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Abstract: The rotary plug seedling pick-up mechanism for vegetable automatic transplanter is the technical bottleneck to 

improve the mechanization level of vegetable planting in China.  In order to solve the problems of rotary seedling pick-up 

mechanism proposed in previous study, such as low success ratio of seedling pick-up at high speed, and interference between 

the seedling bowl and the end of the other seedling pick-up arm, a novel kind of rotary seedling pick-up mechanism of 

planetary gear train with combined type gears of incomplete denatured-eccentric-circular and non-circular gears was proposed.  

Through kinematic analysis of the seedling pick-up mechanism, the kinematics model was established.  The computer-aided 

analysis and optimization software with human-computer interaction method was developed to realize parameters optimization 

of the seedling pick-up mechanism.  Three-dimensional parametric design system of seedling pick-up mechanisms with 

combined non-circular gear transmission was developed for mechanism virtual simulation to verify the correctness of 

theoretical model and design results of the mechanism.  The physical prototype of the mechanism was manufactured, and 

high-speed camera kinematics tests of the mechanism were conducted in the laboratory to study its kinematic characteristics.  

Laboratory seedling pick-up tests were carried out.  The mechanism has the success ratio of seedling pick-up 96.3% without 

interference during seedling transporting when the rotation speed of the mechanism is 50 r/min and the seedling transplanting 

efficiency is 100 plants/min per row, showing that the novel mechanism has better working performance than the original one 

and could be applied in vegetable plug seedling transplanter. 
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1  Introduction

 

China is the largest vegetables producer and consumer in the 

world, and the planting areas and yields of vegetable in China 

account for about 40% and 50% of the world's total, respectively.  

Moreover, the vegetable production will continue to grow in the 

coming years in China.  To accelerate the research of vegetable 

plug seedling transplanter is very conducive to the mechanization 

level promotion of dryland economic plant and the rapid 

development of its industry, which plays an important role in 

promoting farmers’ income and rural economic transformation[1]. 

Automatic transplanter, compared with semi-automatic 

transplanting machine, can automatically complete the whole 
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transplanting process of seedling pick-up and planting, which has 

the advantages of good transplanting quality, high transplanting 

efficiency and low production cost[2].  Automatic transplanting 

mechanism is the core working part that determines the quality and 

efficiency of transplanting machine, in which the seedling planting 

mechanism has been developed relatively mature, and the seedling 

pick-up mechanism is the technical bottleneck that restricts the 

development of automatic transplanting machine, so it becomes the 

research and development trend and focus for automatic 

transplanter[3-5].  European and American countries started 

research on automatic transplanter technology early.  Thus, some 

automatic transplanting machines have been well promoted to be 

used in the seedling transplanting of big fields.  The seedling 

pick-up mechanism used in Ferrari Futura series and Pearson 

automatic transplanter of Italian and the UK adopts the seedling 

ejection rod to push out the rows of seedlings or once take out a 

row of seedlings by the seedling pick-up claws from the plug tray.  

The success ratio of seedling pick-up is very high (more than 120 

plants per minute per row), but the transplanters are expensive, 

complicated and not easy to maintain[6].  Shaw L N.[7,8] in the 

United States put forward an ejection-type seedling pick-up 

mechanism which used pneumatic ejector to push out plug 

seedlings and coordinated with belt conveyor and spatial link 

mechanism to realize tomato and pepper plug seedling 

transplanting with high transplanting efficiency and success ratio.  

Armstrong et al.[9] designed a seedling pick-up mechanism of 
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seedling- pushing-rod type that could provide plug seedling for 

seedling planting mechanism in order and realize automatic 

transplanting.  Its structure is complex and transplanting 

efficiency is low.  Asian countries as Japan and South Korea also 

attach great importance to automatic transplanter research[10-14].  

Naokatsu et al.[11] invented a seedling pick-up mechanism 

composed of a gear train and link-slideway which had been applied 

in actual production.  Its seedling pick-up efficiency is not high 

enough (about 50 plants per minute per row) and the slideway is 

easy to wear.  Choi et al.[13] proposed a seedling pick-up 

mechanism of crank-guide rod-slideway type with simple structure.  

