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Design of clamping-pot-type planetary gear train transplanting 
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Abstract: To design a clamping-pot-type wide–narrow-row pot seedling transplanting (WPST) mechanism with desired spatial 

beak-shaped trajectory and working posture, a new design method of planetary gear train transplanting mechanism (PGTM) 

with non-circular gears based on several key spatial poses (position and posture) was proposed.  The PGTM was simplified to 

a spatial open-loop chain with two-revolute (2R) joints.  The geometric constraint equations containing only the structural 

parameters of the chain were then established on the basis of the three key spatial poses, and the homotopy algorithm was used 

to obtain all the required parameters of the mechanism.  In accordance with the parameters obtained, the relative angular 

displacement relation between the planet carrier and the transplanting arm was optimized, the trajectory of the mechanism was 

replayed, and the total transmission ratio was determined.  The degree of freedom of the spatial 2R mechanism was reduced by 

attaching to the unequal gear pair, and the transmission ratio was distributed in accordance with the gear type to realize the 

design of a non-circular gear pitch curve.  Lastly, a clamping-pot-type PGTM for rice WPST driven by the combination of 

planar non-circular and non-conical gears was designed, and virtual simulation and prototype test were conducted.  Results 

showed that the simulation and prototype test trajectories were consistent with the desired trajectory.  Under the operating 

speeds of 50 r/min and 90 r/min, the success rates of seedling picking were 95.32% and 90.15%, respectively, which verified 

the feasibility of the theoretical method.  This method could provide a reference for the design of a spatial PGTM with 

nonuniform transmission. 
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1  Introduction

 

Wide-narrow-row pot seedling transplanting (WPST) of rice is 

a combination of transplanting of rice pot seedlings and 

wide-narrow-row planting, which utilizes the advantages, such as 

avoiding damage to seedlings, rapid green, adequate ventilation, 

and disease prevention, and can effectively improve the yield and 

quality of rice[1,2].  At present, the transplanting of rice pot 

seedlings can be divided into ejection-type swinging and 

clamping-type transplanting in accordance with the different ways 

of picking seedlings[3].  Clamping-type transplanting can be 

divided into clamping-seedling and clamping-pot types on the basis 

of the difference in clamped seedling parts (stem or soil pot).  

Japan’s ejection transplanter has a complex structure, which 

requires multiple sets of mechanisms to complete transplanting and 

is expensive; it is unsuitable for China’s national conditions[4].  

The clamping-type planetary gear train transplanting mechanism 

(PGTM) can complete the operations of clamping, extracting, 
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transporting, and pushing seedlings by using a single mechanism.  

It has a compact structure, continuous and stable work, and low 

cost and has become an important direction for the research of 

various transplanting machines[5,6]. 

Konishi et al.[7] used the characteristics of the variable 

transmission ratio of an eccentric gear pair to apply the PGTM of 

eccentric gear to the transplanting of rice blanket seedlings.  Zhou 

et al.[8] proposed a Bezier gear PGTM and obtained the planar 

“8”-shaped trajectory required for transplanting rice seedlings in 

clamping-seedling type.  Ye et al.[9,10] combined incomplete and 

non-circular gear mechanisms to obtain the characteristics of a 

large transmission ratio needed to realize a specific transplanting 

trajectory shape.  They also designed a clamping-seedling-type 

rice pot seedling transplanting mechanism with equal row spacing 

through the optimization of mechanism parameters.  Sun et al.[11] 

designed a non-conical PGTM by optimizing and adjusting the 

mechanism parameters and obtained a spatial “8”-shaped 

transplanting trajectory suitable for WPST.  However, 

guaranteeing the consistency of clamped seedling parts by using 

the clamping-seedling-type transplanting mechanism is difficult in 

consideration of the difference in rice seedling growth.  Especially 

when the clay sticks on the seedling paws, the success rate of 

picking seedlings is easy to reduce, and the pushing paw cannot be 

pushed completely into the soil pot of seedlings; consequently, the 

planting effect cannot be effectively controlled.  Yu et al.[12] 

designed a clamping-pot-type rice pot seedling transplanting 

mechanism by optimizing the parameters of non-circular and 

incomplete non-circular gear mechanisms that can directly insert 

the seedling needle into the pot to take out the seedlings, and the 
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soil pot will be pushed away from the seedling needle under the 

action of pushing seedling paw.  Accordingly, the seedlings will 

have a good vertical degree of planting, but this mechanism is only 

suitable for transplanting in equal rows.  Moreover, the design of 

the abovementioned mechanisms is to determine the specific 

structure of the transplanting mechanism and obtain the trajectory 

that meets the requirements of transplanting by adjusting the 

mechanism parameters.  Nevertheless, the reasonable parameters 

are obtained via the main trial-and-error approximation due to the 

multiple parameters and strong coupling.  As a result, the motion 

flexibility (variable transmission ratio characteristics) of unequal 

speed transmission is inadequately reflected. 

