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Abstract — The distribution of transmission ratio of a non-circular planetary-gear-train system is a very difficult problem in 
reverse design, involving structural parameters and non-circular gears parameters of transplanting mechanism based on a given 
trajectory. In this study, a turn-angle relation and transmission ratio between sun gear and planet gear are solved by using 
difference method and Newton-Simpson calculation method. A transmission ratio equation which only includes a radius vector of a 
sun gear is built by assuming the pitch curve of the sun gear and the planet gear are identical but have180° difference at the initial 
meshing position, and iteration calculation method to solve the transmission ratio is built by importing a correction factor. For a 
given trajectory of the hoe-shape, the transmission ratios of each pair of gears are solved under two different conditions: two 
groups of different parameters of a transplanting mechanism are obtained, and also the homologous virtual prototype models are 
built by using ADAMS software. The simulation analytical results indicate that the gear-train system can be designed by the 
proposed method to make its hoe-shape trace a given trajectory, and also proved that this method is valid and accurate. 
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I. INTRODCTION 

A design method was frequently-used in designing a 
transplanting mechanism, which adjusted these 
parameters， such as pitch curves of non-circular gears, tool 
length, installation angle, etc., to make a trajectory of a hoe 
to meet the requirement of a rice transplanter for picking, 
conveying, and transplanting seedlings by using man-
machine conversation method and optimization algorithm. 
But this method also had two major defects, one defect was 
that the pitch curves of non-circular gears must be described 
by math; another defect was that the parameter optimization 
was very difficult because they had a closely coupling 
among these parameters[1,2]. Bae K Y et al.[3] and Fang 
minhui et al.[4] had proposed a method which solved the 
parameters of non-circular gears and the structure 
parameters of transplanting mechanism according to a given 
trajectory, but the main difficulties in this method was to 
acquire a turn-angle relation and transmission ratio between 
sun gear and planet gear, and secondly, the obtained 
transmission ration should meet two conditions that the 
pitch curves of non-circular gears is closed and the rotation 
period is equal. Bae K Y et al. acquired the turn-angle 
relation by adopting an analytical geometry method, but 
using this method need to judge the uniqueness of angle. 

Bae K Y et al. firstly solved the revolving speed of idler 
gear by structuring a turn-angle linear relation between idle 
gear with sun gear and planet gear, and then, confirmed the 
pitch curves of each non-circular gears of a planetary-gear-
train system from the revolving speed, but the solved pitch 
curve of the idle gear which mesh respectively with the sun 

gear and the planet gear was different. Fang minhui [5] had 
consider this problem, this method was adopted, which 
firstly distributing the transmission ratios of a non-circular 
planetary-gear-train system, and then building a iterated 
function, at last, amending the transmission ratios to meet 
the pitch curves of non-circular gears were closed and the 
rotation period were equal, but this solving process was 
complexity. 

In this study, a direct solution method of a transplanting 
mechanism for a rice tranplanter is proposed, this method 
firstly assume the pitch curves of sun gear and planet gear 
are identity but have 180° difference at the initial meshing 
position, and then, a transmitting ratio equation which only 
include the radius vector of the sun gear is built. Each 
transmission ratio among a non-circular planetary-gear-train 
system can be directly solved by increasing constraint 
conditions that the pitch curves of non-circular gears are 
closed and the rotation period are equal in a loop iteration 
process. The parameters of non-circular gears and the 
structure parameters of transplanting mechanism are solved 
in line with a given trajectory, and the commercial package 
program ADAMS and KISSsoft are also used to verify the 
kinematic adequacy and performance of a non-circular 
planetary-gear-train system designed by the proposed 
method. 

II. DESIGN OF TRANSPLANTING MECHANISM OF THE 

PLANETARY-GEAR-TRAIN SYSTEM 

A. Arm and tool lengths 
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A planetary-gear-train system of transplanting 
mechanism can be constructed with a sun gear A, a idler 
gear B, a planet gear C with a tool D on it, and an arm E , as 
shown in figure 1. Let the sun gear A be fixed on a frame, 
and idler gear B and planet gear C be pivoted to an arm. 
When the motion of the arm is then given one revolution 
clockwise about the center of the sun gear A, the idler gear B 
rolls on the fixed sun gear A, also clockwise, and 
consequently the planet gear C makes a revolution 
counterclockwise through the clockwise rotation of idler 
gear B. 

