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Design of Vegetable Pot Seedling Pick-up 
Mechanism with Planetary Gear Train
Zhipeng Tong1,2, Gaohong Yu1,2*, Xiong Zhao1,2, Pengfei Liu1,2 and Bingliang Ye1,2

Abstract 

It has been challenging to design seedling pick-up mechanism based on given key points and trajectories, because it 
involves dimensional synthesis and rod length optimization. In this paper, the dimensional synthesis of seedling pick-
up mechanism with planetary gear train was studied based on the data of given key points and the trajectory of the 
endpoint of seedling pick-up mechanism. Given the positions and orientations requirements of the five key points, 
the study first conducted a dimensional synthesis of the linkage size and center of rotation. The next steps were to 
select a reasonable solution and optimize the data values based on the ideal seedling trajectory. The link motion was 
driven by the planetary gear train of the two-stage gear. Four pitch curves of noncircular gears were obtained by cal-
culating and distributing the transmission ratio according to the data. For the pitch curve with two convex points, the 
tooth profile design method of incomplete noncircular gear was applied. The seedling pick-up mechanism was tested 
by a virtual prototype and a physical prototype designed with the obtained parameter values. The results were con-
sistent with the theoretical design requirements, confirming that the mechanism meets the expected requirements 
for picking seedlings up. This paper presents a new design method of vegetable pot seedling pick-up mechanism for 
an automatic vegetable transplanter.
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pick-up mechanism
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1 Introduction
Seedling transplantation is an important part of vegeta-
ble production: over 60% of vegetable varieties adopt a 
seedling cultivation method [1]. Generally, mechanical 
transplantation is more efficient and practical than arti-
ficial transplantation. The core of an automatic vegetable 
transplanter are the seedling pick-up mechanism and the 
seedling planting mechanism. The automatic machine 
improves the work efficiency and reduces the leakage rate 
relative to the case of a semiautomatic machine which 
comprises only a seedling planting mechanism. The seed-
ling pick-up mechanism is the bottleneck in automatic 
transplanter development.

Robotic seedling pick-up mechanism is widely used 
and highly practical. It simulates the manual activity of 
collecting vegetable pot seedlings from a bowl and push-
ing them into the seedling planting mechanism. Com-
mon ways of seedling pick-up are pneumatic mechanism 
[2], multilink mechanism [3–6], push-out and clamping 
combined mechanism [7], and their mixed forms. An 
automatic vegetable transplanter developed by Japan’s 
Yanmar Company [8] combines the gear, linkage, and 
slipway. In the process of picking up seedlings, the seed-
ling needle is inserted into the bowl, and the bowl-seed-
ling matrix is clamped. The transplanting speed is only 50 
plants/min. Using a slipway seedling pick-up mechanism 
with a pneumatic connecting rod, a study of Yang et al. 
[9] simultaneously deployed four claws in a row. And they 
also studied the control system of the whole machine [10, 
11]. The mechanism is highly efficient but space consum-
ing. Yu et al. [12–14], Ye et al. [15] and Zhao et al. [16] 
researched the rotary seedling pick-up mechanism and 

Open Access

Chinese Journal of Mechanical 
Engineering

*Correspondence:  yugh@zstu.edu.cn
1 Zhejiang Province Key Laboratory of Transplanting Equipment 
and Technology, Zhejiang Sci-Tech University, Hangzhou 310018, China
Full list of author information is available at the end of the article

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s10033-020-00484-w&domain=pdf


Page 2 of 11Tong et al. Chin. J. Mech. Eng.           (2020) 33:63 

then invented and subsequently developed a seedling 
pick-up mechanism with a series of rotary noncircular 
planetary gear trains. Their mechanism mainly includes 
the seedling pick-up arm and planetary gear train driv-
ing parts. The seedlings are collected twice per rota-
tion around the circle at a maximum pick-up rate of 90 
plants/min.