Its seedling pick-up efficiency is low (about 30 plants/min) and the 

slideway is prone to wear.  Prasanna K et al.[14] also proposed a 

kind of paper pot seedling pick-up device in which the horizontal 

slat-type chain conveyor was used as feeding conveyor and 

horizontal pusher type chain conveyor was used as metering 

conveyor.  The transplanting quality of the machine is good, but 

the transplanting efficiency is still low (32 plants/min).  In 

General, the transplanting machines designed by European and 

American countries have high success ratio of seedling pick-up and 

are suitable for transplanting in large fields, but they mostly have 

the problems of complicate structure and high prices, and are 

difficult to be fully used in China.  Asian countries as Japan, 

South Korea and India have developed some seedling pick-up 

mechanisms according to the actual seedling transplanting of their 

countries, but due to their structural limitation, the efficiency of 

seedling pick-up is still not high enough.  

In China, it is not long to study automatic seedling pick-up 

mechanism that has not been applied.  Jin et al.[15,16] proposed a 

combined type seedling pick-up mechanism of geared five-bar 

with low seedling pick-up efficiency.  Yin et al.[17] designed a 

seedling pick-up device that could control the opening and 

closing of the seedling pick-up claw by slideway (grooved cam) 

to complete the operations of the seedling pick-up and pushing, 

but the rigid impact of the device is easy to cause plug seedlings 

to fall during seedling transportation.  Zhang et al.[18] proposed a 

pointer clamping type transplanting claw mechanism based on 

pneumatic technology.  Its transplanting success ratio is low 

(only 81.5%) and it is unsuitable for high-speed transplanting.  

In recent years, Yu et al. in the Agricultural Machinery Institute 

of Zhejiang Sci-Tech University in China, have studied much on 

rotary pick-up mechanism for dryland plug seedling.  Yu et al. 

and Ye et al.[19-24] proposed a seedling pick-up mechanism of 

planetary gear train with incomplete non-circular gear 

transmission which realized non-uniform intermittent 

transmission.  Zhao et al.[25,26] also proposed a seedling pick-up 

mechanism of a second-order free noncircular planetary gear 

system with non-uniform continuous transmission.  The Chinese 

researchers mainly turned to the development of automatic plug 

seedling pick-up mechanism, but they are mostly in the 

experimental stage for these years.  At present, there is still no 

efficient seedling pick-up mechanism applied in the automatic 

transplanting machine for dryland plug seedlings, suitable for 

large-scale promotion and application of plug seedling 

transplanting model in China.  

Ye et al.[27] and Yu et al.[28] proposed a seedling pick-up 

mechanism of planetary gear train with combined non-circular 

gears of non-uniform continuous transmission.  Through the 

seedling pick-up tests, the mechanism has a good success ratio of 

seedling pick-up (93.8%) under a relatively high seedling 

efficiency (60 plants per minute per row), but there are still three 

main problems: Firstly, insufficient seedling pick-up depth leads to 

low success ratio (only 83.6%) when the rotation speed of the 

mechanism increases to 50 r/min (the seedling pick-up efficiency is 

100 plants per minute per row).  Secondly, the seedling pick-up 

angle is a little large (above 50°), which also reduces the success 

ratio of seedling pick-up.  Thirdly, during the process of seedling 

transportation, the minimum distance between the two seedling 

pick-up arms is a little small, which results in slight interference 

between the seedling bowl and the end of the other seedling 

pick-up arm.  In this paper, a rotary seedling pick-up mechanism 

of planetary gear train with combined type gears of incomplete 

denatured-eccentric-circular and non-circular gears was proposed 

while the incomplete eccentric circular gear in the original 

mechanism was denature-treated.  The kinematics analysis and 

modeling of the seedling pick-up mechanism were carried out, and 

the mechanism parameters were optimized by using the 

human-computer interaction optimization method.  Some other 

studies on the mechanism were conducted, including development 

of three-dimentional parametric design system, virtual motion 

simulation, high-speed camera kinematics tests and seedling 

pick-up tests. 