1L is the distance between the center of sun gear and 

that of the planet gear, 2L is the distance between the end 

point of hoe and the center of planet gear, 1L and 2L can be 

acquired. 

max min
1 2

L L
L


                                                                        (1) 

max min
2 2

L L
L


                                                                (2) 

Where , maxL is the longest distance to an unknown point 

on the trajectory form the center of sun gear; minL is the 

shortest distance to an unknown point on the trajectory form 
the center of sun gear. 

maxL equals 254.3mm and minL  equals 69.7mm can be 

directly solved by respectively drawing inscribed circle and 

circumcircle from the center of the sun gear. 1L  equals 

92.3mm and 2L  equals 162mm can be acquired by 

respectively substituting maxL  and minL  into equations (1) 

and (2). 

 
Figure 1.  The Model of Transplanting Mechanism with Planetary-gear-

train System. 

 

B．Turn-angle relation between sun gear and planet gear 

The coordinate value of an unknown point ( xp , yp ) on 

a given trajectory is known, when the length of 1L  and 2L  

have solved, the following equations can be derived on the 
base of projection theorem. 

1 1 2 1 1 2 1 2

2 1 2 1 1 2 1 2

( , ) cos cos( ) 0

( , ) sin sin( ) 0
x

y

f a a L a L a a p

f a a L a L a a p

    
     

               (3) 

The turn-angle relation between sun gear and planet gear 

can be described as: seeking 1a  and 2a  to make the 

functions 1f  and 2f  equal to zero. Newton-Simpson 

calculation method is used to solve these 

transcendental equations[6]. 1a and 2a can be solved 

according to the initial installation angle of gear box, the 
current turn-angle between sun gear and planet gear as a 
discreet value to solve the turn-angle of next point, this 
method can avoid multiple solution problems, the iteration 
increment equation can be derived as follow: 

1

1 1 1 2 1 2 2 1 2 1 1 2

2 1 1 2 1 2 2 1 2 2 1 2

sin sin( ) sin( ) ( , )

cos cos( ) cos( ) ( , )

a L a L a a L a a f a a

a L a L a a L a a f a a

           
              

  (4) 

When the turn-angle relation is solved, the transmission 
ratio can be solved by using difference method. For the 
given trajectory in figure 1, the initial meshing position of a 
non-circular planetary-gear-train system can be selected 
arbitrarily according to the initial angle of gear box and arm. 
In this study, the initial installation angle of gear box,  

1 =0 ° , 1 =44 ° , and 1 =90 ° , are selected 

respectively as the initial meshing position, the turn-angle 
relation and transmission ratio between sun gear and planet 
gear are solved, the results are shown in figures 2 and 3. 

 

Figure 2.  Turn-angle Relation with Initial Meshing Angle 
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Figure 3.  Transmission Ratio with Initial Meshing Angle 

From figure 2, when the sun gear rotated by a full turn, 
the planet gear as well as rotated by a full turn at different 
initial position, but the rotate speed of the planet gear is 
different at different places in a cyclic motion. Therefore, 
the turn-angle relation and transmission ratio between sun 
gear and planet gear are different for a same trajectory if 
selecting a different initial meshing position. 

 

III. TRANSMISSION RATIO DESIGN OF NON-CIRCULAR 

PLANETARY-GEAR-TRAIN 

A．Transmission relation of planetary-gear-train 

 
A idler gear respectively mesh with sun gear and planet 

gear is in common use now for reduce the composition 
complexity of transplanting mechanism, the pitch curves of 
sun gear and planet gear are identical if idler gear 
respectively mesh with sun gear and planet gear according 
to the meshing conjugate property of non-circular gear [7]. 

In this study, for reduce the design difficulty of a non-
circular planetary-gear-train system, assuming the pitch 
curves of sun gear and planet gear are alike but have 180° 
difference at initial meshing position, and also assuming the 
center distance between sun gear and idler gear is equal to 
the center distance between idler gear and planet gear, as 
shown in figure 4. 