The abovementioned rotary seedling pick-up mecha-
nisms, whose simplified model is a two-bar series mech-
anism, can efficiently pick up seedlings and are highly 
applicable. The seedlings are grasped by the end-effector, 
which must meet specific motion trajectory require-
ments. In early research, Yu et al. [13] and Ye et al. [17] 
designed a novel two-bar mechanism based on the given 
shape of a gear pitch curve in a planetary gear train and 
obtained the seedling pick-up trajectory. The trajectory 
was optimized by adjusting the parameters of the gear 
pitch curve. Zhao et al. [18] calculated the parameters of 
a seedling pick-up mechanism by the method of dimen-
sional synthesis based on a given seedling pick-up trajec-
tory. The above methods considered only the trajectory 
requirements while neglecting the attitude angles of rods 
at different positions. However, the rod angles (attitude 
angles of rod) of the mechanism in the stage of seedling 
pick-up and pushing have a great influence on the success 
rate of seedling transplantation.

This paper explores the design method of the seed-
ling pick-up mechanism with planetary gear train. The 
seedling pick-up trajectory and rod angles are consid-
ered simultaneously as constraints. Firstly, we studied 
the relationship between the bar length and bar rota-
tion angle in a two-bar seedling pick-up mechanism. The 
mechanism was optimized based on the given angle of 
the seedling pick-up arm and the seedling pick-up trajec-
tory. The mechanism was driven by a planetary gear train 
for reducing the number of degrees of freedom (DOF). 
Finally, a virtual prototype was constructed and evaluated 
in a simulation test using the modeled parameters, and a 
physical prototype was manufactured. The effectiveness 
of the scheme was verified by comparing the theoretical 
and practical trajectories.

2  Motion Trajectory and Rod Angles Modeling 
of the Seedling Pick‑up Mechanism 
for a Vegetable Transplanter

2.1  Motion Trajectory of the Needle Point and Analysis 
of the Needle Angle of the Seedling Pick‑up Arm

The seedling pick-up mechanism of an automatic trans-
planter picks up the seedling from the pot and posi-
tions it such that, when released, the seedling falls into 
the planting mechanism to be planted. These actions are 
then repeated. An analysis of the existing trajectory char-
acteristics of the seedling pick-up mechanism indicated 

that the ideal seedling pick-up trajectory requires a sharp 
beak of a certain length. To meet these requirements, this 
study proposes the seedling pick-up trajectory drawn in 
Figure  1. Track A–B–C–D–E is the point-motion path 
of seedling pick-up claw 4. During the stage of seedling 
pick-up (section A–B–C), claw 4 is fully open before 
dipping into the seedling pot. The claw then clamps the 
seedling at the bottom of the seedling pot and withdraws 
it from the pot. During the stage of seedling holding and 
pushing (section C–D–E), claw 4 moves over the seed-
ling planting mechanism and pushes the seedling into 
the mechanism. During the stage of return (section E–A), 
claw 4 must remain open until next stage of seedling 
pick-up.

To satisfy the abovementioned pick-up requirements in 
the context of our previously developed seedling pick-up 
mechanism [8], this paper describes the seedling pick-up 
trajectory (Figure 2). The bold line with attitude angle γ 
in Figure 2 (the orientation of the seedling arm at a cer-
tain point) is a simplified trace of pick-up claw 4, and the 
subscripts of γ denote the key points. Point A represents 

Figure 1 Schematic of the seedling pick-up trajectory: 1. seedling 
pot, 2. seedling, 3. pick-up arm, and 4. pick-up

Figure 2 Trajectory and key points for obtaining the required 
position and orientation characteristics
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the beginning of the seedling pick-up process. At Point 
B, claw 4 has reached the bottom of the seedling pot. At 
Point C, claw 4 has exited the pot. Point D is the loca-
tion of the seedling holding, and Point E represents the 
finishing point of pushing the seedling into the planting 
mechanism. The rod angle at Point E which affecting the 
transplanting success rate is the key parameter.

Based on the above analysis of the trajectory and 
points, the positions and initial rod angles of the five key 
points (A, B, C, D, and E) were evaluated and are listed in 
Table 1.

2.2  Modeling and Analysis of Two‑bar Mechanism 
with Five Key Points

As mentioned in the previous section, the trajectory 
of the tip point of the claw must meet specific require-
ments, and the orientation of the pot seedling needs to 
be adjusted during the movement. Points A, B, C, D, and 
E in Figure  1 are the key points of the seedling pick-up 
trajectory, and the seedling pick-up mechanism should 
satisfy the requirements of position and orientation.