2  Transplanting scheme for vegetable plug seedling 

In this paper, the plug seedling tray with 8×16 cells is adopted 

for transplanting vegetable plug seedling in which the top and 

bottom of each cell are squares of 31 mm×31 mm and 17 mm×  

17 mm, respectively, the cell depth is 44 mm, and the center 

distance between the two adjacent cells is 36.5 mm.  The plug 

seedling tray used for mechanical transplanting and the cultivated 

vegetable plug seedlings was shown in Figure 1.  During 

transplanting operation, the position of vegetable plug seedling is 

controlled by seedling delivery devices of longitudinal and 

transverse direction.  The rotary plug seedling pick-up mechanism 

extracts the plug seedlings from the plug seedling tray shown in 

Figure 1, and pushes them into the duckbill-type planting 

mechanism developed by our research team while they are 

transported to the seedling pushing position.  After the plug 

seedlings fall into the hole which the planting mouth has been 

opened, the covering wheel covers the soil and then the 

transplanting operation is completed.  
 

  
a. Plug seedling tray b. Vegetable plug seedlings 

 

Figure 1  Plug seedling tray and vegetable plug seedlings for 

transplanting 
 

As shown in Figure 2, the rotary seedling pick-up mechanism 

is composed of a planetary gear train (driving mechanism) and two 

seedling pick-up arms (executive part).  During the rotation of the 

seedling pick-up mechanism, the cusp H of the seedling pick-up 

arm forms a closed trajectory ABCDEFA, and the posture of the 

seedling pick-up arm should be well controlled while the seedlings 

are extracted and pushed.  The working process of the rotary 

seedling pick-up mechanism can be divided into four stages of 

seedling pick-up, seedling transportation, seedling pushing and 

return stroke, which are corresponding to the trajectory of ABC, 

CDE, EF and FA, respectively. 
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1. Planetary gear train  2. Motion trajectory  3.Seeding pick-up arm  4. Plug 

seedling tray 

Figure 2  Operation scheme of the seedling pick-up mechanism 

3 Kinematics model of rotary seedling pick-up 

mechanism 

The rotary seedling pick-up mechanism of planetary gear train 

with combined type gears of incomplete non-circular and 

denatured-eccentric-circular gears is centro symmetric with the sun 

gear.  It consists a combined gear composed of an incomplete 

denatured-eccentric-circular gear and a concave tooth non-circular 

gear (sun gear), two combined gears composed of non-circular gear 

and convex tooth non-circular gear (middle gears), two planetary 

non-circular gears, planetary carrier and two seedling pick-up arms.  

The sun gear is fixed with the frame and the planetary carrier 

rotates counterclockwise as driving link.  The transmission of the 

sun gear and the middle gear is a transmission mechanism of 

combined incomplete denatured-eccentric-circular and non-circular 

gear to achieve non-uniform continuous transmission.  A 

combined mechanism of a cam-rocker mechanism and a double 

rocker-slider mechanism is adopted in the seedling pick-up arm to 

control the opening and closing of the seedling clamping board to 

realize the actions of seedling pick-up and pushing.  The shell of 

the seedling pick-up arm is fixed with the planetary gear through 

the shaft of the planetary gear, and the cam is fixed with the 

planetary carrier and rotates with it.  The kinematics analysis of 

the seedling pick-up mechanism was conducted and its kinematics 

model was established [27-30]. 

The motion diagram of one side of the seedling pick-up 

mechanism of planetary gear train with combined type gears of 

incomplete denatured-eccentric-circular and non-circular gear is 

shown in Figure 3, among which the initial position of the seedling 

pick-up mechanism is shown in Figure 3a, and the position after 

the planetary carrier is rotated counterclockwise by an angle φ1 is 

shown in Figure 3b.  In the mechanism, the first-stage 

transmission is alternately meshed by two pairs of gear 

transmission of the incomplete denatured-eccentric-circular gear 1 

and the middle non-circular gear 4, and the concave tooth 

non-circular gear 2 and the convex tooth non-circular gear 3; the 

second-stage transmission is meshed by the middle non-circular 

gear 4 and the planetary non-circular gear 6. 