Guo et al.[13] analyzed the transmission ratio and transplanting 

trajectory shape of a PGTM with eccentric gear in detail.  Bae[14] 

studied the transplanting mechanism of rice blanket seedlings by 

first planning the transplanting trajectory and then using the 

trajectory inverse to calculate the corresponding parameters of 

PGTM.  Zhao et al.[15] established an inverse kinematic model of a 

mechanism based on the transplanting static trajectory, solved the 

nonuniform transmission ratio function, and designed a 

non-circular gear pitch curve.  Sun et al.[16] reversely designed a 

wide-narrow distance transplanting mechanism with non-conical 

gear train wide by using a spherical trajectory.  The reverse design 

of the mechanism by using the transplanting trajectory can make 

the trajectory formed by the mechanism close to the agronomic 

requirements of transplanting, and the target is vital.  However, in 

the aforementioned design, the transmission ratio is solved when 

the parameters of other mechanisms are determined, and the 

posture factor of the transplanting arm is not considered in the 

trajectory planning.  Sun et al.[17,18] considered the posture of the 

transplanting arm when designing the transplanting of rice 

seedlings in reverse, but the trajectories realized using the 

mechanism are simple plane trajectories and cannot be used for the 

spatial trajectories required for WPST.  When using the D-H 

matrix transformation to establish a reverse model of the spatial 

PGTM, a tedious problem in solving the higher-order polynomial 

equation occurs[19]. 

Therefore, this study presents a design method for a PGTM 

with unequal velocity gear based on several critical spatial poses 

(position and posture) of a spatial beak-shaped trajectory.  The 

constraint equations of the simplified PGTM (spatial open-loop 

chain with two-revolute [2R] joints) are established in accordance 

with the spatial geometric constraint relationship.  The equations 

established using this method contain only the structural parameters 

of the mechanism and are geometrically intuitive.  The homotopy 

algorithm does not need the initial value and can rapidly solve all 

the mechanism parameters that meet the design requirements.  

The blindness of the initial parameter selection of the mechanism 

was avoided.  Lastly, a clamping-pot-type PGTM of rice WPST 

driven by the combination of planar non-circular and non-conical 

gears was designed, and the feasibility of the theoretical method 

was verified through simulation and seedling test. 

2  Transplanting trajectory requirements 

WPST is a planting pattern to plant rice seedlings in wide rows 

and narrow rows at the same planting density.  In China, WPST of 

rice is mostly planted with a wide-row distance of 400 mm and a 

narrow-row distance of 200 mm[11,19].  As shown in Figure 1, the 

distance between adjacent seedling picking positions on the 

seedling box is 300 mm.  In order to achieve WPST, a spatial 

trajectory is required to realize the lateral offset of 50 mm between 

the picking seedling point and the pushing seedling point.  And 

considering the advantages of the clamping-pot-type transplanting, 

a spatial beak-shaped trajectory shown in Figure 2 is proposed to 

realize the clamping-pot-type WPST of rice. 

 
Figure 1  Schematic diagram of WPST 

 

 
Figure 2  Spatial beak-shaped trajectory 

 

 

The clamping-pot-type WPST mainly includes four actions: 

clamping, extracting, transporting, and pushing seedlings.  For 

improving the success rate of picking seedlings, the z-direction 

offset of the seedling paw of the transplanting mechanism should 

be as small as possible when seedling clamping.  That is, the 

z-direction displacement of the trajectory curve between points 1 

(starting point of clamping seedlings) and 2 (clamping point of the 

pot) should be less than 3 mm.  Point 4 is the endpoint of 

extracting seedlings, points 1-4 indicate the process of picking 

seedlings.  When the transplanting mechanism picks seedlings, the 

seedling paw enters the soil pot from point 1, clamp the pot at point 

2, and then pull the seedlings out to point 4.  To realize the 

clamping-pot-type transplanting, points 2-4 are designed as an 

approximately straight line, which is convenient for the seedling 

paw to enter the pot to remove the seedlings.  The straight-line 

distance between points 2 and 4 is required to be greater than the 

depth of the pot tray of 20 mm to remove seedlings from the pot 

tray completely.  The trajectory of points 4-8 is the seedling- 

transporting process.  The distance d2 between the transplanting 

trajectory and seedling box should be greater than the height of a 

soil pot, and the seedlings should be pushed into the soil rapidly at 

point 8.  To achieve wide-narrow-row planting, a z-direction 

displacement of 50 mm (suitable for planting with a wide-row 

distance of 400 mm and a narrow-row distance of 200 mm) is 
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required between points 1 and 8.  The trajectory segment from 

points 9-13 is an empty return process to prepare for the next 

seedling picking action. 