The working track of the seedling pick-up mecha-
nism is realized via a two-link mechanism. This planar 
mechanism comprises rod I (FG) and rod II (GP), and 
the mechanism moves from point 1 to point i (Figure 3). 
Rod II is the end of the actuator, whose endpoint position 

(coordinates) and orientation (angle) are known. Denavit 
and Hartenberg proposed a general method called DH 
matrix modeling [19], which fixes a coordinate system 
on each link and describes the spatial relations between 
two adjacent bars through a homogeneous transforma-
tion matrix. In the present study, the transformation rela-
tion between different key points is established by their 
parameter data and the DH matrix; then, the Burmester 
curve (Eq. (1)) about point G1 is obtained by four key 
points, and a univariate higher-degree equation (Eq. (2)) 
is established by five key points: 

where the variables xg1 and yg1 are the coordinate values 
of the hinge point G in Figure 3 at the initial position, and 
the coefficients of the above equations are determined 
by the elements in the DH matrix, see Refs. [20–25] for 
details.

Substituting the parameter values in Table 1 into Eq. (2) 
as derived in the literature mentioned above, one obtains 
the following equation:

Solving Eq. (3) and obtaining the real root gives:

Substituting the two real solutions into Eq. (1), the real 
root solution set is obtained:

The qualified solutions are (200.4036, 179.2269), 
(23.2990, −15.8986), (165.8176, −15.8986), and 
(454.0944, −15.8986). The above four center and seed-
ling pick-up points share the same coordinate system, as 
shown in Figure 4.

The line segment G1P1 on the simplified model of rod II 
reaches four possible points (The feasible solution of G1 
in Figure 4). Rod II should not interfere with the seedling 
pot (Item 1 in Figure 1) or approach it too closely; hence, 
point 2 (which meets the requirements) is an ideal point.

(1)
a1x

3
g1 + a2y

3
g1 + a1xg1y

2
g1 + a2x

2
g1yg1 + a3x

2
g1

+a4y
2
g1 + a5xg1yg1 + a6xg1 + a7yg1 + a8 = 0,

(2)b1y
4
g1 + b2y

3
g1 + b3y

2
g1 + b4yg1 + b5 = 0,

(3)
−0.40515442y4g1 − 29.068988y3g1 − 5480.1742y2g1

+2105570.7yg1 + 31999427 = 0.

(4)
{

yg1(1) = 179.2269,

yg1(2) = −15.8986.

(5)xg1(1) = 200.4036,

(6)







xg1(2.1) = 23.2990,

xg1(2.2) = 165.8176,

xg1(2.3) = 454.0944.

Table 1 Positions and  initial rod angles of  the  five key 
points

Key point i 1(A) 2(B) 3(C) 4(D) 5(E)

xi (mm) 169.47 200.44 171.84 36.20 −23.82

yi (mm) 18.40 −2.97 22.58 67.78 −64.77

zi (mm) 171.00 143.00 124.50 130.50 115.00

Figure 3 Schematic of the two-bar planar mechanism movement: 
FG1 -rod I at key point 1, FGi - rod I at key point i, G1P1 - rod II at key 
point 1, and GiPi - rod II at key point i 
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The length of rod II is given:

By solving for the position of F, the solution is 
obtained:

The length of rod I is obtained:

(7)LGP = LG1P1 = 150.14 mm.

(8)
{

xF = xF1 = −39.1421,

yF = yF1 = 58.6444.

(9)LFG = LFG1
= 92.24 mm.

Figure 5 is a schematic of the established seedling pick-
up mechanism along with the seedling pick-up trajectory, 
point 1, and point 5. In this figure, the angle between rod 
II and the seedling claw (the intersection angle) is 25.74°.

3  Angular Displacement Relationship Model 
and Single‑DOF (SDOF) Model

In the previous section, the relative positional relation-
ships between the key points of the trajectory and the 
rotating hinge points F of the two bars were prelimi-
narily established through the five key points modeling 
method, and the lengths of both bars were calculated. 

