, B2 and b into Equation (3) yields:

G_ge 30 4 G_pe 20 + G_je™
+Go + G1® + Goe?® + G3e¥® = 0
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where:
G-3

Go

Gy

Original Trajectory

Fourier Reconstruction

=bb_sp_p—p-1c-3 — p183 — p—2c2+
bb_3p_1+bpibs + H 3 —bL_3— bl 3
=bb3p_o —p_10-2 — p1C3 — p—20—3+
bb_1p_o+bpibo+H »—bL 5 —bl 5
= p_op1 — P—10_1 — P—2C0 — P11 + P2tz + bpobr+
bp_abg 4+ bp_1b_1 +bp1by + H_y —bL_1 — bI_4
= b% — p1co — p—2c1 — p1P—1 + P1P—2 — P20
—p2c1 + bpipa + bbip o+ bp_1 +bp_q1 — beg+ @)
bp_1bg — bpybg + Ho — bLy — bl
= p2p-1— p—202 — p-1€1 — p260 + p1c—1+
bpabo + bp_ob_o 4+ bp_1by +bpib_1 + Hy — bLy — bIy
=bb_1py — p-2c3 — P2t 1 — P1T 2+ P e
+bbap_p +bp_1by + bp1b_p + Hy — bLy — bl
= bb_py — p2T 2 — pat3 — p-163+ bbap 4
+bp1b_3 + Hz — bLy — bl3

min (3,3+k)

H; = Yy CrnCm—icr kK = (—3, —2,... ,3)
max(—3,—3+k)

min(3,3+k)
Lk = Z memfk/ k= (—3, —2,...,3) (8)
max(—3,—3+k)
min(3,3+k) _
Ik = Z Cmbm—k/ k= (—3, —2,...,3)
max(—3,—3+k)

Fourier Series Fitting Results
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Figure 5. Fourier series fitting results of the mechanism arm tip trajectory.
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Figure 6. Maximum absolute error curves under different harmonic orders .
The terms cp, ¢, bn and by, (n = —3, =2, ..., 2, 3) represent the Fourier series har-

monic parameters of the trajectory and posture of the linkage mechanism arm tip. These
parameters are calculated from the continuous target trajectory using the discrete Fourier
transform (DFT), with the results listed in Table 2.

By analyzing Equation (6), it can be found that G_3, G_3, G_1, Gg, G1, G2, G3 are the
complete coefficient expressions. That is, these coefficient expressions remain unchanged
when the harmonic parameters are taken at higher orders. According to the properties of
complex exponential functions (i.e., the linear independence of Fourier basis functions),
their values must be zero. Thus, the following scalar equations are obtained:

Gz =0bbopp2—p-10-3—p103—p-20-2+
bb_sp_1+bpbs+H 53 —bL_5—bl_3=0

G2 =bb3po—p_1c2—picz—p_2C_3+
bb_1p_o+bpba+H 5 —bL_5—bl =0

G_1 = p—2p1 — P-10—1— P—2€0 — P1C1 + P2tz + bp,bo+
bp by +bp (b1 +bpby+H_1 —bL_q —bl_1=0

Go = b*—pico—p-2c1 = p1p—1+ p1p—2 — p2o
—pac1 +bpipa +bbip—p +bp_y +bp_y —boo+ )
bp_1bo — bp,bo + Hy — bLy — blg=0

G1 = pap-1—P-202 — p-101 — p2C0 + p1c1+
bp,bo +bp_,b_o+bp_1by +bpb_q + Hy —bLy — bl;=0

Gy =bb_1py— p_acz — pot—1 — p1e—2 + p-1C2
+bbsp_p+bp_1ba +bpb_y+ Hy —bLy —bl,=0

Gs =bb_opy— p_ot_g — pat—3 — p_103 + bbsp_q
+bpyb_3 + H3 — bLy — bI3=0
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Table 2. Harmonic parameters of the 2R open-chain linkage mechanism motion output.
Harmonic c b Harmonic c b

Order " n Order n n
-3 —8.8799 — 16.2116i —0.1877 — 0.1933i 3 —12.7769 — 1.53331 —0.1255 + 0.10611
-2 17.6740 + 3.6911i 0.1506 + 0.30921 2 16.4587 — 9.3419i —0.0058 — 0.2214i
-1 —42.0225 + 45.2390i —0.1175 — 0.102i 1 83.5687 — 66.0649i 0.2366 — 0.2651i
0 74.167 — 162.551 0.1699 — 0.62271

Although the scalar equations Gy = 0 eliminate the Fourier basis functions, to fur-
ther reduce the dimensionality of the solution, the following intermediate variables
are introduced:

X =—p1—bp

Y=—-p1-bp (10)
u= PZ

V= p—2

Substituting the above replacements into the five scalar equations Gy = 0 and eliminat-
ing the original variables p1, p_1, p2, p—2, b and their higher-order terms, after combining
like terms and rearranging, the original complex 15-variable system is compressed into
four polynomial equations containing only X, Y, U, V