From the agronomic requirements of clamping-pot-type WPST, 

the transplanting mechanism should meet the following 

requirements: 

1) The transplanting arms should not interfere with each other 

during the mechanism movement; 

2) The clamping angle α1 (the angle between the seedling paw 

and the x-axis at point 1) should be between −5° and 15°; 

3) The lateral displacement d1 of the trajectory of clamping 

seedlings should be less than 3 mm to improve the success rate; 

4) The length of the trajectory of the seedling-extracting 

section t ≥ 25 mm; 

5) The distance between the trajectory of the seedling- 

transporting section and seedling box is d2 > 20 mm, and the gap 

should be sufficient to prevent the collision between the soil pot 

and pot tray; 

6) The pushing angle α3 (the angle between the seedling paw 

and the x-axis at point 8) should be between 45° and 65°, and the 

lateral angle of seedling paw β < 20; hence, the angle between the 

pot seedling and ground is not less than 70°; 

7) The total lateral displacement of the tips of the transplanting 

arms from points 1-8 is h = 50 mm; 

8) The transplanting trajectory height g > 250 mm. 

On the basis of the abovementioned transplanting requirements, 

the posture of transplanting arms at the positions of clamping, 

extracting, and pushing seedlings is related to the quality of rice pot 

seedlings.  The three points correspond to points 1 (starting point 

of clamping seedlings), 4 (end point of extracting seedlings), and 8 

(point of pushing seedlings) in Figure 2.  In accordance with the 

reference system shown in Figure 2, the 4×4 homogeneous matrix 

can be used to describe the positions and postures of the three 

points.  In this study, the parameters of the transplanting 

mechanism of clamping-pot-type WPST were solved through the 

given three spatial poses. 

3  Spatial geometric constraint equations of mechanism 

In order to realize the spatial trajectory required for the WPST, 

the spatial PGTM configuration shown in Figure 3 is adopted in 

this study.  The transmission part of the mechanism is composed 

of seven non-circular gears (plane or spatial).  The positional 

relationship of the input and output axes is staggered or intersected.  

The mechanism is symmetrical, and the working principle is 

explained by taking the gear transmission on one side as an 

example: the sun gear 2 is installed on the framework, and the 

intermediate gear 3 meshing with the sun gear 2 is fixed on the 

intermediate axis together with the intermediate gear 4.  The 

planetary gear 5 and the intermediate gear 4 mesh with each other.  

One end of the output axis extends out of gear box 1 (planet 

carrier), and is fixedly connected with the transplanting arm 6.  

When the mechanism is working, the power is input by the input 

axis, which drives the planet carrier 1 fixedly connected with the 

input axis, and the planet carrier 1 rotates clockwise.  Through 

non-circular gear transmission, the movement of the output axis is 

a combination of counterclockwise rotation relative to the planet 

carrier 1 and clockwise rotation with the input axis.  In addition, 

the position relation between input and output axes is staggered or 

intersected, which makes the transplanting arm swing 

nonuniformly and periodically in space, forming the spatial 

trajectory required by WPST. 

 
a. Front view                      b. Side view 

1. Gear box (Planet carrier)  2. Sun gear  3(3’). Intermediate gear Ⅰ  4(4’). 

Intermediate gear II  5(5’). Planetary gear  6(6’). Transplanting arm  7. Pot 

seedling  8. Transplanting trajectory 

Figure 3  Schematic diagram of PGTM 
 

The motion trajectory of PGTM is formed using point Q of the 

transplanting arm, and the absolute motion of the connection 

between the center of the planetary gear and point Q is 

reciprocating swing, that is, the absolute angular displacement of 

the transplanting arm is a periodic function of a certain small angle.  

If the transmission performance of the gears in PGTM is 

disregarded, this type of PGTM can be simplified as a spatial 2R 

mechanism. 