Figure 4 Solution set of the points in the same coordinate system, and plot of the seedling trajectory: 1. Point (200.4036, 179.2269), 2. Point 
(23.2990, −15.8986), 3. Point (165.8176, −15.8986), 4. Point (454.0944, −15.8986), 5. Seedling pick-up trajectory curve, and 6. End point P1 of rod II at 
point 1

Figure 5 Schematic of the seedling pick-up mechanism calculated 
from the five key points: 1. Trajectory of seedling pick-up, 2. Key point 
1 on rod II, and 3. Key point 5 on rod II

Figure 6 Mechanism before adjusting the rod length parameters
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As demonstrated in Figures 2, 5 and 6, the mechanism’s 
movements must meet the trajectory requirements, 
especially at the closest and farthest track points from the 
hinge point F.

To ensure continuous movements of the connecting 
rod and to avoid angle mutation caused by an improper 
length of the two bars (i.e., the bars being too short to 
reach the farthest point), the state when the endpoint 
of rod II reaches the farthest point has to be examined. 
At this point, rods I and II are collinear, and the sum of 
their lengths is the distance from the farthest point to 
the hinge point F:

Similarly, when the two collinear rods overlap, the 
endpoint of rod II should be the trajectory point closest 
to point F, which equals the difference between the two 
lengths:

By solving Eqs. (10) and (11) as a pair of simultaneous 
equations, the bar lengths are calculated as follows:

Figure  7 shows the mechanism after adjusting the 
bar lengths. A comparison of the bar lengths calcu-
lated by using Eqs. (7), (9) and (12) indicates that the 
angle of the seedling claw satisfies the original five 
points for both bar lengths; i.e., the angles of point 1 
and 5 are 171° and 115°, respectively. At these two posi-
tions in Figure  6, the intersection angle is no longer 
fixed (23.34°≠25.69°). Consequently, the structure of 
the moving seedling arm changes, which is inconsistent 
with the actual requirements, so the parameters must 
be adjusted. To this end, the constraint of the angle is 
removed, and the intersection angles are unified to 25°. 
Then, the mechanism is redrawn as shown in Figure 7. 
In this instance, the seedling pushing angle is 115.69°.

(10)LFG + LGP = max(LFPn) = 247.37 mm.

(11)−LFG + LGP = min(LFPn) = 43.29 mm.

(12)

{

LFG = (max(LFPn)−min(LFPn))/2= 102.04 mm,

LGP = (max(LFPn)+min(LFPn))/2= 145.33 mm.

3.1  Angular Displacement Relationship with a 2‑DOF 
Model

Considering the trajectory and posture requirements 
established above, the motion of rod II is controlled using 
two servo motors: one at the fixed-hinge point F and the 
other at the moving-hinge point G (Fi and Gi, respec-
tively, in Figure  3). The first servo motor (at the fixed-
hinge point F) is attached to the frame, while the second 
is attached to rod I.

The first servo motor rotates at constant speed, while 
the second rotates at a varying speed. The rotation angles 
of rods I and II at time t are α(t) and β(t), respectively. 
The angular displacements of the two bars during one 
rotation are related as follows.

As shown in Figure  3, rod I rotates by [0, 2π) around 
the fixed-hinge point F, and rod II rotates around the 
moving hinge point G over the range [0, 2π) (relative to 
rod I). During each rotation, there exist two limit posi-
tions: the farthest position superimposed by both bars 
and the nearest position overlapped by both bars. As 
shown in Figure 8, the region is divided between the two 
limit positions. When the endpoint of the seedling claw 
moves from the farthest to the nearest position of the 

Figure 7 Mechanism after adjusting the rod length parameters

Figure 8 Schematic of the two limit positions of the link motion: a 
the endpoint moves from the farthest to the nearest position of the 
trajectory; b the endpoint moves from the nearest to the farthest 
position. 1 and 2 indicate the link states in the farthest and nearest 
limit positions, respectively
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trajectory, α = α1 + α2 , and β = π− β1 . When the end-
point of the seedling claw moves from the nearest to the 
farthest position of the trajectory, α = α1 − α2 + 2π , and 
β = π− β1.