 

 
Figure 4.  Transmission Relation of Non-circular Planetary-gear-train 

1r , 2r , and 3r  are the radius vector of sun gear A, idler 

gear B and planet gear C, When the sun gear rotate an angle 

of 1 , the idler gear and planet gear respectively rotate 

angle of 2  and 3 . If the transmission ratio between A and 

B is 12i , and the transmission ratio of B and C is 23i , then 

the transmission ratio of A and C is: 

13 12 23i i i                                                                         (5) 

The speed at the meshing points of non-circular gears is 
equality, so the following equations can be derived: 
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Where, 

L ---the center distance of two non-circular gears;  
 1 1( )r   ---the corresponding radius vector when sun gear 

rotated 1 ; 

3 3( )r   ---the corresponding radius vector when planet gear 

rotated 3 . 

Assuming the pitch curves of sun gear A and planet gear 
B are alike but have 180° difference at initial meshing 
position; the following equations can be derived: 

3 3 1 3( ) ( )r r                                                           (8) 

Substituting equations (6), (7) and (8) into equation (5), the 
transmission ratio between sun gear and planet gear can be 
determined:  

1 31 1
13

1 1 1 3

( )( )

( ) ( )

rL r
i

r L r

 
  


 

 
                                              (9) 

 

B. Transmission ratio of non-circular planetary-gear-train 

 
After acquired the turn-angle relation between sun gear 

and planet gear, which can be described by
3 1( )f  , 

13i can be solved by using difference operation for 3 . 

When 13i , 3 ,and L have solved, the question for solving 

the transmission ratio among non-circular gears system will 
be translate into solving a group of radius vectors of sun 
gear to meet the equation (9). The pitch curves of sun gear 
and idler gear have solved, which should meet this condition 
that the rotation period of the sun gear is equal with the idler 
gear; this condition also can be derived as follow: 

2

2 10
12

1
2d

i


                                                         (10) 

In solving radius vector 1 1( )r  of sun gear, 1 1( )r   is an 

one-dimensional array from 0° to 360°,  assuming the pitch 
curves of sun gear and planet gear are alike but have 180° 
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difference at initial meshing position, 3 1( )r  which equally 

distributed from 0°to 360°can be solved by recombining 

1 1( )r  which from 180° to 360°and from 0°to 180°,then 

3 3( )r  can be solved by using spline interpolation method 

for 3 1( )r  . 

When 1 1( )r  and 3 3( )r  have solved, 12i and 23i  can be 

derived from equations (6) and (7), the transmission ratio 23i’  

between idler gear B and planet gear C can be solved by 

substituting 12i into equation (5), 12i is solved by averaging 

the result of  23i’ add 23i , then substitute it into equation(5). 

When non-circular gear A turns on its axis once, B and C 
also need to turn 360°, and the pitch curves of these gears 
are close in planetary-gear-train.  

Therefore, the turn-angle 2 of idler gear B can be 

solved from equation (10) when sun gear A turns 360°, need 

to compare 2  with 2 , and then amend 12i  in accordance 

with the comparative result, then  
2

10
12

1
+ ) 2x d

i


  （                                                       (11) 

Where, 
x -- the correction factor which is a numerical value. 

In order to solve the correction factor x , and then, 

'
12 12

1 1
x

i i
                                                                     (12) 

Act '
12i as 12i , which solved in accordance with equation 

(12), then substituting it into loop iteration process again, 

2  can be restrained equal to 2  when the sun gear 

turns on its axis once by using this method. 1 1( )r  which 

meet accuracy requirement can be obtain by iteration 
repeatedly.  

The initial value of 12i may use 1 or directly use 13i  in 

the iterative computation, the flow chart of iteration solving 
for the transmission ratio of a non-circular planetary-gear-
train system shows in figure 5. 

 
Figure 5.  Iteration Solution Flow Chart. 