The rectangular coordinate system Oxy shown in Figure 3 was 

established.  Points O1, O2 and O3 are the rotation centers of the 

planetary carrier, the middle gear and the planetary gear, 

respectively.  Points I and J are the meshing points between the 

sun gear and the middle gear, and the middle gear and the planetary 

gear, respectively.  φ0 and δ0 are the initial installation angle and 

corner angle of the planetary carrier, respectively.  α0 is the 

installation angle of the seedling pick-up arm.  β is the central 

angle of the pitch-curve of the toothed part of the incomplete 

denatured-eccentric-circular gear 1.  α is the center angle 

corresponding to the partial pitch-curve of the middle non-circular 

gear 4 meshing with the incomplete denatured-eccentric-circular 

gear 1.  R1, R2 and R3 are the radius vectors of the pitch-curves of 

the incomplete denatured-eccentric-circular gear 1, the middle 

non-circular gear 4 and the planetary non-circular gear 6, 

respectively.  R4 and R5 are the radius vectors of the concave tooth 

non-circular gear 2 and the convex tooth non-circular gear 3, 

respectively.  φ1 is the angular-displacement of the planetary 

carrier 5.  φ2 is the angular displacement of the middle gear 

rotating counterclockwise.  φ3 is the angular displacement of the 

planetary non-circular gear 6 rotating clockwise.  e, k, R and θ are 

the eccentric distance, eccentricity, radius and initial 

angular-displacement of the incomplete denatured-eccentric circle, 

respectively.  a1 and a2 are the center distance of the first-stage 

gear transmission and the second-stage gear transmission of the 

seedling pick-up mechanism, respectively. 

 
a. Initial position             

 
b. Position after the planetary carrier is rotated counterclockwise by an angle φ1 

1. Incomplete denatured-eccentric-circular gear (sun gear)  2. Concave tooth 

non-circular gear  3. Convex tooth non-circular gear  4. Middle non-circular 

gear  5. Planetary carrier  6. Planetary non-circular gear  7. Seedling pick-up arm 

Figure 3  Motion diagram of the rotary seedling pick-up 

mechanism of planetary gear train with combined type gears of 

incomplete denatured-eccentric-circular and non-circular gears 
 

3.1  Design of the pitch-curves of incomplete denatured- 

eccentric-circular gear and middle non-circular gear 

The meshing pitch-curve length of the incomplete 

denatured-eccentric-circular gear 1 and the middle non-circular 

gear 4 should be equal, thus when φ1 = β, φ2 = α, the following 

equation is obtained: 

1 1
1

0
2 2

( )
=

( )

R
d

R

 
 

                  (1) 
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where, m11 is the denatured coefficient of the incomplete 

denatured-eccentric-circular gear 1. 
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where, k = e/R. 

When the parameters α, β, e, R, θ and m11 are determined, the 

center distance of the first-stage gear transmission of the seedling 

pick-up mechanism a1 can be calculated out according to Equation 

(3).  

The radius vector of the pitch-curve of the middle non-circular 

gear 4 meshing with the incomplete denatured-eccentric-circular 

gear 1 is 

2 2 1 1 1 2( ) ( ) 0R a R      ,             (4) 

3.2  Design of the pitch-curves of the concave tooth 

non-circular gear and the convex tooth non-circular gear, the 

planetary non-circular gear 

The transmission ratio function 
1 1( )i  of the middle 

non-circular gear 4 and the incomplete denatured-eccentric-circular 

gear 1 is 
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 (5) 

When the middle gear composed of the convex tooth 

non-circular gear 3 and the middle non-circular gear 4 is rotated by 

one cycle, it should return to the initial installation position.  

Therefore, the pitch-curve of the concave tooth non-circular gear 2 

and the convex non-circular gear 3 should satisfy the following 

equation: 
2

2 1 12 ( )i d



                       (6) 

where, i2(φ1) is the transmission ratio function of the gears 2 and 3, 

and is calculated out under the conditions of ensuring the 

smoothness of the gear transmission and the continuity of the 

change of transmission ratio i1(φ1) and i2(φ1) in one cycle. 

According to Yu et al.[27], the pitch-curve equations for the 

transmission of the concave tooth non-circular gear 2 and the 

convex tooth non-circular gear 3, and the radius vector of the 

pitch-curves of the middle non-circular gear 4 and the planetary 

non-circular gear 6 are as follows, respectively. 
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where, the coefficients c0, c1, c2, and c3 are calculated out under the 

condition of ensuring the completeness, smoothness and continuity 

of the pitch-curve of the middle non-circular gear 4 in one cycle. 

3.3  Displacement analysis of the cusp of the seedling pick-up 

arm 

According to the geometric relationship of the seedling pick-up 

mechanism, the relative displacement equation of the cusp H of the 

seedling arm is obtained as follows: 
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     (10) 

where, S is the distance between the cusp of the seedling pick-up 

arm and the rotation center of the planetary non-circular gear. 