In Figure 4, L1 represents the length of the planetary carrier of 

PGTM, that is, the distance from the center of the sun gear to the 

center of the planet gear.  L2 represents the distance from the axis 

of the planet gear to the tip Q of the transplanting arm.  F = (F, B × 

F) and Wj = (Wj, Pj × Wj) represent the input and output axes of the 

mechanism, respectively, where F is the 3×1 unit direction vector 

of the input axis, B is the position vector of a point on the input 

axis, Wj is the 3×1 unit direction vector of the output axis, and Pj is 

the position vector of a point on the output axis.  Points B and Pj 

are the intersection points of the common perpendicular on the 

input and output axes, respectively.  The angle between the input 

and output axes is α.  When the mechanism moves, link L1 rotates 

around input axis F, while link L2 rotates around output axis W 

relative to L1.  Under the joint action of the input and output axes, 

the end point Q of the mechanism forms trajectory C.  Therefore, 

the design of a spatial 2R mechanism first needs to determine its 

structural parameters, that is, determine the direction vectors F, Wj 

of the two axes and the coordinates of points B and Pj. 

 
Figure 4  Spatial 2R mechanism 

 

The changes in the motion and function of the spatial 

mechanism generally depend on the constraints imposed by each 

link of the kinematic chain[20].  In accordance with the spatial 
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motion relationship of the spatial 2R mechanism, the geometric 

constraint equations are established and solved, and the 

mechanism parameters that meet the design requirements can be 

obtained. 

As shown in Figure 4, Q1 and Qj are two points on trajectory C, 

and their poses are described as [T1], [Tj].  The rigid body 

displacement matrix from Q1 movement to Qj can be expressed as 

 
1 11

1 1[ ] [ ][ ]   2,3,...,
0 1

j j
j j j n  
   

 
,

R d
T T T  (1) 

where, R1j are 3×3 rotation matrix and d1j are 3×1 translation 

vector. 

Let point P1 be the point where the rotating pair on the output 

axis is located, and the motion relationship between P1 and Pj, W1 

and Wj can be obtained from Equations (1). 

 

1 1

1 1

[ ] [ ][ ]
,  2,3,...,

[ ] [ ][ ]
j j

j j

T
j n

R






P P

W W  (2) 

Points B and Pj are the intersection points of the common 

perpendicular on the input and output axes, respectively, and the 

distance remains unchanged. 

T T
1 1[ ] [ ] [ ] [ ],  2,3,...,j j j n     P B P B P B P B

     (3) 

The straight lines BPj are connected with and rotate around the 

F-axis and W-axis by rotating pairs; therefore, the motion plane of 

BPj should be perpendicular to the F-axis and W-axis. 

 
T[ ] [ ] 0,  1,2,...,j j n  F P B  (4) 

 
T[ ] [ ] 0, 1,2,...,j j j n  W P B  (5) 

During the movement of the mechanism, the angle α between 

the input axis F and the output axis W also remains unchanged. 

 
T T

1[ ] [ ] [ ] [ ],  2,3,...,j j n W F W F  (6) 

The stagger angle of the two axes may be α or −α to ensure the 

constant angle direction; thus, the constant moment constraint 

equation needs to be added. 

T T
1 1[ ] [( ) ] [ ] [( ) ],  2,3,...,j j j n     F P B F F P B W

   (7) 

The direction vectors of the input axis F and the output axis W 

should also satisfy the direction cosine equation. 

 T[ ] [ ] 1F F  (8) 

 
T

1 1[ ] [ ] 1W W  (9) 

The constant moment equations (Equations (7)) contain 

Equations (3); hence, only Equations (7) need to be solved.  The 

spatial 2R mechanism has 12 structural parameters: F = [fx, fy, fz]
T,  

B = [bx, by, bz]
T, W1

 = [wx, wy, wz]
T, P1

 = [px, py, pz]
T.  The 

simultaneous equations (Equations (4)–(9)) have a total of 4j 

equations.  To solve the mechanism parameters accurately, the 

number of equations must be less than or equal to the number of 

unknowns.  Therefore, the spatial 2R mechanism can accurately 

achieve three given poses[21].  The spatial 2R mechanism that 

meets the design requirements can be obtained by establishing and 

solving the constraint equations.
 

4  Transplanting mechanism design 

4.1  Solution of transplanting mechanism parameters 

In accordance with the agronomic requirements of the WPST, 

the homogeneous matrices T1, T2, and T3 of the transplanting arm 

refer to that at the start of clamping (point 1), at the end of 

extracting (point 4), and at the start of pushing (point 8), 

respectively.  Matrices T1 and T2 mainly constrain the posture 

characteristics of the picking process, while T3 constrains the 

position and planting angle of the seedling pushing. 

