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A B S T R A C T  
 

 

This study presents a combined pneumatic seed-metering device (SMD) that could not only fill, carry, 

and meter seeds, but also switch quickly between seed-metering and seed-cleaning modes, and clean 
seeds thoroughly and rapidly. The seed-filling, seed-carrying, and seed-metering modes of the SMD 

were analyzed based on a theoretical kinematic model. Furthermore, a three-factor, three-level 

orthogonal test was conducted by using a performance test bench arranged for the SMD as well as 
Design-Expert software. The combination of parameters that led to the lowest mis-seeding rate (0.59%) 

was as follows: an air pressure of 2.67 kPa, a slot width of 2.83 mm, and a seed-metering speed of 20 

r/min. The optimized scheme that resulted in a relatively low multiple-seeding rate (4.3%) and met 
other requirements at the same time was as follows: an air pressure of 2.35 kPa, a slot width of 2.78 

mm, and a seed-metering speed of 20 r/min. A field test was subsequently performed by using a 

combined pneumatic plot cotton planter prototype. While the mis-seeding and re-seeding rates 
obtained from the field test were both somewhat higher than those obtained from the laboratory bench 

test, they still met precision planting requirements. The field test validated the accuracy of the 

theoretical analysis and bench test and served as a foundation for future prototype production and 
popularization. 

doi: 10.5829/ije.2020.33.08b.24 
 

 

NOMENCLATURE G Force of gravity exerted on each cotton seed (N) 

d Width of the guide slot on the guide slotted disk (m) g Gravitational acceleration (m/s2) 

l 
Distance between the center of gravity of the seed and the guide 
slotted disk (m) 

v Distance between the cotton seed and the center (m) 

Q Resultant force of G, F, and J (N) λ Comprehensive seed friction coefficient  

P Suction force generated by the seed-suction hole on the seed (N) K1
 Seed suction reliability coefficient (K1=1.8–2.0) 

F Sliding friction force between the seed and the guide slot (N) K2
 External conditions influence coefficient (K2=1.6–2.0) 

N 
Force (i.e., the sum of N1 and N2) exerted by the air-suction 

hole on the seed (N) 
K3

 Seed moisture content influence coefficient (K3=1.1–1.2) 

S Area of the air-suction hole (m2) μ Dynamic friction coefficient 

H Critical degree of vacuum in the SMD air-suction hole (Pa) m  Seed group weight (kg) 

 
1. INTRODUCTION1 
 
The cotton industry plays an important role in 

agricultural production system of China. Cotton is 

closely linked to daily life. In 2019, the total cotton 

planting area in China was 3,339,200 ha, which was 

15,200 ha smaller than in 2018. This represents a 0.5% 

decrease. In 2019, China’s total cotton production 
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reached 5,889,000 tons, which is 213,000 tons or 3.5% 

less than in 2018. (data from the National Bureau of 

Statistics of China). Cotton breeding substantially 

affects the cotton planting area and the production 

quality. Plot breeding is an important step in the 

selection and breeding of new cotton cultivars. Due to 

the large number of cotton cultivars and seeds available 

for selection, cotton is planted across many plots during 

cotton selection and breeding. Strict requirements are 

applied to cotton selection [1]. 
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Cotton planting in plots differs from that in fields. 

When cotton is planted in a plot, there are strict position 

requirements for the start and end of planting. In 

addition, precise row and plant spacings and planting 

depths are required. Moreover, rapid, thorough seed 

cleaning is required after cotton planting is completed 

and seeds are rapidly discharged in the subsequent plot. 

Currently, plot planters are used in China primarily 

for crops such as wheat, maize, and soybeans. The 2BJ-

2 planter developed by Hebei Suning Agricultural 

Machinery Research Institute is used primarily to plant 

wheat in plots [2]. Li et al. [3] designed an automatic 

control system based on a conical compartment tray-

type seed-metering device (SMD). Xu et al. [4] 

designed a conical canvas belt-type plot planter for 

wheat. Shang’s team studied plot planting of wheat 

extensively during the project termed “Development 

and Demonstration of Precision Planting and Harvesting 

Equipment for Plots of Crop Varieties—an Industrial 

Science and Technology Project of China”. Li et al. 

designed a precision plot planter for maize [5]. Huang et 

al. designed a precision plot planter for soybeans [6]. 