 
 

IV. CALCULATION AND VERIFICATION 

A．Transmission Ratio Calculation 

 
For the given trajectory show in figure 1, the turn-angle 

relation and transmission ratio between sun gear and planet 
gear are different if the initial meshing position is 

difference.       The transmission ratio 13i between sun gear 

and planet gear are solved when 1 =0° and 1 =44°, and 

then substitute them into the iterative computations 
procedure in this study.  The whole procedure is 
implemented in a simulation program coded by MATLAB. 
The transmission ratios in two conditions are solved, the 
solving results are shown in figures 6 and 7.  
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Figure 6.  Transmission Ratio Calculation when 

1  equals 0°. 

 

 
Figure 7.  Transmission Ratio Calculation when 

1  equals 44°. 

 

From figures 6 and 7, the solved transmission ratios are 
not different when the initial meshing position of non-

circular planetary-gear-train is not different. 13i subtract the 

product of 12i and 23i , the error is zero, it show that the 

solved transmission ratios are identical with the expectation 

transmission ratio 13i . 

B. Simulation and Verification 

In order to further verify the correctness for solving the 
transmission ratio of a non-circular planetary-gear-train 

system. When 1 1( )r  and 12i have solved, the pitch curves 

of sun gear can be solved in accordance with equation (6) 
when 1 =0°and 1 =44°, the solved pitch curves of two 

sun gears are show at figure 8. 

 
Figure 8.  Pitch Curves of Sun Gear. 

 

From figure 8, the pitch curves are totally different 
under two different initial conditions. The AutoCAD 
drawing of tooth profile of driving gear and driven gear can 
be obtained from the pitch curve date of the sun gear by 
using KISSsoft[8], the 3D model of non-circular gears can 
be built by importing these tooth profile data into Pro/E. 

From figure 1, 2 =36.94°when 1 =0°, and 2 =64

°when 1 =44°. The virtual prototype models for non-

circular planetary-gear-train system at different initial 
meshing position by using ADAMS are built [9], the 
simulation trajectories of hoe are solved, and the simulation 
results are shown in figures 9 and 10.  

 
Figure 9.  Virtual Prototype Model when 

1  equals 44° 
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Figure 10.  Virtual Prototype Model when 

1  equals 0°. 

The known trajectory of the hoe is saved as a text 
formatting and then import into post processing module of 
ADAMS, a measurement of the position of the hoe on x axis 
and y axis is built in a simulation period, the simulated 
trajectory and the known trajectory of the hoe are built in 
post processing module. Compared the simulated trajectory 
of the hoe at two conditions with the known trajectory, the 
comparison results are shown in figures 11and 12.  

 
Figure 11.  Trajectory Comparison when 

1  equals 44° 

 
Figure 12.  Trajectory Comparison when 

1  equals 0° 

The simulated trajectories are consistent with the known 
trajectory of the hoe from figures 11 and 12, it is show that 
the method to solve the transmission ratios of the non-
circular planetary-gear-train system are correct under two 

conditions of 1 =0°and 1 =44°. 

V. CONCLUSION 
 
With a given trajectory describing the cycle motion of 

transplanting, a non-circular planetary-gear-train can be 
solved to obtain the pitch curves of the sun gear, idler gear, 
and planet gear as well as the length of tool. The initial 
meshing position will affect the turn-angle relation and the 
transmission ratio, and further affect the non-circular gear 
parameters. The solving process consists of a transmission 
ratio equation of a non-circular planetary-gear-train system 
which only relate with the radius vector of sun gear, a 
constraint condition that pitch curves are close and rotation 
period are identical in a loop, a iteration calculation method 
to solving the transmission ratio relationship among non-
circular planetary-gear-train system by importing a 
correction factor, and Newton-Simpson method is used to 
solve the turn-angle relation between sun gear and planet 
gear. The transmission ratio of each non-circular gears are 
solved respectively for two selected initial meshing position 
of planetary-gear-train and the corresponding virtual 
prototype model are built. The validity of this method for 
solving the transmission ratio of each non-circular gears is 
verified by comparing the trajectory. Moreover, the method 
has a reference value for solving the parameters of 
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transplanting mechanism and non-circular planetary-gear-
train based on a given trajectory. 
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