4  Parameter optimization of rotary seedling pick-up 

mechanism 

The human-computer interaction optimization method can 

effectively realize the parameters optimization of rotary plug 

seedling pick-up mechanism for vegetable automatic transplanter 

which is the complex multi-objective optimization problem with 

the characteristics of nonlinearness, fuzzyness and strong coupling.  

The optimization method was used to realize the parameter 

optimization of the mechanism according to four steps of 

mathematical modeling, developing optimization software, 

analyzing the influence of variables on objectives, and optimization 

results analysis[31-34]. 

4.1  Optimization objectives and design variables of seedling 

pick-up mechanism 

In order to meet the requirements of mechanical pick-up for 

vegetable plug seedlings and improve the problems of the original 

mechanism[28], the main optimization objectives of the seedling 

pick-up mechanism about the motion trajectory, the posture of the 

seedling pick-up arm were determined as follows: 

1) The length of the seedling pick-up trajectory in the tray 

should be longer than 35 mm; 

2) The seedling pick-up trajectory should form a slender ring 

and the width of the ring should be less than 5 mm; 

3) The seedling pushing angle of the mechanism should exceed 

50°. 

In addition, there also should be no motion interference 

between the two seedling pick-up arms or between the arms and the 

plug seedling tray. 

Through kinematic analysis of the seedling pick-up mechanism, 

the following design variables were selected: the central angle 

corresponding to the pitch-curve of the toothed part of the 

incomplete denatured-eccentric-circular gear β; the radius, 

eccentric distance and denatured coefficient of the incomplete 

denatured eccentric circle R, e and m11; the central angle 

corresponding to the pitch-curve of the meshing part of the middle 

non-circular gear with the incomplete denatured-eccentric-circular 
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gear α; the initial installation angle and corner angle of the 

planetary carrier φ0 and δ0; the initial angular-displacement of the 

incomplete denatured eccentric circle θ; and the distance between 

the cusp of the seedling pick-up arm and the rotation center of the 

planetary non-circular gear S. 

4.2  Optimization and results analysis of seedling pick-up 

mechanism 

It is benefit for improving optimization efficiency to analyze 

the influence of the design variables on the motion trajectory.  In 

this paper, the influence of the denatured coefficient of the 

incomplete denatured-eccentric-circular gear m11 was analyzed 

because many researches were already conducted on the influence 

analysis of the other variables[29].  The denatured coefficient m11 

affects the trajectory of the seedling pick-up section and the 

trajectory height by adjusting the peak position of the transmission 

ratio.  As shown in Figure 4, when m11 increased from 0.9 to 1.1, 

the trajectory height increased from 166.45 mm to 204.12 mm.  

When m11 was equal to 0.9, the width of the ring was 3.8 mm and 

the length of the seedling pick-up trajectory of approximate line 

segment was long, which is benefit to seedling pick-up.  When it 

was equal to 1 or 1.1, no ring was formed, which is not suitable for 

seedling pick-up. 

The human-computer interaction analysis and optimization 

software based on the visualization development platform of Visual 

Basic 6.0 for the design of the seedling pick-up mechanism was 

developed, and its main interface is shown in Figure 5, in which 

region 1 is the software function selection area.  By using the 

software, the parameters of the mechanism are input or adjusted in 

region 3 to simulate the motion of the mechanism, and to analyze 

the influence of the design variables on the mechanism trajectory 

and the angular-displacement of seedling pick-up arm.  The 

schematic diagram and motion trajectory of the mechanism are 

displayed in real time and the motion interference is checked.  The 

tooth profile of the non-circular gear is designed.  In region 4, 

real-time output the results of the seedling pick-up angle, the 

seedling pushing angle and their difference of the seedling pick-up 

mechanism. 

 
Figure 4  Influence of denatured coefficient on the trajectory 

 
1. Menu area  2. Graphic-display area  3. Parameter-input area  4. Results-output area 

Figure 5  Main interface of parameter-optimization software for the seedling pick-up mechanism 
 

According to human-computer interaction optimization, a set 

of parameters of the seedling pick-up mechanism satisfying the 

optimization objectives were obtained: β=286°, α=318°, e=3.5 mm, 

R=30 mm, m11=0.9, φ0=71°, δ0=34°, θ=30° and S=152 mm.  The 

parameters of the middle non-circular gear were c0=65.48, c1= 

–11.20, c2=0.10 and c3=0.11.  The center distance of the 

first-stage transmission and the second-stage transmission were 

a1=55.47 mm and a2=51.812 mm, respectively. 