Cotton seeds differ from wheat, maize, and soybean 

seeds. Therefore, it is necessary to further explore and 

design machinery for breeding and planting cotton in 

plots using planters similar to those currently used in 

China. 

Internationally, enterprises that have been somewhat 

successful in crop breeding machinery development, 

including Wintersteiger in Austria, Haldrup in 

Germany, Almaco in the United States, and Baural in 

France, have all manufactured various plot planter 

models for various crops [7-10]. The agricultural 

parameters (e.g., plant and row spacings and planting 

depths) used with cotton differ from those for wheat, 

maize, and soybeans. Therefore, it is necessary to 

design precision plot planters for cotton that can 

accurately meter and rapidly and thoroughly clean 

seeds. These plot planters must be relatively easy to 

operate within the agricultural requirements of cotton 

[11-13]. 

According to the needs of cotton planting, we have 

designed a combined air suction cotton planter (Figure 

1). This machine is mainly composed of seed metering 

device, opener, vacuum fan, air pump, waste seed 

recovery room, etc. The seed meter is the most critical 

component. Therefore, this paper combines the 

agricultural material characteristics of cotton seeds to 

design the structure of the combined air-suction seed 

meter and study the optimal working parameters. 
 

 

2. STRUCTURE AND OPERATING PRINCIPLE OF 
THE COMBINED PNEUMATIC SMD FOR COTTON 
PLOT PLANTERS 
 

The components of the SMD included a seed-metering 

shell, a drive disk, a guide slotted disk, a suction disk, a 

forced seed-metering disk, and a seed-storage shell. The 

seed-metering shell could be fixed onto a furrow opener 

using bolts. The drive disk could rotate via a bearing 

when driven by the drive sprocket. The guide slotted 

disk was fixed onto the guide slotted disk via a 

positioning slot. The air-suction disk and the forced 

seed-metering disk rotated together with the drive disk 

across three slots that were evenly distributed on the 

drive disk. As demonstrated in Figure 2(b), seeds that 

are intended for planting are discharged through the 

seed-discharge opening during seed metering. Guided 

by the seed-guide tube, the seeds fall into the seed-

storage shell. The vacuum fan provides vacuum, which 

is transferred to the air-suction disk via the guide slotted 

disk. 

Figure 3(a) shows a schematic of the approximately 

rectangular air-suction holes formed by the combination 

of the guide slotted disk and the air-suction disk. 
 

 

 
Figure 1. 3D drawing of seeder 

1. Air pump 2. Bearing 3. Power input shaft 4. frame 5. Spline 

shaft 6. Opener 7. Seed metering device 8.Guided seed tube 9. 

Press wheel 10. Land wheel 11. Encoder 12. Work platform 

13. Electromagnetic valve 14. Aid seed funnel 15. Vacuum 

tube 16. Vacuum fan 23. Wasteseed seed recovery room 

 

 

   
Figure 2. Structure of the combined pneumatic SMD (a) 

Exploded-view drawing (b) Assembly drawing 

1. Seed-metering shell 2. Drive disk 3. Rolling bearing 

4.Guide slotted disk-fixing device 5. Guide slotted disk 6.Air-

suction disk 7. Forced seed-metering disk 8. Seed-storage 

shell 9. Vacuum fan 10. Three-way switch valve 11. Seeding 

funnel 12. Waste seed-recycling chamber 
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The figure also shows cotton seeds. Cotton seeds move 

towards the circumference of the air-suction disk as it 

rotates. The air-suction disk is in the front in the 

photograph in Figure 3(b). 

Upon reaching the circumference of the air-suction 

disk, a seed enters the closed space formed by the three 

surfaces of the seed-storage shell, the two sides of the 

forced seed-metering disk, and the bottom surface of the 

air-suction disk, as shown in Figure 4. The seed rotates 

in the closed space with the forced seed-metering disk. 

Upon moving to the bottom, gravity causes the seed to 

fall through the opening at the bottom of the seed-

metering shell to the furrow opened by the furrow 

opener. Thus, seed metering is completed. 