Go=c3c1—Ycop—Ucs—Xcy—Vwc_q1+4+cpco+c_1:¢C1+copcr+c1:c3=0

G_1=c3Cco—Ucr—Yc 1—Xc1—Vwcg+c_pC_q1+c_1Cog+cogc1+c1ca+cri3+X- V=0

Go=c_3c3—Uc_1—V-c1—Xp—Y-cp— b+ c_pCr+c_1:C1+c_gCo+ciC1+cCcp+c3c34+UV+HXY=0 (11)

Gi=cpCc3—Viey—Xc 1—Ycg—Ucy+c_1Cp+cogc1+cico+crci+cezca+UY=0

Gy=c1Cc3—XCcp—Vic_1—Ycr—Ucy+cogCpy+ci:C_1+cacog+c3cpg =0

For ease of presentation, the four independent equations in Equation (11) are relabeled
as R, N, P, Q, respectively:

R=cj3¢c 1—Yc,—Uc3—Xcy—Vc1+ccog+c_q1¢1+cogcr+cicz=0

N=cj3cr,—Ucr—Yc_1—Xc1—Vcg+c_pC_1+c_1Co+coci1+cicra+crcz+XV=0

(12)

P=cj,c3—Vie—Xc1—Yc—Ucy+c 1c_g+cpc1+ci-cog+caci+czca+UY=0

Q=cq1¢c3—XCcop—Vezg—Ycp—U<CT_1+cypCcp+ci-c_q1+crco+c3zci1 =0

Among the equations R=0, N =0,P =0,Q =0, both R=0and Q =0 are linear in U
and V, with coefficients determined solely by the known harmonic parameters c, and by,.
Thus, R =0 and Q = 0 can be rearranged as:

R=AU+BV=-C

13

Q=AU+ BV =—-C4 (13)

where A; = —¢_3, By = —c_1, Ay = —¢1, B4 = —c_3, and Cq, C4 are known functions of X
and Y. By Cramer’s rule, U and V can be solved as:
B1:C4—By4-C
u= (By 4A 4-C1)
Ay-C1—A1-C

V:(41A14) (14)

A= Ay-By— As-By
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Unlike R and Q, the equations N = 0 and P = 0 contain cross-product terms X-V and
U-Y. Substituting the solved U and V into N = 0 and P = 0 eliminates R and V, yielding
two quadratic equations containing only X and Y:

N = Ap(B1Cq — B4C1) + Ba(A4Cp — A1Cy) + CrA + X(A4C1 — A1Cy) =0

(15)
P = A3(B1Cy4 — B4Cy) + B3(A4Cy — A1Cy) + C3A + Y(B1Cy — B4Cy) =0

where A;, B;, and Ci are known functions of X and Y. Applying the conjugate constraint
Y = X gives:
N(X,X) =0

P(X,X) =0 16)

Eliminating X from Equation (16) using the resultant method theoretically yields a
univariate quartic equation with respect to X, as shown in Equation (17):

kaX* + k3 X3 + kX2 4+ k1 X 4+ kg =0 (17)

The univariate quartic equation in Equation (17) was numerically solved using Math-
cad Prime 9.0 software to obtain the intermediate variable X. The conjugate variable Y was
determined by the constraint Y = X. Subsequently, X and Y were substituted into the linear
equations in Equation (13) to solve for the intermediate variables U and V. Based on the
definitions in Equation (10), the original variables py, p_1, p2, p—2 and b were determined.
Finally, the design variables , y, a, b, and 6y were calculated using Equation (18).

= e ypp =+ = —in( 1) 6 = —in(22) "

a

After performing the aforementioned solution, a total of four sets of 2R mechanism
parameters satisfying the constraints are obtained, as listed in Table 3. To evaluate the
synthesis accuracy of each parameter set and select the optimal solution, the following
calculation formulas for the comprehensive pose synthesis error are established:

1M . ) . A\ 2

TE, = le \/(p;x —pk)+ (P;y - P;)
1=
M

1 ‘ . \2 ; )2 )
TE, = Migl (Béxo - Béfﬂ) + (B‘liyo B B;O)

where the coordinate transformation formula for the comprehensive pose points is given by:
By, = P, +8-cos(¢')
By, = py, + g-sin(¢')

leXO = pldXO + g'COS ((Pld)

By, = Pay, + g-sin(¢})

(20)

where M is the number of selected specific position points; (p'y, p'y) represents the coordi-
nates of the i-th specific position point, and (psx, pidy) represents the coordinates of the i-th
specific position point generated by mechanism synthesis; (p'xo, p'yo, ¢') denotes the pose
coordinates of the i-th specific position point, and ' ax0 pidyo, @4') denotes the coordinates
of the i-th specific position point generated by mechanism synthesis. The auxiliary point
B is defined by translating the end point P along the posture direction by a characteristic
length g. Its position error is equivalent to the vector sum of the position error and the
posture-angle error. g-Ag (where Ap = ¢,4; — ¢; denotes the posture angle difference). This
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method prevents the computational discontinuity caused by the 360° periodicity of angle
differences. With g = 1, the posture-angle error (rad) is mapped into an equivalent distance
error (mm), ensuring dimensional consistency between TE; (trajectory synthesis error) and
TE; (pose synthesis error).

Table 3. Parameters of the 2R open-chain linkage mechanism.