After parameter optimization of the mechanism, the motion 

trajectory of the mechanism was obtained, as shown in Figure 6.  

The trajectory of the seedling pick-up section forms a slender ring 

whose width is 3.8 mm.  The trajectory length in the seedling tray 

is 38.4 mm, and the trajectory of the seedling pick-up section is 

nearly perpendicular to plug seedling tray.  The seedling pushing 

angle is approximately 52.05°, and meanwhile, the height of the 

trajectory is 166.4 mm.  Motion simulation of the seedling 

pick-up mechanism indicates that there is no motion interference in 

the mechanism.  The parameter-optimization results of the seedling 

pick-up mechanism meet the requirements of the optimization 

objectives, and the optimized seedling pick-up mechanism meets 

the requirements of the vegetable plug seedling transplanting. 

The comparison of motion trajectories and relevant parameters 

of the seedling pick-up mechanism in this paper and the original 

one in literature [28] are shown in Figure 6 and listed in Table 1, 

respectively.  

According to Figure 6 and Table 1, the seedling mechanism in 

this paper has the following advantages: 

1) The trajectory length in the seedling tray increases from 

30.4 mm to 38.4 mm, meaning the seedling pick-up claws can 

insert deeper into the tray and be easier to clamp plug seedlings 

during the process of seedling pick-up, which is conducive to 

improve the success ratio of seedling pick-up of the new seedling 
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pick-up mechanism.  

2) The seedling pick-up angle decreases from 50.01° to 45.21°, 

meaning that the seedling pick-up claws are almost perpendicular 

to the plug seedling tray during the seedling pick-up stage, which is 

conducive to avoid the interference between the seedling pick-up 

claws and the seedling tray, and also improve the success ratio of 

seedling pick-up. 

3) The distance between the easily interfered positions 

increases from 21.45 mm to 23.74 mm and meanwhile the 

trajectory length in the seedling tray also increases, which are 

conducive to avoid the motion interference between the seedling 

bowl and the end of the other seedling pick-up arm. 

 
Figure 6  Motion trajectory comparison between new seedling 

pick-up mechanism and the original one 
 

 

Table 1  Relevant parameters comparison between the 

seedling pick-up mechanism in this paper and the original one 

 
New seedling pick-up 

mechanism
 

Original seedling 

pick-up mechanism 

The trajectory length in the 

seedling tray/mm 
38.4 30.4 

The distance between the easily 

interfered positions/mm 
23.74 21.45 

Seedling pick-up angle/(°) 45.21 50.01 

Seedling pushing angle/(°) 52.05 52 
 

5  Virtual simulation and tests of rotary seedling 

pick-up mechanism 

5.1  Virtual simulation of seedling pick-up mechanism 

5.1.1  Development of the three-dimensional parametric design 

system 

The three-dimensional parametric design system developed for 

the seedling pick-up mechanism of combined non-circular gear 

transmission can not only automatically generate the 

three-dimensional solid model of the seedling pick-up mechanism, 

but also directly derive the two-dimensional drawings of the 

corresponding parts of the mechanism.  What’s more, it can also 

be applied to the parametric design of the rice plug seedling 

transplanting mechanism of the similar configuration through 

parameters adjustment, which is conducive to shorten design cycle 

of mechanisms.   

The 3D software NX10.0 was taken as the development 

platform and the block UI style editor module was used to 

customize user interface, and secondary development of NX10.0 

was completed by using C++ language, then the three-dimensional 

parametric design system for the seedling pick-up mechanism of 

combined non-circular gear transmission was developed, as shown 

in Figure 7.  In the parametric design system, twelve main 

parameters were taken to express the three-dimensional model of 

the seedling pick-up mechanism, including the central angle 

corresponding to the pitch-curve of the toothed part of the 

incomplete denatured-eccentric-circular gear β; the radius, 

eccentric distance and denatured coefficient of the incomplete 

denatured eccentric circle R, e and m11; the central angle 

corresponding to the pitch-curve of the meshing part of the middle 

non-circular gear with the incomplete denatured-eccentric-circular 

gear α; the initial installation angle and corner angle of the 

planetary carrier φ0 and δ0; the initial angular-displacement of the 

incomplete denatured eccentric circle θ; the installation angle of 

seedling pick-up arm α0; the gear module and width m and b; and 

the radius of the sun gear shaft r.  Input the main design parameters 

through the user interface, the 3D model of the seedling pick-up 

mechanism will be automatically built and displayed on the interface. 