After the planting in one cotton plot was completed, 

a three-way switch valve was controlled via an air 

system to direct vacuum to the waste-seed recycling 

chamber and transfer vacuum to the seed-suction 

opening. As a result, the seeds were sucked back to the 

waste seed-recycling chamber. This ensured that no 

seeds intended for the previous plot were stored in the 

SMD. When planting the subsequent plot, seeds were 

again discharged via the seed-discharge opening. 

 

 

3. THEORETICAL FORCE ANALYSIS OF THE SEED- 
FILLING STAGE OF THE SMD 
 

3. 1. Description of the Seed-filling, Seed- 
Carrying, and Seed-metering Stages of the SMD       
The combined pneumatic SMD relies primarily on the 

negative pressure provided by vacuum to individuate 

single cotton seeds from a cotton seed group and 

arrange them into a uniform, orderly seed flow that 

rotates with the air-suction disk. The SMD carries and 

meters seeds via this mechanism. During this operation, 

the SMD is affected by factors such as disturbances 

from the seed group, negative pressure, the centrifugal 

force, and gravity. Here, a cotton seed force model is 

preliminarily established for each stage to facilitate 

force analysis. Based on the motion of and forces on a 
 

 

 
Figure 3. Air-suction holes formed by the combination of the 

guide slotted disk and the air-suction disk; (a) Two dimensional 

graph (b) Prototype; 1. cotton seed 2. air-suction holes 

 

     
Figure 4. The closed space (a) Seed-storage shell (b) Air-

suction disk and forced seed-metering disk 
 

 

cotton seed, the seed-metering operation of the SMD is 

divided into three stages, as shown in Figure 5. 

As the air-suction disk starts to rotate 

counterclockwise, the suction holes between 

approximately 0° and 60° on the seed-metering disk are 

under negative pressure. Under the negative pressure 

provided by the fan, the cotton seeds inside the seed 

storage chamber are sucked onto the suction holes and 

rotate with them as a seed group. This is the seed-filling 

stage. Between approximately 60° and 180° on the seed-

metering disk, the air-suction holes are under vacuum. 

Under the negative pressure provided by the fan, the 

cotton seeds are sucked onto the suction holes, where 

they rotate synchronously with the seed-metering disk. 

This is the seed-carrying stage. Between 

approximately 180° and 270° on the seed-metering disk, 

the suction holes are no longer under vacuum, the 

negative pressure provided by the fan disappears, and 

gravity causes the cotton seeds to fall into the closed 

space formed by the forced seed-metering disk and the 

seed-storage shell. The seeds rotate synchronously with 

the forced seed-metering and air-suction disks. The 

seed-metering operation is complete when the seeds 

eventually rotate to the opening at the bottom of the 

seed-storage shell. This is the seed-metering stage. 

The following assumptions are made to facilitate 

analysis of the three stages of seed-metering operation: 

(1) Cotton seeds are ideal, rigid ellipsoidal bodies with a 

uniform and consistent shape and size and do not 

 

 
Figure 5. Three stages of the SMD 



L. Yudao and S. Xuezhen/ IJE TRANSACTIONS B: Applications  Vol. 33, No. 8, (August 2020)   1652-1661                            1655 

 

undergo elastic deformation. In addition, all external 

forces to which each cotton seed is subject act on its 

centroid. 

(2) The seed-metering disk rotates at a uniform, 

constant speed. 

(3) During seed-metering, the negative pressure 

difference provided by the fan is uniform and stable. 

 

3. 2. Force Analysis of the Seed-filling Stage of the 
SMD        Seed-filling performance is a key factor in 

seed-metering that directly affects the seed-metering 

quality index [14-16]. Figure 6 shows a force diagram 

of a single cotton seed during the seed-filing stage. The 

diagram was produced based on the suction position of 

the cotton seed and a theoretical analysis of the vertical-

disk air suction-type SMD. The air-suction hole is 

formed by the combination of the guide slot and a 

straight air-suction slot. As this combined air-suction 

hole moves continuously, the magnitudes and angles of 

the forces from centrifugal inertia and sliding friction on 

the seed that is sucked onto the air-suction hole also 

change continuously. The forces on the seed are 

complex and varied.  

Therefore, it is necessary to make several 

assumptions to facilitate the subsequent force analysis 

[17-19]: 

(1) The distance between seed-suction holes is greater 

than their length and width. In addition, the dimensions 

of each seed-suction hole are smaller than the projected 

seed dimensions in all directions. This ensures that each 

seed-suction hole can suck and hold exactly one seed. 