Mechanism

Scheme 1 Scheme 2 Scheme 3 Scheme 4
Parameters
7 [mm)] 451 16.91 7.72 13.785
ul°] —50.31 —186.11 205.98 —45.32
a [mm)] 86.16 84.21 77.22 90.085
b [mm)] 190.97 210.42 205.89 180.975
0o [°] 2.06 —28.76 —47.73 —14.73
TE, 0.0412 1.0586 7.6332 0.6873
TE, 0.4726 2.6954 7.2581 1.5858

As shown in Table 3, among the four candidate schemes, Scheme 1 exhibits the smallest
trajectory error (TE;) and pose error (TE;), indicating the highest comprehensive synthesis
accuracy. Therefore, the parameters of Scheme 1 are selected as the optimal solution for the
subsequent non-circular gear planetary train design.

2.3. Non-Circular Gear Planetary Train Design
2.3.1. Calculation and Analysis of Transmission Ratios

To achieve the kinematic mapping relationship between the input link angle 8 and
the output link angle 8 of the 2R open-chain mechanism with parameters r = 4.51 mm,
a =86.16 mm and b = 190.97 mm, a non-circular gear planetary train transmission mech-
anism is designed in this study. The movement of the planet carrier replaces the motion
of the 2R open-chain mechanism’s input link [23,26,27] and the planet gear replicates the
motion of the output link through the planetary gear transmission, thereby reproducing
the exact kinematic function relationship.

As illustrated in Figure 7, the aforementioned planetary gear train is converted into
a fixed-axis gear train by using the inversion method of epicyclic gear trains, and its
transmission ratio is derived based on the relative angular velocity relationships among
the components.

Figure 7. Kinematic diagram of the non-circular gear planetary train mechanism.
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The total transmission ratio between the sun gear and the planet gear, igﬁ, is calculated

as follows: i
, ws w3 — Wy dgbgl
31 w{{ w] — WH d(PH ( )

where if! denotes the total transmission ratio between the planet gear and the sun gear;
@31 represents the rotation angle of the planet gear relative to the planet carrier, and @y is
the rotation angle of the planet carrier; w; is the angular velocity of the sun gear, which
equals 0; wy is the angular velocity of the planet carrier; and w3 is the angular velocity of
the planet gear.

The discrete data of the relative rotation angle of the planetary gear train are ex-
tracted and smoothed using a cubic B-spline curve. To balance the load distribution of the
two-stage non-circular gears, the fundamental sub-transmission ratios of the first and
second stages, ip1 and ip3, are initially obtained based on the equal distribution principle:

i1 = iz = \/if} (22)

To ensure that the pitch curves of the non-circular gears are perfectly closed within a
kinematic cycle, a correction coefficient k must be introduced:

27

k= ———— 23
foh ind¢y )

By applying the correction coefficients to the two transmission stages respectively, the
final sub-transmission ratios are yielded as:

. !/ . .H
171 =k- 131

H
— 31

(24)
.
13 = =7

i
iz

The total transmission ratio curve and the allocated two-stage sub-transmission ratio
curves are shown in Figure 8 below.

Overall transmission ratio iy

First-stage i, \

= = = :Second-stage i,

Transmission ratio

0 60 120 180 240 300 360
Carrier rotation angle 0 (°)

Figure 8. Total transmission ratio and two-stage sub-transmission ratio curves of the planetary
gear train.
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2.3.2. Pitch Curves of Non-Circular Gears and Kinematic Trajectory Equations

The relationship between the center distance m of the two-stage non-circular gear
transmission and the length of the planet carrier a is expressed as follows:

a

m=rptrn =rstrn=; (25)

According to the gear meshing principle, the linear velocities of non-circular gears at

any meshing point are identical. Thus, the polar radius equations of the pitch curves for
each gear stage are derived as follows [26]:

r2(¢) = ﬁrllzzll/,(((g’))

() = m—r12(¢) 26)
ra2(¢) = 1+i3”21/(¢)

r3(p) =m—rx(e)

where 113, 721, 123 and r3; denote the pitch curve polar radii of the sun gear, the first
intermediate gear, the second intermediate gear, and the planet gear, respectively, and m
represents the center distance.

The coordinate equations of the non-circular gear pitch curves in the Cartesian coordi-
nate system [27-29] are given by:

112, (¢1) = r12(¢p1)-cos(u — ¢1)

r12, (¢1) = r12(¢1)-sin(u — ¢1)

121, (¢1) = r21(¢1)-cos (7 + u + 1) + m-cos(u)

121, (¢1) = ra1(1)-sin(7 + u + ¢o1) + m-sin(u) o
132, (¢1) = r30(¢p1)-cos(7t + u — ¢po1) + 2-m-cos(u)

ra0, (¢1) = r32(P1)-sin (7w + u — ¢po1) + 2-m-sin(u)

123, (1) = r23(P1)-cos(u + ¢pq) + m-cos(u)

123, (¢1) = r23(1)-sin(u + 1) + m-sin(u)

In the non-circular gear planetary train, the transplanting arm of the mechanism is
rigidly connected to the planet gear shaft. The displacement equation of the arm tip point
P [29] is derived as follows:

Px(¢1) = a-cos(u — 1) + b-cos(¢31 + ¢1 — 6o) (28)
Py(¢1) = a-sin(u — ¢1) + b-sin-(¢31 + 1 — 0p)

By taking the derivative of Equation (28), the velocity equation of the arm tip point P
is obtained as:

{ Px(¢1) = a-@ysin(u — ¢y) — b- (‘i’31 + ‘P1) sin(pa1 +¢1 — 6o) 29)

Py(91) = —a-prcos(u = 1) + b-(py + ) cos(1 + b1 — o)

Considering the forward speed of the transplanter, the dynamic trajectory coordinate
equation of the arm tip point P is formulated as follows:

Pic(¢1) = Pe(y) + S

30
Pyy (1) = Py(¢1) 0
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where v represents the forward speed of the transplanter (in mm/s), and wy = %

represents the angular velocity of the planet carrier (in rad/s), with n denoting the rotational
speed of the planet carrier (in r/min).