1

0.9777 0.1640 0.1312 244.1001

0.1633 0.9864 0.0162 130.5808

0.1321 0.0055 0.9912 856.4232

0 0 0 1

 
 

  
 
 

T

 

2

0.8249 0.5565 0.0996 218.5180

0.5643 0.8210 0.0869 135.8228

0.0334 0.1279 0.9912 880.8332

0 0 0 1

 
 

  
 
 

T

 

3

0.5725 0.8098 0.1283 67.7006

0.8138 0.5803 0.0320 162.0204

0.1003 0.0861 0.9912 904.8531

0 0 0 1

 
  

  
 
 

T  

The constraint equations of the spatial 2R mechanism are 

established on the basis of the method in the previous section.  

HOM4PS 2.0[22], polyhedral homotopy continuation software, is 

used to solve the spatial 2R mechanism parameters, and two groups 

of real solutions are obtained, as shown in Table 1. 
 

Table 1  Geometric parameters of spatial 2R mechanism 

Unknowns 

Solutions 

1 2 

F 

fx 0 0.2258 

fy 0 0.1112 

fz 1 0.9678 

B 

bx −0.0336 −40.3790 

by −0.1504 81.8387 

bz 366.5153 366.6734 

W1 

wx 0.1314 0.2388 

wy 0.0161 0.2403 

wz 0.9912 0.9409 

P1 

px −5.9030 −86.9044 

py 47.5839 88.6343 

pz 366.5166 376.7452 
 

The first set of solutions is selected as the initial design 

parameters after considering the requirements of the planter 

mounting position and the size of the transplanting arm.  From the 

parameters solved, the axis intersection angle α = 7.6073°, the link 

length L1 = 48.0938 mm, and L2 = 556.2360 mm.  However, using 

those parameters to design PGTM directly will result in the gear 

center distance being excessively small and the transplanting arm 

excessively long.  To obtain a compact PGTM and reasonable 

planetary carrier (gear center distance) and transplanting arm length, 

a plane N perpendicular to F-axis and within ±50 mm from the 

clamping position T1 (to ensure the z-direction structure size of the 

transplanting arm) can be made.  As shown in Figure 5, two 

intersection points a and b exist between plane N and axes F and W.   

 
Figure 5  Determination of length parameters 
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Line La between points a and b is the length of the planetary carrier, 

and line Lb between points b and T1 is the length of the 

transplanting arm.  On the basis of the design requirements of the 

height of the planet carrier of the transplanting mechanism from the 

ground, the distance between plane N and point B is 493.4847 mm.  

As a result, La = 81.6 mm and Lb = 188.3 mm can be obtained to 

generate a new spatial 2R mechanism.  This mechanism is the 

same kinematic model as the solution model and has the same 

kinematic characteristics. 

4.2  Replaying and analyzing the trajectories of the 

transplanting mechanism 

In PGTM, planet carrier La rotates at a constant speed within 

0-2π.  As the transplanting arm Lb rotates at a variable speed 

relative to La, the angular displacement of the planet carrier is set 

to θ1, and the angular displacement of the transplanting arm 

relative to the planetary carrier is θ2.  The angular displacements 

of the planet carrier and the transplanting arm are divided using 

the solved mechanism parameters.  The mechanism has three sets 

of relative angular displacements corresponding to the three 

spatial poses.  One period of angular displacement is 2π, and a 

total of four groups of angular displacement exist.  With θ1 as the 

abscissa and θ2 as the ordinate, the angular displacement 

relationship between La at a constant speed and Lb relative to La at 

variable speed can be established.  The movement between the 

transplanting arm and the planetary carrier of PGTM cannot occur 

(the relative angular displacement within the period must be 

monotonic); therefore, nine data points are added in accordance 

with the linear law among the four sets of angular displacement 

data.  The angular displacement curve through the 13 data points 

is interpolated with cubic nonuniform B-spline[23].  On the basis 

of the angular displacement curve, the kinematic replication of the 

spatial 2R mechanism can be performed to obtain the transplanting 

trajectory at the end of the mechanism.  Combined with the 

trajectory requirements of WPST, the relative angular 

displacement curve is optimized by adjusting the added nine data 

points.  The change in the trajectory is observed, and the 

influence of the data points on the shape of the transplanting 

trajectory is analyzed. 