The forces on a cotton seed at a seed-suction hole were 

investigated. 

(2) During operation, the air-flow field in the closed 

vacuum chamber inside the SMD is uniform, and its 

parameters are set to steady-state values. 

Figures 6(a) and 6(b) analyze the forces on a seed 

sucked onto the guide slot within the horizontal and 

vertical planes, respectively, during seed-metering. In 

Figure 6, G is the gravitational force on the seed sucked 

onto the guide slot, J is the centrifugal inertial force 

 

 

     
Figure 6. Force analysis of a cotton seed (a) The horizontal 

direction (b) The vertical direction 

generated by of rotation of the seed (which is held onto 

the guide-slotted disk by suction) with the air-suction 

disk. The direction of J changes with the angle of 

rotation α. F is the sliding friction force generated by 

movement of the cotton seed on the guide slot during 

rotation of the air-suction disk and R is the resultant 

force from gravity and the centrifugal inertial force. In 

the force analysis shown in Figure 6, P is the suction 

force generated by the air chamber inside the SMD, 

while N1 and N2 are the reaction forces generated by the 

suction force on the guide slot. The suction force is 

itself generated by the SMD air chamber. 

For a cotton seed to be sucked onto an air-suction 

hole, stably rotate with the air-suction disk, and undergo 

no sliding movement [20,21], the following force 

balance conditions should be satisfied at any location on 

the guide slot [22, 23]: 

Ql
d

P ≥
2

 (1) 

The minimum pressure can be determined from the 

relationship between P and the degree of vacuum: 

S

P
H =  (2) 

To suck and hold one cotton seed, an air-suction 

hole must at least meet the following condition:  

d

lQ
P

2
=  (3) 

The critical degree of vacuum in an air-suction 

hole can be determined based on Equations (2) and (3): 

Sd

lQ
H

2
=  (4) 

Q can be determined using the parallelogram rule 

of forces. First, one uses the parallelogram rule of forces 

to determine R, which is the resultant force of G and J: 

cos222 GJJGR ++=  (5) 

Then, Q, which is the resultant force of R and F, is 

determined: 

cos222 RFFRQ ++=  (6) 

Substituting Equations (5) and (6) into Equation (4) 

produces: 





coscos22

cos22

22

222

FGJJG

FGJJG

Sd

lQ
H
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++++
=

 
(7) 

In ideal conditions, when cos α = 1 and cos β = 1, 

Equations (2)-(7) produces: 

)
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H  (8) 
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The cotton seed dynamic friction coefficient was 

measured experimentally. The combined mass of the 

tested seed group and the shell was 435.38 g. The mass 

of the shell was 51 g. The mass of the weights used to 

pull the shell such that it moved horizontally was 275 g. 

F could be determined using the following equation: 

mgF =  (9) 

Thus, μ could be determined using the following 

equation: 

mg

F
=  

(10) 

Equation (10) was used to determine that μ was 

0.72. The Shandong Cotton-37 cotton cultivar was used 

in the test. The cotton seed weight was set to 95.35 

g/1000 seeds. The seed diameter was set to 5.3 mm and 

the area of each air-suction hole was set to 12 mm2 (i.e., 

the width of the guide slot and the width of the air-

suction straight slots were set to 4 mm and 3 mm, 

respectively). θ was set to 36.1°. K1, K2, and K3 were set 

to 2.0, 1.8, and 1.1, respectively. The comprehensive 

coefficient was set to 7.2. The rotational speed of the 

air-suction disk was 15 r/min. Thus, the critical degree 

of vacuum was calculated to be 2180.89 Pa. When the 

air-suction disk rotated at a speed of 25 r/min, the 

critical air pressure was 2157.3 Pa. The calculation 

results of these theoretical values can provide numerical 

reference for subsequent experimental design. 

 

 

4. SMD PERFORMANCE TEST 
 
4. 1. Test Material and Methods       Based on the 

operating principle of the combined pneumatic SMD, 

the degree of vacuum (i.e., air pressure) in each 

combined hole, the air-suction disk slot width, and seed-

metering rotational speed of the air-suction disk are the 

primary parameters that affect seed-metering 

quality[24]. Seed-metering quality includes multiple-

seeding and mis-seeding rates. Test data were obtained 

using a JPS-12 test bench and subsequently analyzed 

using Design-Expert software. The effects of each 

parameter on seed-metering performance were 

analyzed. Thus, a partially optimized combination of 

seed-metering parameters was selected to further 

improve planting precision in cotton plots. 