Since the non-circular gear planetary train transplanting mechanism involves a large
number of design parameters [30], an auxiliary analysis and design software for the trans-
planting mechanism was developed based on the MATLAB R2021b platform to enhance
analysis and optimization efficiency. By inputting the mechanism parameters, the kinematic
solving module automatically performs the following calculation steps: (1) the transmission
ratio is calculated based on the mechanism parameters using the derived equations in
Section 2.4.1; (2) the pitch curve polar radii of all non-circular gears are solved using the
equations in Section 2.4.2; and (3) the static and dynamic trajectories of the arm tip are
computed by substituting the pitch curves into the kinematic equations in Section 2.4.2.
These key results, including the transmission ratio curves, pitch curves, and the static
and dynamic trajectories, are directly visualized on the platform interface (Figure 9). The
software was validated by comparing the generated pitch curves and trajectories with the
theoretical model derived in Section 2.3, and high consistency was observed. As shown in
Figure 10, the optimal mechanism parameters were imported to obtain the pitch curves
of the non-circular gears and synthesize the dynamic trajectory under the rated forward
speeds of 105 mm/s at 30 r/min and 140 mm/s at 40 r/min, ensuring a consistent plant
spacing of 210 mm. The results show that the actual horizontal underground length is
175 mm and the planting distance is 210 mm. All performance indicators fully satisfy the
agronomic requirements for the horizontal transplanting of sweet potato seedlings.

4] Design and Analysis Platform for Sweet Potato Transplanting Mechanism V1.0 - o X
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Figure 9. Operation interface of the auxiliary analysis and design platform for the transplanting
mechanism.

Based on the derived pitch curves, the physical design parameters of the non-circular
gears were further determined for manufacturing.

The main design parameters of the non-circular gears are as follows: the num-
bers of teeth for the first-stage sun gear and intermediate gear are both 23, and those
for the second-stage intermediate gear and planet gear are also both 23. The equiva-
lent module is 1.87 mm, the face width is 20 mm, and the pressure angle is 20°. The
gears are made of 20CrMnTi alloy steel, and the tooth profiles were generated by slow
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wire-cut electrical discharge machining (WEDM) to ensure the precision of the complex
non-circular profiles.

200

100

100

Y (mm)

s

300

400

I L L I L
100 0 100 200 300 400 500 600 700 800
X (mm)

Figure 10. Static and dynamic trajectories of the transplanting mechanism.

2.4. Design of the Cylindrical Cam Mechanism for the Transplanting Arm

To achieve the functions of closing for seedling pick-up and opening for seedling
release by the gripping claw of the transplanting arm [31], a cylindrical cam mechanism is
designed to control the movement of the gripping claw. The general design methodology
of the cylindrical cam mechanism is outlined as follows: as shown in Figure 11, the
Cartesian coordinate equations of the gripping claw tip point P are first established. Taking
the maximum distance when the two gripping claws open and the minimum distance
when they close—determined based on the geometric parameters of the sweet potato
seedlings—as boundary conditions, the swing angle range of the gripping claw is inversely
solved. This oscillatory motion is then mapped to the follower roller center point F to
determine the initial roller offset ¢y and the maximum lift imax of the cam. Subsequently, a
mathematical model for the cylindrical cam profile design is established to calculate the
actual cam profile curve.

(@) (b)

Figure 11. Schematic diagram of the cylindrical cam mechanism. (a) Closed state; (b) Opened state.

2.4.1. Determination of the Fundamental Parameters of the Cam Mechanism

A Cartesian coordinate system is established with the swing center O of the transplant-
ing arm as the origin. The gripping claw is a rigid multi-bar linkage structure consisting of
link OA, link AB, link BC, and link segment CP. The angle between the driving link OA and
the positive direction of the x-axis is defined as the active swing angle 6, and the structural
offset angle o is defined as the deflection angle of link AB relative to link OA, satisfying
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& = —0Bjose- Consequently, 7o, Pmax and hmax are determined. The lengths of the links in
the gripping claw mechanism are given in Table 4.
Table 4. Link dimensions of the gripping claw.
Link Length (mm) Link Length (mm)
Loa 21.51 Lcp 109.01
Lag 35.97 Log 11.03
Lpc 17.18 Lgg 26.61

As shown in Figure 11, the coordinate equations of point P are derived from the
geometric relationships as follows:

xp = Loacos® + (Lap + Lcp)cos(8 + a) + Lpcsin(6 + «)