 
Figure 7  Parametric design interface of the seedling pick-up 

mechanism 
 

5.1.2  Results analysis of virtual simulation 

The 3D solid model of the seedling pick-up mechanism 

automatically generated was imported into ADAMS2013, and the 

virtual prototype of the seedling pick-up mechanism shown in 

Figure 8 was established for motion simulation.  The motion 

trajectory and angular-displacement curve of seedling pick-up arm 

obtained through virtual simulation were compared with theoretical 

analysis, respectively, which verified the correctness of theoretical 

model and design results of seedling pick-up mechanism. 

 
Figure 8  Virtual prototype simulation of seedling pick-up 

mechanism 
 

The comparison between virtual simulation trajectory and 

theoretical analysis trajectory was shown in Figure 9.  The motion 

trajectory of virtual simulation was shown in Figure 9a where the 

length and width of the ring of the seedling pick-up section 

trajectory are approximately 38.15 mm and 2.8 mm, respectively, 

which are near to the theoretical results of 38.4 mm and 3.8 mm, 

respectively.  The shape and height of the two motion trajectories 

are basically the same, but the FA section of the simulation 
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trajectory is slightly different to that of the theoretical trajectory 

because the concave-convex tooth non-circular gear pairs are 

designed as cam-like by graphic method.  However, the difference 

is the return section trajectory, no influences on the seedling 

pick-up and pushing operations of the mechanism. 

 
a. Simulation trajectory              b. Theoretical trajectory 

Figure 9  Comparison of simulation and theoretical motion 

trajectory of seedling pick-up mechanism 
 

As shown in Figures 10a and 10b, the theoretical curve and 

simulation curve of angular-displacement of the seedling pick-up 

arm are basically the same.  The seedling pushing angles of virtual 

simulation and theoretical analysis of the seedling pick-up 

mechanism are 51.67° and 52.05°, respectively, and the difference 

between them is only 0.38°. 

 
a. Simulation curve 

 
b. Theoretical curve 

Figure 10  Comparison of angular-displacement curves of 

seedling pick-up arm through theoretical analysis and virtual 

simulation 

5.2  Bench tests of the mechanism prototype 

The two-dimensional drawings of components of the 

mechanism, such as non-circular gears, box and shaft, were derived 

by using the three-dimensional parametric design system of 

seedling pick-up mechanism.  Non-circular gears were 

manufactured by wire-cutting technology and processed via 

quenching to improve its strength.  Aluminum alloy parts, 

including gearbox, were manufactured in a machining center, and 

then the parts were assembled into a physical prototype of the 

seedling pick-up mechanism.  As shown in Figure 11, the 

mechanism prototype was installed on a self-made test bench, 

including automatic seedling delivery device, chain drive and 

power device (servo motor).  The high-speed camera kinematics 

tests and seedling pick-up tests of the mechanism prototype were 

conducted in the laboratory to study the kinematics characteristics 

and verify the effect of seedling pick-up. 
 

 
1. Automatic seedling delivery device  2. Seedling pick-up mechanism  3. Chain 

drive  4. Power device 

Figure 11  Test bench of seedling pick-up mechanism 
 

5.2.1  Kinematics tests of the mechanism prototype 

The kinematics tests of seedling pick-up mechanism were 

conducted in the absence of seedlings.  Firstly, the cusp of a 

seedling pick-up arm was marked clearly and the motion trajectory 

of the marked point was captured with Phantom v5.1 high-speed 

camera when the photography frequency was set to 370 fps.  

Secondly, test videos were imported into Photoshop for video layer 

analysis, getting a series of layers and drawing trajectory points one 

by one.  Finally, the motion trajectory of the cusp of the seedling 

pick-up arm shown in Figure 12a was obtained.  