During the test, the vacuum required for the SMD 

was provided by a vacuum tube on the test bench. The 

degree of vacuum was altered by controlling the 

rotational speed of the vacuum fan via the test bench 

control system [25]. The SMD air-suction disk slot 

width was varied by using previously designed air-

suction disks with various slot widths. SMD rotation 

was powered by a drive motor. The rotational speed was 

controlled by a pulse signal from the control system. 

The control system was designed primarily to allow the 

SMD to be installed on real-world cotton plot planters. 

When used on the test bench, the seed-bed belt speed 

was set to mimic the advancing speed of a planter 

operating in a field [26]. Thus, all of the dependent 

variables (i.e., the degree of vacuum, slot width, and 

seed-metering speed) associated with the SMD during 

operation could be controlled. Figure 7 shows the test 

bench configuration and seed-metering results.  
Tests were performed at the Seed-metering 

Performance Laboratory at the College of Mechanical 

and Electronic Engineering, Shandong Agricultural 

University. A Shannongmian-37 cotton cultivar was 

used. The following cotton seed parameters were 

measured: weight of 1000 seeds—96.7 g; density—

0.886 g/cm3; angle of repose—19°; angle of sliding 

friction—25.3°; average length—9.66 mm; average 

thickness—5.22 mm. 

During the tests, analytical and statistical models 

were established using Design-Expert software to 

investigate the effects of the air pressure, slot width, and 

rotational speed on multiple-seeding and mis-seeding 

rates. Air pressure, slot width, and rotational speed test 

values were determined based on previous kinematic 

analyses and the pre-testing. In addition, a three-factor, 

three-level central composite design (CCD) was 

developed, as shown in Table 1. In Table 1, X1, X2, and 

X3 represent the air pressure, slot width, and rotational 

speed, respectively. In the data analysis, Y1 and Y2 

represent the multiple-seeding and the mis-seeding 

rates, respectively. 

The CCD parameters in Table 1 were imported into 

Design-Expert [27-29]. Based on the response-surface 

test design scheme, the software automatically 

generated 20 CCD schemes. Tests were performed 

 

 

 
(a) SMD on JPS-12 

  
(b) SMD (c) Seed-metering results 

Figure 7. SMD performance test, 1. Drive motor 2. SMD 3. 

Control system 4.Vacuum tube 



L. Yudao and S. Xuezhen/ IJE TRANSACTIONS B: Applications  Vol. 33, No. 8, (August 2020)   1652-1661                            1657 

 

based on these CCD schemes. The results were 

subsequently imported into the Design-Expert software 

and the effects of each factor on the multiple-seeding 

and mis-seeding rates were analyzed. A suitable 

combination of parameters was determined by 

comprehensively considering multiple-seeding and mis-

seeding rates. During the test, the SMD rotated 

approximately 12 times and theoretically metered 

approximately 240 seeds under the parameters 

corresponding to each number. The numbers of seeds 

corresponding to multiple seeding and missed seeding, 

respectively, were recorded when approximately 240 

seeds were metered. Table 2 summarizes the CCD 

schemes and results. 
 

 

TABLE 1. Test factor code 

Code 
Factors 

X1/kPa X2/mm X3/(r/min) 

-1.414 3.7 3.24 46.82 

-1 3.2 3.1 40 

0 2.6 2.9 30 

1 2.0 2.7 20 

1.414 1.5 2.56 13.18 

 

 

TABLE 2 Response-surface test schemes and results 

Testing 

No. 