) . 31
yp = Loasin® + (Lap + Lcp)sin(6 + «) — Lpccos(0 + «) S
From Equation (31), the following relationship is deduced:
()~ ()

0 = arcsin| ———— | —arcsin| ——— 32

< M2 + N2 N2 + M? 2
where

M= Loa+ (LAB + Lep)cosa + Lpesina (33)

N = (Lap + Lcp)sina — Lccosw

Regarding the follower roller center F, its coordinates depend on point E and link EF.
Point E is a moving hinge point with coordinates (xg, yg), and link EF has a length of Lg,
whose angle a + 6 with the x-axis is determined by the mechanism position. By analyzing
the segments OE and EF, the coordinate equations of point F are obtained as:

xp = Logcos@ + Lggcos(6 + &)

34
yr = Logsin® + Lggpsin(0 + ) 34

Considering that the stalk diameter of sweet potato seedlings used for transplanting
typically ranges from 4.2 mm to 4.7 mm, and taking into account the flexible characteristics
of the seedlings, the maximum opening width of the gripping claw is set to 50 mm, and the
closed clamping width is set to 4 mm.

Substituting these boundary conditions into Equation (31) yields the angular dis-
placement range [6cjose, Oopen] Of the driving link OA, thereby determining its maximum
swing angle:

Pmax = gopen — Oclose (35)

Since a rigid connection exists between the follower roller center F and the operational
tip P, substituting the angular displacement 6,y corresponding to the closed state into
Equation (34) yields the ordinate yr of point F at that instant. This value represents the
initial roller offset of the cam mechanism:

€ = ]/F(9close) (36)

The maximum lift of the cam is obtained by calculating the difference between the
ordinates of point F at the two extreme positions (open and closed):

hmax = ’]/F (Gopen) — YF(Bctose) ’ (37)
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Substituting the link lengths from Table 4 into the aforementioned equations yields
Oclose = 63.2°, Gopen =71.8°, Pmax = 8.6°, eg = 9.8 mm, and hmax = 4.6 mm.

2.4.2. Profile Curve Design of the Cam Mechanism

As illustrated in Figure 12, the operational cycle of the cylindrical cam is divided into
four distinct phases [32]. (1) Return segment JK (cam rotation angle 0-30°): The mechanism
is in the seedling pick-up phase, gripping the sweet potato seedling from the feeding device.
The gripping claw gradually closes from point ] and becomes completely closed at point
K to achieve stable clamping of the seedling. (2) Inner dwell segment KM (cam rotation
angle 30-120°): The mechanism is in the seedling conveying phase, where the gripping
claw remains closed to transport the sweet potato seedling from the pick-up point to the
planting point. (3) Rise segment MN (cam rotation angle 120-145°): The mechanism is in
the seedling planting phase. The gripping claw gradually opens from point M and reaches
its maximum opening angle at point N, completing the underground release of the sweet
potato seedling. (4) Outer dwell segment NJ (cam rotation angle 145-360°): The mechanism
executes an empty return stroke, during which the gripping claw remains at its maximum
opened state until it passes point | to enter the next transplanting cycle.

Starting pointJ

Outer dwell
segment

Inner dwell
segment

Rise M :
segment

Figure 12. Schematic of the cam operational segments.

To avoid rigid shock of the gripping claw during the instantaneous opening and
closing actions, the simple harmonic motion (SHM) law is selected to design the cam profile
curve. Based on the roller lift i, and the division of the cam operational phases, the axial
displacement equation of the roller center on the developed surface of the cylindrical cam
is formulated as follows:

by [1 +cos<%)]/¢ € [0, @]

T o () o

(38)

where hipax is the maximum lift of the roller center (mm); ¢ is the cam rotation angle;
@k and Py represent the return motion angle and rise motion angle, respectively; ¢y
and ¢n denote the start angle and end angle of the rise segment, respectively; and r is the
prime circle radius of the cylindrical cam, which is 20 mm.

The designed theoretical profile of the cylindrical cam is shown in Figure 13, demon-
strating smooth transitions without abrupt changes across all operational segments.
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Figure 13. Theoretical profile of the cam.

2.4.3. Pressure Angle Analysis of the Cam Mechanism

The calculation formulas for the pressure angles during the rise and return segments
of the cylindrical cam are expressed as follows:

arctran ( Mimasin g—‘b ,¢ € [0, D]
[ o(gn(2) .

arctran (22}2'51;& sin ( "(g;lﬂM) ) ) ¢ € [Ppm, PN]

The pressure angle curves of the mechanism were calculated and plotted via MATLAB
programming, with the rise and return pressure angle curves illustrated in Figures 14a
and 14b, respectively. For a cylindrical cam mechanism, the maximum allowable pressure
angles for the rise and return strokes are specified as 45° and 80°, respectively [33]. In
comparison, the maximum pressure angles of the proposed mechanism during the rise and
return phases are 39.6° and 34.6°, respectively. Both values are well below the specified
maximum allowable limits, thereby satisfying the design requirements.

60 T T T T 60

50 50

Oy = 39.6°

‘max

Ay = 34.6°

Pressure angle / (°)
Pressure angle / (°)
w
8

10

" " n n L L L L "
0 5 10 15 20 25 0 5 10 15 20 25 30
Rotation angle / (°) Rotation angle / (°)

(@) (b)

Figure 14. Pressure angle curves of the mechanism. (a) Rise pressure angle; (b) Return pressure angle.