The coordinates (xf , yf ) of the fixed-hinge point F, the 
coordinates (xp, yp) of the trajectory point Pn, and the 
lengths LFG and LGP of rods I and II are known. The 
length from either trajectory point Pn to the fixed-hinge 
point F is LFP =

√

(xp − xf )2 + (yp − yf )2 , and the swing 
angle is α1 = tan−1((yp − yf )/(xp − xf )) . The inner 
angles of the triangle are 
α2 = cos−1((L2FG + L2FP − L2GP)/2LFGLFP) and 
β1 = cos−1((L2FG + L2GP − L2FP)/2LFGLGP) . The calcu-
lated rotation angles of rods I and II are location depend-
ent and related through the angular displacement 
function of the connecting rod:

By substituting the data values into the angular dis-
placement relationship (Eq. (13)), the angular displace-
ment of rod II relative to rod I is plotted in Figure  9. 
Note that the initial point of the abscissa is the angular 
displacement of rod I (−0.2517 rad) when the mecha-
nism moves to the furthest position of the trajectory. At 
this point, rod I and rod II are collinear and their relative 
angular displacement is zero.

3.2  2 SDOF Model of the Seedling Pick‑up Mechanism
3.2.1  Simplified Model Analysis and Calculation 

of the Transmission Ratio
To ensure that rod I and rod II in Figure  3 define two 
hinge point locations of the servo motor, the angular 
displacement relation shown in Eq. (13) is solved for the 
rotation angles of the two servo motors.

The transmission of the mechanism is simplified by 
reducing the input power of the mechanism and trans-
forming the 2-DOF mechanism into an SDOF mecha-
nism. The members must still meet the requirements of 

(13)β = f (α).

Eq. (13) while being suitable for high-speed movement. 
Two pairs of gear-meshing transmission interactions can 
transfer the position–speed relationship between the 
links. The present study adopts a planetary gear train 
mechanism with a two-stage transmission of four gears 
(Figure 10). Sun gear 1 and planet gear 4 are fixed to the 
frame (the ground) and seedling arm 5, respectively. The 
driving of planet frame 6 moves seedling arm 5. This 
mechanism has a single DOF.

The angular displacement relationship between the two 
bars governs the transmission ratio between sun gear 1 
and planet gear 4. The total transmission ratio iz of the 
two-stage gears is the rotation speed ω1 of rod I relative 
to point F divided by the rotation speed ω2 of rod II rela-
tive to rod I:

The transmission ratio as a function of angular dis-
placement, obtained by substituting the obtained data 
into the above formula, is plotted in Figure  11, repre-
senting a secondary range of the transmission ratio rela-
tionship. The starting point of the abscissa is the angular 
displacement of rod I when the endpoint at point 1.

3.2.2  Distribution of the Total Transmission Ratio
As shown in Figure 10, sun gear 1 meshes with the first 
middle gear 2, which (along with the second middle gear 
3) is fixed to intermediate shaft M. The second middle 
gear 3 then meshes with planetary gear 4. The meshing 
motion of sun gear 1 and the first middle gear 2 governs 
the first transmission ratio, and the meshing motion of 

(14)iZ =
ω1

ω2

=
dα/dt

dβ/dt
.

Figure 9 Angular displacement of rod I and rod II

Figure 10 Schematic of the two-stage, four-gear transmission 
mechanism: 1. Sun gear, 2. First middle gear, 3. Second middle gear, 4. 
Planet gear, 5. Seedling arm, and 6. Planet frame
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the second middle gear 3 and planet gear 4 governs the 
second transmission ratio. As the two transmission ratios 
are independent, their product gives the total transmis-
sion ratio. When the total transmission ratio is known, 
the first transmission ratio can be set, and the second 
transmission ratio can be solved.

The total transmission ratio in Figure  11 exhibits two 
unsteady fluctuations, and the second peak is signifi-
cantly higher than the first. The flatter the transmission 
ratio curve, the more stable is the curvature radius of 
the corresponding noncircular gear changes. Therefore, 
a constant transmission ratio is favorable for generating 
the tooth profile.

To this end, the first-order transmission was fitted 
using an elliptic equation. Let r1 and φ1 be the radius of 
curvature and angle of rotation of the sun gear, respec-
tively, and let r2 and φ2 be the corresponding quantities of 
the first middle gear 2. The elliptic equation of sun gear 1 
is given as:

where a denotes the major axis of the ellipse and k1 is the 
eccentricity.