Comparing the test trajectory, simulation trajectory and 

theoretical trajectory shown in Figures 12a, 12b and 12c, 

respectively, the results show that the test trajectory is basically 

consistent with the simulation trajectory, but slightly different to 

the theoretical trajectory in the return section.  The main reason is 

that concave-convex tooth non-circular gear pairs were designed as 

cam-like by graphic method, but the difference is the return section 

trajectory, which would not affect the seedling pick-up and pushing 

of the mechanism. 

During the prototype tests, the mechanism run stably and had 

no motion interference, indicating that the design of the seedling 

pick-up mechanism was effective and correct. 
 

   
a. Test trajectory b. Simulation trajectory c. Theoretical trajectory 

 

Figure 12  Comparison of motion trajectories of seedling pick-up mechanism 
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5.2.2  Seedling pick-up tests of the mechanism prototype 

In the laboratory, the seedling pick-up tests of the mechanism 

prototype were carried out.  The experimental broccoli seedlings 

shown in Figure 1 were cultivated by Hangzhou Hongyue 

Ecological Agriculture Technology Company, with the seedling 

age of 30-35 d, seedling height of 120-180 mm and moisture 

content of 50%.  The seedling pick-up tests were conducted at 

the mechanism rotation speeds of 40 r/min, 50 r/min, respectively.  

The number of plug seedlings successfully extracted was 

recorded, and the success ratio of seedling pick-up was 

calculated. 

As shown in Figure 13, there were three key operations of the 

seedling pick-up mechanism in one working period, including 

seedling pick-up, seedling transportation and seedling pushing.  

The results of seedling pick-up tests are shown in Table 2.  The 

seedling pick-up mechanism has high success ratio of seedling 

pick-up when it runs at high speed.  The success ratio of seedling 

pick-up is 96.3% when the mechanism rotation speed is 50 r/min 

(the seedling pick-up efficiency is 100 plants per minute per row), 

which is much higher than the success ratio of seedling pick-up of 

the mechanism (83.6%) in literature [28].  Through observing the 

operation process of the seedling pick-up mechanism and the effect 

of seedling pushing, the seedling pick-up mechanism solved the 

problem of the interference between the seedling bowl and the end 

of the other seedling pick-up arm, and also greatly improved the 

situations of seedling hanging up and seedling pushing failure.  

The results of seedling pick-up showed that the novel mechanism 

in this paper has better performance than the original one in 

literature [28], and could basically achieve automatic seedling 

efficiency. 
 

   
a. Seedling pick-up b. Seedling transportation c. Seedling pushing 

 

Figure 13  Three key operations of seedling pick-up mechanism 
 

Table 2  Results of seedling pick-up tests 

Rotation 

speed/r·min
-1

 

Total number of 

seedlings (plant) 

Number of seedlings 

successfully extracted (plant) 

Success ratio of 

seedling pick-up/% 

40 56 50 89.29 

50 54 52 96.3 

6  Conclusions 

(1) A novel rotary seedling pick-up mechanism of planetary 

gear train with combined type gears of incomplete 

denatured-eccentric-circular and non-circular gears for vegetable 

plug seedling transplanting was studied based on previous 

researches. Kinematics modeling and analysis of the mechanism 

was performed. 

(2) Through the human-computer interaction analysis and 

optimization software of the seedling pick-up mechanism 

developed based on Visual Basic 6.0, a set of parameters of the 

mechanism meeting design requirements were obtained: β = 286°,  

α = 318°, e = 3.5 mm, R = 30 mm, m11 = 0.9, φ0 = 71°, δ0 = 34°, θ = 

30°, S = 152 mm. 

(3) The three-dimensional solid model of the seedling pick-up 

mechanism was generated by using the self-developed three- 

dimensional parametric design system developed based on 

secondary development of NX10.0 with C++ language, and 

imported into ADAMS2013 for motion simulation, which verified 

the correctness of theoretical model and design results of the 

mechanism. 

(4) High-speed camera kinematics tests and seedling pick-up 

tests were conducted.  The tests results indicate that the 

mechanism has a good trajectory, the success ratio of seedling 

pick-up 96.3% is high and the seedling pushing effects are much 

improved under the high seedling pick-up efficiency of 100 plants 

per minute per row. 

(5) The novel seedling pick-up mechanism solved the main 

problems of the original one effectively, and had better working 

performance and high feasibility to be applied in vegetable plug 

seedling transplanter. 
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