3. Results
3.1. Virtual Prototype Simulation

To verify the correctness of the overall mechanism design, a virtual prototype model
was established based on the optimal parameters to conduct kinematic simulations [34,35].
The simulation was conducted using ADAMS 2020 software. Revolute joints were applied
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to the rotating components, and the gear meshing was simulated using solid-to-solid
contact. The contact stiffness was set as 1.0 x 10* N/mm, the force exponent was 2.2, the
damping coefficient was 80.0 N-s/mm, and the penetration depth was 0.1 mm, assuming
frictionless contact. The simulation duration was set to 6 s (covering three full operational
cycles) with a resolution of 360 steps. The obtained static trajectory of the transplanting
arm tip was compared with the theoretical trajectory, and as illustrated in Figure 15, the
two exhibit excellent agreement. To quantitatively evaluate the trajectory agreement, the
theoretical trajectory was first resampled using linear interpolation to match the simulation
sampling points. Since the simulation and theoretical models were established in different
coordinate systems, the geometric centroids of the two closed trajectories were aligned to
unify the coordinate systems without altering the trajectory shape. Based on the aligned
data, the maximum positional error was 11.54 mm, the mean absolute positional error was
4.04 mm, and the root mean square (RMS) trajectory error was 4.71 mm. The maximum
deviations in the x and y directions were 11.32 mm and 8.68 mm, respectively. At the nine
key pose points, the relative error between the simulated and theoretical posture angles
ranged from 0.20% to 1.81%; the detailed comparison data are summarized in Table 5.

S R 6 689 L% W KR o & i @

(@) (b)

Figure 15. Comparison between the simulated and theoretical static trajectories of the transplanting
mechanism. (a) Simulated trajectory of the transplanting mechanism; (b) Comparison between
theoretical and simulated trajectories.

Table 5. Comparison between simulated and theoretical posture angles.

P; P, Ps Py Ps Ps P, Ps Py

Theoretical posture angle (°) 13563 —-694 -830 -—-1034 -1108 —-949 -719 386 1483
Simulated posture angle (°) 134.9 -703 —-828 —-1029 -1112 -—-943 715 393 1486

Absolute error (°)
Relative error (%)

0.4 0.9 0.2 0.5 0.4 0.6 0.4 0.7 0.3
0.30 1.30 0.24 0.48 0.36 0.63 0.56 1.81 0.20

As shown in Figure 16, the operational sequence within a full working cycle demon-
strates that the mechanism reliably closes to grip the seedling during the pick-up phase,
maintains stable closure during the conveying phase, opens on time to release the seedling
at the lowest point of the trajectory during the planting phase, and remains open during
the empty return phase. The simulation results indicate that the designed mechanism can
accurately reproduce the target trajectory and execute the movements of each phase accord-
ing to the predetermined timing sequence, thereby proving the validity and correctness of
the kinematic synthesis model and the mechanical design.
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(b)

(d)

Figure 16. Simulation of different operational phases of the virtual prototype. (a) Seedling pick-up

phase; (b) Seedling conveying phase; (c) Seedling planting phase; (d) Return phase.

3.2. Prototype No-Load Test

As illustrated in Figure 17, to evaluate the physical realization of the designed mecha-
nism, a physical prototype of the transplanting mechanism was fabricated and assembled,
and a dedicated test rig was constructed. Through no-load tests, the actual kinematic
characteristics of the mechanism prototype were measured, while simultaneously verifying
whether the actual trajectory and specific poses matched the theoretical and simulation
results [36,37]. During the tests, the motion of the prototype was recorded using a Vision
Research Phantom high-speed camera (Vision Research, Wayne, NJ, USA) at a sampling
frequency of 500 fps, with the camera fixed perpendicular to the motion plane. The pixel-
to-millimeter scale was calibrated using a ruler of known length placed in the motion
plane. The recorded videos were processed using Phantom Camera Control (PCC) software
(version 3.5) software to extract the actual trajectory coordinates of the arm tip. Each
measurement was repeated 3 times, and the measurement uncertainty was estimated to be
£0.1° based on the camera resolution and the image-processing algorithm. A comparison
between the measured and theoretical trajectories reveals excellent agreement, thereby
validating the correctness of the kinematic model and the mechanical design [36].

Concurrently, the posture angles of the transplanting mechanism at key positions were
measured. Due to structural constraints, the posture angle of the output link BP could not
be directly measured; thus, it was indirectly calculated by measuring the posture angle of
the gripping claw combined with geometric relationships. Nine corresponding key pose
points were selected for measurement, and the pose states at each point are displayed
in Figure 18.
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Transplanter prototype