Factor Result 

X1/kPa X2/mm X3/(r/min) Y1/% Y2/% 

1 2.6 2.9 30 3.71 1.299 

2 1.5 2.9 30 3.64 1.54 

3 2.0 3.1 20 4.1 4.25 

4 2.6 2.9 30 3.24 4.58 

5 2.6 2.56 30 3.65 2.52 

6 3.2 3.1 40 2.3 4.08 

7 2.6 2.9 30 3.34 1.64 

8 2.6 2.9 30 2.41 3.54 

9 2.6 3.24 30 4.53 2.13 

10 3.2 3.1 20 2.3 3.25 

11 2.6 2.9 30 2.1 2.54 

12 2.6 2.9 13.18 1.62 4.21 

13 2.0 2.7 20 1.3 1.54 

14 2.0 2.7 40 3.62 1.2 

15 3.2 2.7 20 1.36 1.47 

16 3.2 2.7 40 1.4 1.87 

17 2.6 2.9 46.82 1.45 2.03 

18 2.6 2.9 30 1.63 1.89 

19 2.0 3.1 40 1.42 1.96 

20 3.7 2.9 30 1.36 1.54 

4. 2. Test Results and Analysis        
 

4. 2. 1. Mis-seeding Rate Data and Analysis        

The test data were subject to analysis of variance using 

Design-Expert. Table 3 summarizes the regression 

equation significance test results. The mis-seeding rate 

(Y1) goodness-of-fit is significant (P<0.01), whereas the 

lack-of-fit is insignificant (P=0.1006). This suggests 

that there are no other principal influencing factors. Air 

pressure exerts the most significant impact on the 

quality index, followed by rotational speed and slot 

width. The following multivariate quadratic response 

surface regression model was obtained via a quadratic 

response-surface regression analysis performed using 

Design–Expert (Version 8.0.6): 

Y1(%)=78.93728-10.97592X1-40.64099X2-

0.18529X3-0.38541X1X2-0.02812X1X3-0.011875X2X3-

2.324X1
2+7.17705X2

2+0.004X3
2 

(11) 

 

 

TABLE 3. Mis-seeding rate processing results 

Source  Sum of square df Mean square F P 

Model 16.95 9 1.88 3.36 0.0363** 

X1 3.55 1 3.55 6.33 0.0306** 

X2 0.0758 1 0.0758 0.1351 0.7208 

X3 0.0609 1 0.0609 0.1085 0.7486 

X1X2 0.0171 1 0.0171 0.0305 0.8648 

X1X3 0.2278 1 0.2278 0.4062 0.5382 

X2X3 0.0045 1 0.0045 0.0080 0.9303 

X1^2 10.09 1 10.09 18.00 0.0017 

X2^2 1.19 1 1.19 2.12 0.1762 

X3^2 3.59 1 3.59 6.40 0.0298 

Residual 5.61 10 0.5608   

Lack of Fit 5.56 5 1.11 109.10 0.053 

Pure Error 0.0509 5 0.0102   

Cor total 22.56 19    

 

 

 
Figure 8. The slot width and air pressure  impacts on the mis-

seeding rate 
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The P-value of the model is 0.0363, which suggests 

that the model is significant. The X1, X2, X3, X1
2, and 

X3
2 in the model are all significant terms. The lack-of-fit 

in this test is insignificant (P=0.053) and can be used to 

analyze data. 

As demonstrated in Table 3, the slot width and air 

pressure each exert significant impacts on the mis-

seeding rate. Thus, the effects of interactions between 

the slot width and air pressure on the mis-seeding rate 

were analyzed. To a certain extent, an increase in the 

slot width results in a lower mis-seeding rate (Figure 8). 

An increase in the air pressure also decreases the mis-

seeding rate. However, the effects on the multiple-

seeding rate should also be considered. Thus, the first 

scheme provided by the software is optimized and meets 

requirements. The optimized parameters that produce 

the lowest mis-seeding rate (0.59%) are as follows: an 

air pressure of 2.67 kPa, a slot width of 2.83 mm, and a 

seed-metering speed of 20 r/min. 