As shown in Figure 6, each data point on the displacement 

curve (Figure 6a) corresponds to each point on the trajectory curve 

(Figures 6b, 6c).  Points 1, 4, and 8 on the displacement curve are 

the angular displacement relations corresponding to the given three 

points.  Point 13 is the end point of one period and the start point 

of the next period, and the four points are fixed.  The trajectory of 

picking and extracting seedlings in the transplanting trajectory is 

controlled using points 1-4 on the displacement curve.  When the 

ordinate value of point 2 in Figure 6a changed from small to large, 

the beak-shaped trajectory of the extracting section of Figure 6b 

changed.  When the ordinate of point 2 on the displacement curve 

is relatively small, the trajectory of the beak-shaped section in 

Figure 6b folds upward.  The beak-shaped section gradually shifts 

to the lower right when the ordinate of point 2 gradually increases.  

At this time, the z-offset of the trajectory of the extracting section 

in Figure 6c gradually decreases.  The success rate of seedling 

selection is reduced due to the excessive z-direction displacement 

of the seedling stage locus, and seedling paw tears out the pots and 

pushes down the adjacent seedlings during seedling extraction.  

Therefore, the effective length (greater than 20 mm) and the 

smaller z-direction displacement of seedlings can be obtained by 

adjusting the angular displacement data point 2. 

 
a. Angular displacement curve b. Trajectory curve (x-y plane) c. Trajectory curve (z-y plane) 

 

Figure 6  Influence of the change in the ordinate of point 2 on the trajectory 
 

Figure 7 depicts that the ordinate of point 5 on the angular 

displacement curve mainly affects the trajectory shape of the 

seedling-transporting process.  When the ordinate value of point 5 

on the angular displacement curve increases slightly, the trajectory 

in Figure 7b gradually shifts to the left, causing a slight bulge of 

the trajectory in the seedling-extracting section.  The 

corresponding point 5 on the trajectory in Figure 7c gradually 

moves to the right.  If the trajectory of the seedling-transporting 

section is considerably convex to the right, the soil mass of the pot 

seedling is easy to collide with the seedling box and damage the 

nutrient soil bowl.  Therefore, the effective distance between the 

trajectory and the seedling box can be controlled, and fine-tuning 

of the trajectory of extracting seedlings can be achieved by 

adjusting the ordinate of point 5 on the angular displacement curve. 

In Figure 8b, point 8 on the trajectory curve is the point of 

completion of the seedling push, and the ordinate of point 9 on the 

displacement curve in Figure 8a is closely related to the shape of 

the trajectory after the seedling push.  When the value of the 

ordinate of the angular displacement curve point 9 gradually 

decreases, the corresponding point 9 on the trajectory in Figure 8b 

gradually moves to the left, leading to a gradual increase in the 

forward angle of this trajectory and an increase in the space 

distance at point 8 where the seedling is completed.  In Figure 8c, 

the corresponding point 9 on the trajectory has no obvious change, 

indicating that it is inconsiderably related to the change in z 

coordinate of the trajectory.  The first half of the empty return 

trajectory (the trajectory between points 8 and 10 in Figure 8b) 

after the completion of the seedling push is excessively inclined.  
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Consequently, the transplanting arm will easily push down the 

planted seedlings, and the seedlings will also be pushed down if 

they are considerably close to the seedling point.  Under the 

premise that the shape of the non-circular gear pitch curve is 

reasonable, adjusting the ordinate of data point 9 on the angular 

displacement curve can solve the problem of the transplanting 

mechanism pushing down the seedlings. 

As shown in Figure 9, the ordinate of point 11 on the angular 

displacement curve mainly affects the trajectory shape of the 

pre-seedling action segment.  When the ordinate value of the 

angular displacement point 11 increases slightly, the corresponding 

point 11 on the trajectory in Figure 9b gradually moves upward, 

and the z-direction displacement between points 11 and 12 on the 

trajectory in Figure 9c gradually decreases.  The success rate of 

seedling picking decreases due to the excessive z-direction 

displacement of the trajectory of the seedling picking preparation 

section.  Therefore, the z-direction displacement of the trajectory 

of the seedling section can be reduced by adjusting point 11 on the 

angular displacement curve to improve the success rate of seedling 

picking of the transplanting mechanism. 

 
a. Angular displacement curve b. Trajectory curve (x-y plane) c. Trajectory curve (z-y plane) 

 

Figure 7  Influence of the change in the ordinate of point 5 on the trajectory 

 
a. Angular displacement curve b. Trajectory curve (x-y plane) c. Trajectory curve (z-y plane) 

 

Figure 8  Influence of the change in the ordinate of point 9 on the trajectory 

 
a. Angular displacement curve b. Trajectory curve (x-y plane) c. Trajectory curve (z-y plane) 