Test rig

Static trajectory
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Figure 18. Posture angle measurements at key positions of the transplanting mechanism. (a-i) P; to Pg.
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The comparison between the theoretical and measured posture angles at key positions
is summarized in Table 6. The relative error at each point ranges from only 0.14% to 0.83%,
demonstrating that the actual kinematic posture of the prototype is highly consistent with
the theoretical model. Specifically, the mean absolute deviations in the working zone
(P1—Ps) and the return zone (P¢—Py) are closely balanced at 0.42° and 0.35°, respectively,
proving excellent consistency in posture control throughout the entire kinematic cycle. The
errors exhibit a random distribution without obvious systematic bias, which is primarily
attributed to component manufacturing tolerances and prototype assembly clearances. To
further evaluate the trajectory accuracy of the physical prototype, the measured trajectory
was aligned with the theoretical trajectory at the starting point to eliminate coordinate
system offset. Based on the aligned data, the maximum trajectory position error was
13.27 mm, the mean absolute position error was 4.48 mm, and the root mean square (RMS)
trajectory error was 6.26 mm. The maximum deviations in the x and y directions were
10.16 mm and 10.79 mm, respectively. These results fully demonstrate the kinematic
accuracy of the mechanism under no-load conditions, indicating that the theoretical model
and mechanical design are correct.

Table 6. Comparison between measured and theoretical posture angles.

Py P, P3 Py Ps Pg Py Pg Py

Theoretical posture angle (°) 1353 —-694 —-830 —-1034 -1108 —-949 719 386 1483
Measured posture angle (°) 1347 —-693 —-835 —-103.0 -1103 —-951 —-71.3 384 1487

Absolute error (°)
Relative error (%)

0.6 0.1 0.5 0.4 0.5 0.2 0.6 0.2 0.4
0.44 0.14 0.60 0.39 0.45 0.21 0.83 0.52 0.27

3.3. Field Transplanting Trial

As shown in Figure 19, the power transmission system of the transplanter is primarily
powered by a gasoline engine 1. The power is transmitted via the active belt pulley 2 to
the main shaft where the front wheel drive chain 12 is mounted, driving the front driving
wheels 3 on both sides to propel the whole machine forward, while the rear passive wheels
6 only serve as supports. Simultaneously, the power is transmitted downwards through
the power distribution sprocket 10 to the central transmission shaft 9. From shaft 9, the
power is further split into two branches: one branch passes through the feeding reduction
gearbox 11 to drive the feeding mechanism 4 for continuous horizontal feeding; the other
branch drives the transplanting mechanism 7 via the transplanting sprocket 8 to perform
seedling picking and planting actions.

To verify whether the agronomic indicators of the transplanting mechanism satisfy
the requirements of horizontal sweet potato seedling transplanting, field trials were carried
out. The field trials were conducted in a sandy loam field in Xiaoshan District, Hangzhou,
Zhejiang Province, China. During the trials, the soil moisture content was approximately
70% of the field water capacity. The experiments were conducted using “Yanshu 25” sweet
potato seedlings, which featured an average seedling length of 255 mm and an average
stalk diameter of 4.3 mm. The mechanism prototype was integrated into a complete
transplanter to perform multiple rounds of transplanting operations within an experimental
field characterized by a deep tillage depth of 300 mm, ridge heights of 200-300 mm, and a
ridge spacing of 900 mm. The transplanting outcome is displayed in Figure 20.
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Power 12
transmission path

Figure 19. Overall structure and power transmission system of the sweet potato transplanter pro-
totype. 1, Gasoline engine; 2, Active belt pulley; 3, Front driving wheel; 4, Feeding mechanism;
5, Frame; 6, Rear passive wheel; 7, Transplanting mechanism; 8, Transplanting sprocket; 9, Central
transmission shaft; 10, Power distribution sprocket; 11, Feeding reduction gearbox; 12, Front wheel
drive chain.
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Figure 20. Outcome of the sweet potato seedling transplanting field trials.

To evaluate the operational efficiency and agronomic performance, 30 and 40 r/min
were selected for the field trials, with forward speeds set to 105 mm/s and 140 mm/s,
respectively, to ensure a consistent plant spacing of 210 mm. Five sets of replication trials
were conducted at these two speeds, with 50 sweet potato seedlings planted per set. A
transplanting operation was defined as “successful” only when the planting depth ranged
from 40 to 70 mm, the underground horizontal length ranged from 150 to 200 mm and
the plant spacing ranged from 180 to 220 mm. Under this definition, the loaded dynamic
performance was evaluated, yielding average transplanting success rates of 91.2% and
81.2% at 30 r/min and 40 r/min, respectively, as summarized in Table 7. An independent
samples t-test confirmed that the difference in success rates between the two rotational
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speeds was statistically significant (t = 7.09, p < 0.01). The mean =+ standard deviation and
coefficient of variation (CV) for planting depth, underground length, and plant spacing are
reported in Table 7. Due to the aggregated nature of the field data, minimum, maximum,
and confidence intervals could not be calculated.

Table 7. Field trial results of sweet potato seedling transplanting.