 

4. 2. 2. Multiple-seeding Rate Data and Analysis      

The test data was subjected to analysis of variance using 

Design-Expert [30-32]. Table 4 summarizes the 

significance test results for the regression equation. The 

goodness-of-fit of the mis-seeding rate (Y2) is 

significant (P<0.0001) and the lack-of-fit (0.1551) is 

insignificant. This suggests that there are no other 

principal influencing factors. The slot width exerts the 

most significant impact on the quality index, followed 

by air pressure and rotational speed. A quadratic 

response-surface regression equation for the multiple-

seeding rate was obtained via a response-surface 

analysis of the multiple-seeding rate using Design-

Expert (Version 8.0.6): 

Y2(%)=102.77096-8.21243X1-78.23229X2+ 

1.22112X3+0.446875X1X2+0.060188X1X3-

0.463187X2X3+1.1267X1
2+16.14963X2

2-0.000669X3
2 

(12) 

The P-value of the model is less than 0.0001 suggests 

that the model is significant. In this model, X1, X2, 

X1X3, X1
2, and X2

2 are all significant terms. The F-value 

of the lack-of-fit is 0.1551. This suggests that the lack-

of-fit is insignificant, the goodness-of-fit is high, and the 

original data are reasonably accurate. The coefficient of 

adjusted determination is 0.9586. This suggests that 

95.86% of the multiple-seeding rate is related to the 

three test factors, that the goodness-of-fit is high, and 

that the equation is satisfactorily simulated. However, 

4.14% of the total multiple-seeding rate cannot be 

explained using the established surface model. 

As demonstrated in Table 4, the slot width and air 

pressure each exert significant impacts on the multiple-

seeding rate. Thus, the effects of the interaction between 

the slot width and air pressure on the multiple-seeding 

rate were analyzed. As demonstrated in Figure 9, 

increasing the slot width results in an increase in  
 

TABLE 4. Multiple seeding data processing results 

Source  Sum of square df Mean square F P 

Model 16.95 9 1.88 3.36 0.0363** 

X1 2.56 1 2.56 26.28 0.0004 

X2 3.99 1 3.99 40.90 < 0.0001 

X3 0.0155 1 0.0155 0.1595 0.6980 

X1X2 0.0230 1 0.0230 0.2360 0.6376 

X1X3 1.04 1 1.04 10.70 0.0084 

X2X3 6.87 1 6.87 70.42 < 0.0001 

X1^2 2.35 1 2.35 24.10 0.0006 

X2^2 6.01 1 6.01 61.69 < 0.0001 

X3^2 0.0570 1 0.0570 0.5847 0.4622 

Residual 0.9749 10 0.0975   

Lack of Fit 0.7071 5 0.1414 2.64 0.1551 

Pure Error 0.2677 5 0.0535   

Cor total 23.53 19    

 

 

 
Figure 9. The slot width and air pressure  impacts on the 

multiple-seeding rates 
 

 

multiple-seeding rate to a certain extent. Increasing the 

air pressure also increases the multiple-seeding rate. 

Thus, the multiple- seeding rate data produces the 

following scheme optimized to produce the lowest 

multiple-seeding rate of 4.3%: an air pressure of 2.35 

kPa, a slot width of 2.78 mm, and a seed-metering speed 

of 20 r/min. 

 

 

5. FIELD TEST 
 

In June of 2019, a field test was performed using a 

prototype machine at the Agricultural Test Station on 

the south campus of Shandong Agricultural University 

(shown in Figure 10). During the test, the planter was 

driven by a Lovol 350 tractor (power: 26 kW). The field 

soil consisted of loam and had a moisture content of 

23.2%. The primary equipment used in this test included  
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Figure 10. Field test 1. Tractor 2.Waste seed-recycling 

chamber 3. Control system 4.Encoder 5.SMD 
 
 

TABLE 5. Field test results 

 First group Second group 

Mis-seeding rate (%) 1.53 4.96 

Multiple-seeding rate (%) 1.69 5.34 

 

 

a cotton planter, straight rulers, a stopwatch, and a 

moisture meter. The test results show that the planter is 

able to complete the relevant processes, exhibits good 

seed-planting performance, and can plant single seeds 

precisely. In addition, the distances between the seeds 

planted by this planter are reasonably consistent. 

The parametric settings for the first test group are as 

follows: a vacuum of 2.67 kPa, a slot width of 2.83 mm, 

and a seed-metering speed of 20 r/min. The mis-seeding 

and multiple-seeding rates for the first test group are 

1.53 and 4.96%, respectively. The parametric settings 

for the second test group are as follows: a vacuum of 

2.35 kPa, a slot width of 2.78 mm, and a seed-metering 

speed of 20 r/min. 

 

 

6. CONCLUSION 
 
This study presented a combined pneumatic SMD 

design. This SMD could fill, carry, and meter seeds and 

could switch rapidly between seed-metering and seed-

cleaning modes. In addition, this SMD could meter 

seeds precisely and thoroughly and rapidly clean seeds. 