 

Figure 9  Influence of the change in the ordinate of point 11 on the trajectory 
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Combined with the trajectory requirements of WPST and the 

monotonicity of the angular displacement of the transplanting arm 

(Lb) relative to the planet carrier (La), the optimized relative angular 

displacement curve and transplanting trajectory are obtained by 

adjusting the variable parameters of nine data points on the angular 

displacement curve, as shown in Figure 10.  In accordance with 

the conversion relationship between the 2R mechanism and PGTM, 

the reciprocal of the slope value of the relative angular displacement 

curve is the value of the total transmission ratio of PGTM[24]; the 

total transmission ratio curve can be solved, as shown in Figure 11. 

After the transmission ratio curve of the mechanism is obtained, 

various PGTMs that can realize spatial trajectory can be acquired 

by attaching different non-circular gear pairs to reduce the degree 

of freedom of the 2R mechanism[19].  In this study, the combined 

transmission of planar non-circular and non-conical gears is 

adopted.  On the basis of the distribution principle of two-stage 

transmission gear ratio[25], the total transmission ratio is divided 

into two sub-transmission ratios (Figure 11), and the pitch curve 

and tooth profile of the non-circular gear are calculated, as shown 

in Figure 12. 

 
a. Angular displacement curve b. Trajectory curve (x-y plane) c. Trajectory curve (z-y plane) 

 

Figure 10  Optimized relative angular displacement curve and trajectory 
 

 
Figure 11  Transmission ratio curve 

 

 
a. Pitch curve 

 
b. Tooth profile 

Figure 12  Combined transmission of planar non-circular and 

non-conical gears 

5  Simulation and test of transplanting mechanism 

5.1  Trajectory verification 

The structure design and 3D modeling of a clamping-pot-type 

PGTM for rice WPST were conducted in accordance with the 

structure parameters of the mechanism and the optimized 

non-circular gear.  The simulation test of the virtual prototype was 

completed on Adams software, and the trajectory of the tip of the 

transplanting arm was obtained, as shown in Figure 13.  The 

physical prototype of the transplanting mechanism was processed, 

and the idling test was performed.  The high-speed camera 

technology is used to capture video images from the front and side 

of the transplanting mechanism.  Then, the image analysis 

software Blaster’s MAS is used to analyze the test video to obtain 

the actual motion trajectory, as shown in Figure 14.  The 

comparison indicated that the tested and simulated trajectories of 

the transplanting mechanism were basically consistent with the 

ideal trajectory.  In addition, in the software Blaster’s MAS, the 

lateral offset of the mechanism from the starting point of clamping 

seedlings to the point of pushing seedlings is measured as 46.17 mm 
 

  
a. x-y plane b. z-y plane 

 

Figure 13  Simulated trajectory 
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(Figure 14b), indicating that the clamping-pot-type PGTM can 

realize WPST (wide-row distance 392.34 mm and narrow-row 

distance 207.66 mm).  The correctness of the design of the 

transplanting mechanism was initially verified. 
 

  
a. x-y plane b. z-y plane 

 

Figure 14  Tested trajectory 
 

On the premise of the reasonable verification of the 

transplanting trajectory, the posture of the transplanting arm at the 

three key poses of the clamping-pot-type PGTM for rice WPST 

was also verified.  The transplanting arm postures of the 

transplanting mechanism at the three positions of seedling 

clamping, extracting, and pushing are shown in Figure 15.  The 

design angle of the transplanting arm structure was 15°.  In the 

image analysis software Blaster’s MAS, the posture angles of the 

mechanism at the three key poses were measured and compared 

with the theoretical value.  The results are shown in Table 2. 
 

Table 2  Posture verification results 

Posture angle Theoretical value Measured value Error 

Clamping angle α1/(°) 9.44 9.46 0.02 

Extracting angle α2/(°) 19.13 18.07 −1.06 

Pushing angle α3/(°) 69.37 69.49 −0.12 

Lateral angle of pushing β/(°) 4.94 5.49 0.45 
 

From the measurement results, the measured values of the 

transplanting mechanism were basically consistent with the 

theoretical values.  Some deviations were due to the influences of 

machining accuracy, non-circular gear clearance, measurement 

accuracy, and other factors, and the deviations were all within a 

reasonable range.  These conditions met the agronomic 

requirements of rice transplanting in wide and narrow rows and 

verified the feasibility and rationality of the transplanting 

mechanism design. 
 

    
a. Clamping posture b. Extracting posture c. Pushing posture (x-y plane) d. Pushing posture (z-y plane) 

 

Figure 15  Transplanting arm posture verification 
 

5.2  Picking seedling test 

The physical prototype of the transplanting mechanism was 

installed on the rice pot seedling test bench (Figure 16) to conduct 

the seedling test and evaluate the transplanting performance of the 

transplanting mechanism in actual work.  A pot tray with 406 

holes (14 columns × 29 rows) was used for the test, and the seedling 

age of rice seedlings is approximate 35 d, and the seedling height is 

about 140 mm. 