The change period of the angle of rotation to diameters 
r1 and r2 is [0, 2π), and the center-to-center distance of 
the two wheels is a12=2a. Therefore:

Both peaks in the total transmission ratio curve (Fig-
ure  11) should be reduced. The second fluctuation in 
the total transmission ratio is presumably caused by the 
transmission of the gear contributing to the transmission 

(15)r1 =
a(1− k21 )

1− k1 cosϕ1
,

(16)



















r2 =
a(1−k2

1
)

1+k1 cosϕ2
,

ϕ2 = 2 arctan

��

1+k1
1−k1

�

tan
ϕ1
2

�

,

i12 =
1−2k1 cosϕ1+k2

1

1−k2
1

.

ratio i12. The second peak of iz appears at 245.69°. The 
transmission ratio i12 is a cosine function of the angular 
displacement (Eq. (16)), which peaks at 180°. Adding the 
initial phase angle and shifting the abscissa (180°) of the 
highest point to 245.69°, one obtains:

The second transmission ratio is:

The corresponding angle is:

Let r3 and r4 be the radius of curvature of the second 
middle gear and planet gear, respectively, and let L be 
their center distance, given the following conditions:

When the first transmission ratio curve is selected as 
the cosine curve, the second transmission ratio curve is 
the curve with double fluctuation in the cycles. The ratio 
of the two peaks in the total transmission ratio is approx-
imately 1:3. After the transmission ratios are distributed, 
the magnitudes of the two peaks in the second transmis-
sion ratio curve are nearly equal (ratio 1:1). Under the 
above constraints, one obtains k1=0.2702.

By substituting the data into the above equation, the 
transmission ratios and rotation angles were obtained 
for all orders. Figure  12 shows three kinds of transmis-
sion ratio curves. The angular displacement of the driving 
gear of the first and total transmission ratios is the rota-
tion angle φ1 of the sun gear, which is uniformly distrib-
uted. The angular displacement of the driving gear of the 
second transmission ratio should equal the rotation angle 
φ3 of the second middle gear obtained by Eq. (19), which 
is not evenly distributed.

The red transmission ratio curve in Figure 12 traces the 
pitch of the elliptic gear, and its pitch curve and tooth 
profile generation method can be easily identified. The 
blue transmission ratio curve is a quadratic equal-ampli-
tude transmission ratio curve; Figure 13 shows the corre-
sponding gear pitch curve. As the tooth profile of a nodal 
curve with two convex points is difficult to generate, 
the nodal curve was segmented, and two independent 

(17)















ϕ′

1 = ϕ1 − 65.69,

ϕ′

2 = 2 arctan

��

1+k1
1−k1

�

tan
(ϕ1−65.69)

2

�

,

i′12 = −
2k1
1−k2

1

cos(ϕ1 − 65.69)+
1+k2

1

1−k2
1

.

(18)i34 = iz/i
′

12.

(19)ϕ3 = ϕ′

2,

(20)ϕ4 =

∫ ϕ3

0

1

i34
dϕ3.

(21)
{

r3 + r4 = L,

r3(ϕ3) =
L

1+i34
.

Figure 11 The total transmission ratio
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incomplete noncircular gears were fixed in position to 
form a combined gear. The transmission ratio of the com-
bined gear meets the expected requirements.

The research [26, 27] and processing [28‒30] of noncir-
cular gears are quite mature, but there is no correspond-
ing relevant literature on combined gear research. In this 
paper, a method of noncircular tooth profile generation 
using simulated gear forming is introduced, which can 
also be used to design incomplete noncircular gears. In 
Figure 14, when the tool gear simulates machining non-
circular gears, with the benchmark gear billet fixed, the 
tool gear moves according to the predetermined path, 
with both gears orbiting around the center of the bench-
mark gear billet, and rotates around the rotary center of 
the tool gear itself to ensure that the cutting tool and the 
tangent to the noncircular gear pitch curve exhibit pure 
rolling, forming the final tooth profile. A Visual Basic 
control algorithm and the AutoCAD Boolean operation 
enable tooth profile generation. According to the data 
calculated by Eqs. (15)‒(21), the combined gear shown in 
Figure 15 is constructed.