Successful
Total Seedlings

Trial No. Seedlings (Plants)
(Plants) 30 40 30 40 30 40 30 40 30 40
r/min r/min r/min 1/min r/min r/min 1/min r/min r/min r/min

50 46 41 92 82 53 49 190 188 163 173
50 45 42 90 84 57 55 205 229 177 176
50 47 41 94 82 54 51 228 200 175 154
50 46 39 92 78 58 56 219 224 167 160
50 44 40 88 80 53 49 208 214 168 162
Mean (mm) - 45.6 40.6 91.2 81.2 55.0 52.0 210.0 211.0 170.0 165.0
SD (mm) - 1.14 1.14 23 23 2.35 3.32 14.4 17.0 5.83 9.20
CV (%) - 2.50 2.81 2.52 2.83 4.26 6.38 6.88 8.04 3.43 5.57

Transplanting Planting Depth Plant Spacing Underground
Success Rate (%) (mm) (mm) Length (mm)

TGk WN =

The primary failure categories included missed planting, excessively deep or shal-
low burial, and seedling lodging. These failures were mainly attributed to two factors:
(1) the sponge clamping blocks in the intermittent feeding device lost clamping force during
continuous operation, causing occasional seedling slippage; and (2) local field undulations
caused machine body tilting, leading to random deviations in planting position. Overall,
the prototype demonstrated good field operational capability.

Subsequently, the actual agronomic performance was further assessed by measuring
the planting depth, horizontal underground length, and plant spacing. The average values
were 55 mm, 170 mm, and 210 mm, respectively, fully satisfying the agronomic requirements
for horizontal transplanting. These field results confirm that the mechanism operates stably
and reliably under actual loaded conditions.

4. Discussion

Compared with existing mechanisms, the present design offers clear advantages.
Zhou et al. [16] and Ye et al. [17] developed elliptical and deformed elliptical gear
planetary trains, respectively, for sweet potato transplanting, both achieving horizontal
planting but relying on conventional gear profiles with limited trajectory flexibility.
To clearly demonstrate the innovation of this study, Table 8 compares the proposed
mechanism with the existing representative mechanisms reported in References [15-17].

Table 8. Comparison between the proposed mechanism and existing representative mechanisms.

Comparison Item Ref. [15] Ref. [16] Ref. [17] This Study

Elliptical planetary =~ Deformed elliptical Non-circular

i — + . . .
Mechanism type Crank-rocker + cam train planetary train planetary train

Number of major moving

12 13 14 11
elements

Trajectory synthesis Trial-and- Traditional Traditional Fourier series
method error/Graphical geometric method geometric method synthesis

Planting mode Horizontal Horizontal Horizontal Horizontal
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As shown in Table 8, the proposed mechanism employs 11 major moving elements,
which is fewer than the crank-rocker and cam mechanism in [15] (12 elements), the elliptical
planetary gear train in [16] (13 elements), and the deformed elliptical planetary gear train
in [17] (14 elements). This indicates that the proposed design achieves a more compact
structure with fewer moving parts, which helps reduce assembly error accumulation and
improves transmission reliability. Furthermore, unlike elliptical gears constrained by fixed
pitch curve equations, the proposed non-circular gear planetary train generates its pitch
curves directly from Fourier coefficients, offering greater design freedom. This freedom
enables the simultaneous and precise global control of 9 key target poses (with a maximum
posture error of only 0.6° in Table 6), whereas the conventional geometric methods in [16,17]
are limited to single-point approximation. This demonstrates a substantial improvement in
multi-pose control capability.

The simulated and experimental results confirm the validity of the approach. The 0.6°
deviation is acceptable for seedling pick-up and planting. The success rates of 91.2% and
81.2% are competitive with those reported in [15-17]. The lower success rate at higher speed
stems from two factors: increased inertial forces that destabilize gripping, and reduced
claw closing time that demands faster mechanism response. Moreover, the power losses
in planetary gear trains increase significantly with higher rotational speeds, leading to
a decrease in transmission efficiency [37]. This further deteriorates the motion accuracy
of the mechanism at 40 r/min, resulting in shallower planting depths and larger plant
spacing. This trend is not unique to this study—similar declines with increasing speed
were observed in other planetary gear train mechanisms, including a rice transplanter [18]
and a vegetable plug seedling transplanter [24], suggesting a common trade-off between
speed and reliability in such systems. Thus, optimizing high-speed dynamic response is
key to further performance improvement.

To address these limitations and the reviewers’” suggestions, future work will focus
on five aspects: (1) optimizing the feeding device materials or implementing a force-
feedback system to improve clamping stability; (2) improving the chassis suspension system
or introducing attitude adaptive compensation control to mitigate the impact of terrain
undulations on planting accuracy; (3) testing additional intermediate speeds (between
30 and 40 r/min) to identify the optimal operating region; (4) conducting comprehensive
undercutting, interference, curvature-radius, and contact-ratio checks for the non-circular
gears to further ensure reliability; and (5) verifying the general applicability of the proposed
mechanism using more sweet potato cultivars.

5. Conclusions

(1) A Fourier series-based kinematic synthesis method for transplanting mechanisms is pro-
posed. The optimal mechanism parameters (r = 4.51 mm, a = 86.16 mm, b = 190.97 mm)
were obtained, and simulation results show that the relative errors between simulated
and theoretical posture angles at nine key positions range from 0.20% to 1.81%.

(2) Physical no-load tests demonstrate that the relative errors between measured
and theoretical posture angles range from 0.14% to 0.83%, consistent with the
simulation results.

(3) Field trial results show that under rotational speeds of 30 r/min and 40 r/min,
the average transplanting success rates are 91.2% and 81.2%, respectively, and the
planting depth, horizontal underground length, and plant spacing all meet the
agronomic requirements.
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