 
1. Soil bin  2. Rock  3. Transplanting mechanism  4. Power transmission 

mechanism  5. Seedling box  6. Pot seedlings 

Figure 16  Test bench 

The operating rotational speed of the transplanting mechanism 

was set to 50 and 90 r/min.  A total of 406 seedlings were 

collected each time.  The operation process of the transplanting 

mechanism was photographed with a camera, and the working 

posture of the transplanting mechanism was observed.  The 

number of seedlings collected was recorded, and the success rate of 

seedlings collected was analyzed.  Figures 17a, 17b, 17c show the 

positions and postures of the transplanting arm during seedling 

clamping, extracting, and pushing, respectively.  The 

transplanting effect of the mechanism is shown in Figure 17d.  

The results of the picking seedling test are shown in Table 3. 
 

Table 3  Results of picking seedling test 

Rotational 

speed/r·min
-1

 

Number of seedlings 

(plant) 

Seedlings picked 

(plant) 

Success rate of 

picking/% 

50 406 387 95.32 

90 406 366 90.15 
 

The picking seedling test showed that the transplanting 

mechanism could successfully clamp and push the seedlings.  

When the rotational speed is 50 r/min (the seedling picking 

efficiency is 100 plants per minute per row), the success rate of 

seedling picking is 95.32%, which is higher than the success rate of 

seedling picking of the clamping-pot-type transplanting mechanism 

(93.06%) in literature [12].  Furthermore, the average success rate 

of seedling picking of the clamping-pot-type rice transplanting 
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mechanism in reference [12] was 88.89% when the rotation speed 

was 80 r/min.  In the study, the success rate of seedling picking is 

90.15% when the mechanism rotation speed is 90 r/min, which is 

also higher than that of the previous clamping-pot-type 

transplanting mechanism[12].  Additionally, compared with the 

clamping-seedling-type transplanting mechanism of rice WPST in 

references [11] and [19], the seedlings planted by the 

clamping-pot-type PGTM for rice WPST has superior uprightness, 

which reflects the advantages of picking seedlings by 

clamping soil pots. 

The clamping-pot-type PGTM for rice WPST designed in this 

work has a high success rate of picking seedlings and planting 

uprightness, which can be applied to rice pot seedling transplanters.  

However, the success rate of seedling picking at high rotation 

speed still needs to be improved.  In the future, experimental 

research on the specific transplanting effect of the mechanism 

should be conducted, and the mechanism should be improved to 

achieve the best performance. 
 

  

a. Clamping position b. Extracting position 
 

 

 

 

c. Pushing position d. Transplanting effect 
 

Figure 17  Picking seedling test 
 

6  Conclusions 

1) A new design method of a spatial PGTM based on several 

spatial poses was proposed.  The geometric constraint equations 

of the spatial motion of the spatial 2R mechanism were established, 

and all geometric parameters of the mechanism were obtained 

using a polyhedral homotopy algorithm. 

2) The relative angular displacement curve among the links of 

the spatial 2R mechanism was optimized, and the total transmission 

ratio of the mechanism was determined.  The conversion between 

the linkage mechanism and PGTM was realized by attaching the 

nonequal-speed gear pair to the spatial 2R mechanism. 

3) A spatial clamping-pot-type PGTM for rice WPST driven 

by the combination of planar non-circular and non-conical gears 

was designed.  The virtual simulation and prototype test were 

conducted.  The results showed that the actual and simulation 

trajectories and postures were basically consistent with the given 

ideal trajectory and posture, which verified the feasibility of the 

theoretical method.  At the operating speeds of 50 r/min and    

90 r/min, the success rates of seedling picking were 95.32% and 

90.15%, respectively, which basically met the requirements of pot 

seedling transplantation. 

This study could provide a reference for the design of a spatial 

PGTM with nonuniform transmission.  In the future, the specific 

transplanting effect and quality of the transplanting mechanism will 

be further studied and improved to make the mechanism achieve 

the best performance. 
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