Considering the strength of the gear, enlarge the 
center distance of the two-stage gear, set them to 60 

mm, and ensure the distance between sun gear and 
planet gear is 102 mm (Length of rod I in computed 
result). Double seedling pick-up arms are arranged in 
the mechanism to improve the effectiveness of trans-
plantation, as shown in Figure 16. The two-clawed seed-
ling pick-up mechanism can pick up seedlings twice 
when the planet frame rotates once, thereby ensuring 
high picking efficiency. Two claws are designed rota-
tional symmetrically, and the motion meets the design 
requirements.

Figure 12 Comparison graphs of three transmission ratios (red line–
the first transmission ratio; blue line–the second transmission ratio; 
black line–the total transmission ratio)

Figure 13 Pitch curve of secondary continuous unequal-amplitude 
combined gear

Figure 14 Gear processing method: a Schematic diagram: 1. 
Benchmark gear billet, 2. Processed gear pitch curve, 3. Tool gear in 
the initial position, 4. Moving tool gear; b Process diagram; c Finished 
diagram

Figure 15 3D model of the quadratic equal-amplitude combined 
gear
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4  Prototype Test
Based on the node curve optimized in the previous sec-
tion, virtual and physical gears were constructed (Fig-
ure  17). Then, virtual and physical prototypes were 
designed and manufactured for seedling pick-up. The 
virtual model was imported into kinematics simulation 
software to obtain its motion trajectory. The physical 
prototype was assembled on a test bench for the seed-
ling pick-up test, and a kinematics test with high-speed 
photography was conducted. The high-speed camera 
captured the motion trajectory curve in a working period 
of the seedling pick-up process. The ideal (Figure  2), 
simulated (Figure 18a) and experimental (Figure 18b) tra-
jectories were compared, and it was found that those tra-
jectories were essentially the same. 

Furthermore, as a representative example, the rod 
angles of the first and fifth key points were tested. The 
corresponding ideal angles are 169.34° and 115.69°, as 
shown in Figure 7. The same is true of the value measured 

in virtual simulation. In the prototype test, the measured 
data are 11.20° (supplementary angle of 168.80°) and 
65.15° (supplementary angle of 114.85°). There is a slight 
deviation between the measured data and the ideal value, 
which is caused by manufacturing and assembly error. 
Figure 19 shows the angle of the key point 5.

Experiments on seedling pick-up and seedling pushing 
were carried out with the physical prototype (Figure 20). 
The results show that the trajectory and the rod angles 
of the key points meet the expected requirements. The 
accuracy of the design process and the rationality of the 
design method are confirmed by validation of the trajec-
tory and key point data. The mechanism designed by this 
method can efficiently pick up seedlings.

5  Conclusions
The paper proposed a novel seedling pick-up mechanism 
for an automatic vegetable transplantation machine. 
The design method of the seedling pick-up mechanism 
was introduced. The dimensional synthesis of the two-
bar mechanism was performed, and the bar lengths and 
hinge points were calculated via a Burmeister curve 
model. Under the theoretical and practical constraints, 
the model data were obtained by appropriate adjustment. 
The possible mechanism combinations were determined 
by comprehensively designing the mechanism scales and 
selecting the structural parameters to obtain superior 
solutions. The number of DOFs was reduced through a 
planetary gear transmission mechanism. The mechanism 
also satisfied the tracking requirements to achieve correct 
orientation at crucial positions. Furthermore, the method 
of incomplete noncircular tooth profile generation was 
also provided. Finally, virtual and physical prototypes of 
the seedling pick-up mechanism were fabricated to vali-
date the design method. The developed machine can be 
used to efficiently pick up pot seedlings.

Figure 16 Two-jaw pattern of the seedling pick-up mechanism: 1. 
Sun gear, 2. First middle gear, 3. Second middle gear, 4. Planet gear, 5. 
Planet frame, 6. Seedling arm, and 7. Seedling pick-up trajectory

Figure 17 Gears of the planetary gear train: a virtual and b physical 
prototype

Figure 18 Motion trajectory: a virtual and b physical prototype
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