Thus, this SMD could improve the accuracy and speed 

of cotton planting in plots. 

The seed-filling, seed-carrying, and seed-metering 

modes of the SMD were analyzed theoretically based on 

a theoretical kinematic model. The results provided a 

basis for identifying SMD structural and motion 

parameters. The critical air pressure for stable seed 

suction was calculated to be 2,161.6 Pa. This data 

provided support for subsequent bench and field tests. 

A three-factor, three-level orthogonal test was 

performed using a performance test bench arranged for 

the SMD and Design-Expert software. SMD parameters 

that produced relatively good performance were 

determined during the test and used as a source of 

parameters for the field planting test. The combination 

of parameters that led to the lowest mis-seeding rate 

(0.59%) was as follows: an air pressure of 2.67 kPa, a 

slot width of 2.83 mm, and a seed-metering speed of 20 

r/min. The optimized scheme that led to a relatively low 

multiple-seeding rate of 4.3% and otherwise met 

requirements was as follows: an air pressure of 2.35 

kPa, a slot width of 2.78 mm, and a seed-metering speed 

of 20 r/min. 

A field test was performed using a combined 

pneumatic cotton plot planter prototype. While the mis-

seeding and multiple-seeding rates obtained from the 

field test were both somewhat higher than those 

obtained from the laboratory bench test, they still met 

precision planting requirements. The results of bench 

test and field test verify the accuracy of theoretical 

analysis. This validated provided a foundation for 

subsequent prototype production and popularization. 

The combined pneumatic cotton plot planter designed in 

this study could precisely meter and rapidly and 

thoroughly clean seeds. This design could meet cotton 

plot planting requirements. 
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Persian Abstract 

 چکیده 
  نیب  عاًیتواند سریبلکه م  ،کندگیری  و اندازهپر، حمل    بذرها را  ظرفتواند  یم  دهد که نه تنهایرا ارائه م)بذر( ( دانه  SMD)  یبیترک  یک یپنومات  یریگدستگاه اندازه  کیمطالعه    نای

بر    SMD  دربذر    یریاندازه گ  یها، انتقال و روش تمیزکردن  یهاکند. حالت   زیتم  عیرطور کامل و سهها را بو دانه   تغییر عملکرد دهدکردن بذر    زیو تم  ی ریاندازه گ  یهاحالت

و نرم افزار    SMD  یشده براتنظیم عملکرد    آزمون  میز  کیبا استفاده از    متعامد  یو سه سطح  یسه عاملآزمون    کی،    نیانجام شد. عالوه بر ا  ینظر  تیکینمایمدل س  کیاساس  

Design-Expert بود متر یلیم 2.83عرض شکاف  و پاسکال لویک 2.67 یفشار هوا شد،( ٪0.59نادرست )  پاشیبذر زانیم  نیکه منجر به کمتر ییهااز پارامتر یبیانجام شد. ترک . 

پا  یگانهشده که منجر به سرعت کاشت بذر چندنهیطرح به پاسکال،   لویک  2.35  یر هوااست: فشا  ریبه شرح ز  شد   ازهاین   ریسا  نکرد  آوردهحال بر  ن عی  در  و(  ٪4.3)  نیی نسبتاً 

با انجام شد.    یکیپنومات ی  ب یپنبه ترک  بذرپاش  یشینمونه آزما  کیبا استفاده از    یدانیم  شیآزما  ک، یپس. سr/min  20بذر از    یریمتر و سرعت اندازه گ  یلیم  2.78عرض شکاف  

نا  زانیم  این که آمد، اما هنوز هم  یبه دست م  یشگاهیآزما  میز  شیبود که از آزما  مقادیریباالتر از    یهر دو تا حدود   یدانیم  شیآزما  در  مجدد  یزن و جوانه  درستکاشت بذر 

آن عمل   مقبولیتو    هیاول  ونهنم  دیتول  یبرا  یا هیکرده و به عنوان پا  دییرا تأ  یشگاهیآزما  میزو آزمون    ینظر  تحلیل صحت    یدانیکردند. آزمون میرا برآورده م  قیکاشت دق  یازهاین

 کند.یم

 
 


