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INTRODUCTION

Buckwheat has been planted in China for thousands 
of years and an area of 1.3 million hectares is presently 
planted perennially.  Buckwheat is mainly planted in 
alpine mountainous areas, where areas of farmland are 
small and scattered and the degree of mechanized sow-
ing is low.

Buckwheat seeders are mostly modified from other 
grain seeders, such as wheat seeders and corn seeders.  
However, the physical and mechanical properties of 
buckwheat seeds are different from those of wheat and 
maize.  Modified buckwheat seeders therefore have a 
poor seeding effect.  The main reason is that the seed 
metering device of the seeder has not been specially 
designed for buckwheat seeds.

There are six types of metering device of the grain 
seeder: the outer groove wheel type, inner groove wheel 
type, hobbing gear type, winch type, pendulum rod type 
and centrifugal type.  The outer groove wheel type is the 
metering device most commonly used for a grain seeder.  
The seeding rate of this metering device has a linear 
relationship with the effective working length of the 
groove wheel, and it is stable and easy to adjust.  The 
outer groove wheel seeder is therefore suited to buck-
wheat seeding.

The interaction and dynamic relationship between 
the seed metering device and buckwheat seeds should 
be considered in the design of a seed metering device.  
To this end, researchers have adopted analytical meth-
ods based on discrete element theory and continuum 
theory (Li, Z. Q et al., 2011; Shi, L. R et al., 2014; Liu, Y. 
Q et al., 2016; Byum, J. H et al., 2018).  The discrete ele-
ment method regards the seeds as a set of rigid elements 
with independent motion, which is consistent with the 
physical and mechanical properties of the seeds them-
selves.  Therefore, in the study of the interaction 
between seeds and a seed metering device, analysis 
adopting discrete element theory is more accurate than 
that adopting continuous medium theory.

The present paper designs an outer groove wheel 
type of seed metering device for the buckwheat seeder 
by studying the physical and mechanical properties of 
buckwheat seeds.  The seed metering process of the 
device is simulated through discrete element analysis 
(DEA) and the parameters of the device are optimized 
according to the simulation results.

MATERIALS AND METHODS

Physical and mechanical properties of buckwheat 
seeds
Size parameters

The most basic physical parameters of buckwheat 
seeds are the dimensions of the seeds, including the 
length L, width W and height H of the seeds.  To obtain 
these parameters, the length, width and height of 50 ran-
domly selected buckwheat seeds were measured with a 
Vernier caliper having accuracy of 0.02 mm, and the 
average length, width and height of buckwheat seeds are 
calculated.  Using the size parameters of buckwheat 
seeds, the average equivalent diameter D and sphericity 
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φ of buckwheat seeds were calculated as

φ = D / L,
D = 3  LWH.	 (1)

The size parameters of buckwheat seeds obtained by 
measurement and calculation are given in Table 1.

Seed density
The density of buckwheat seeds is the ratio of the 

seed mass to seed volume.  In this study, the volume of 
buckwheat seeds was measured through liquid immer-
sion.  As shown in Figure 1, a measuring cylinder was 
first filled with 5 mL of water and then filled with a mass 
m (g) of buckwheat seeds weighed using an electronic 
scale.  The volume of the mixture V (mL) was recorded 
after the water surface of the cylinder was stable.  The 
density of buckwheat seeds was calculated as 

 ρk =
 

m——
V– 5

.  	 (2)

An average density of buckwheat seeds of 1.083 g/
mL was obtained for 10 repeated measurements. 

Water content
The buckwheat seeds were dried in an oven.  The 

water content of buckwheat seeds was obtained by cal-
culating the ratio of the reduced weight of the seeds to 
the weight of the seeds before drying.  The average 
water content of buckwheat seeds was obtained as 
12.4% for five repeated tests.

Static and dynamic friction coefficients
Referring to relevant work, the static friction coeffi-

cient of buckwheat seed was measured using an incli-
nometer (Sun, J. X. et al., 2018).  As shown in Figure 2, 

a buckwheat seed was first placed on the inclinometer 
and the inclination of the inclinometer was then gradu-
ally increased.  When the grain began to slide on the 
inclinometer, the inclination of the inclinometer corre-
sponded to the sliding friction angle.  The static friction 
coefficient of buckwheat seeds was calculated as

μS = tan a , 	 (3)

where a is the inclination of the inclinometer.

The inclination of the inclinometer was adjusted to 
the angle at which buckwheat seeds first slide.  
According to Newton’s first and second laws, the 
dynamic friction coefficient of buckwheat seeds was cal-
culated as

μk = tan a – 1——
g cos a

· S—
Δt

,	 (4)

where S is the sliding distance of a seed and Δt is the 
sliding time.

The dynamic and static friction coefficients of buck-
wheat seeds on different materials are given in Table 2.

  

Coefficient of restitution in collision
The coefficient of restitution of a buckwheat seed in 

collision was measured adopting the falling method 
(Huang, X. M. et al., 2014).  A measuring device was 
designed as shown in Figure 3.  Buckwheat seeds fell 
from a height of 500 mm to a seed pile, aluminum plate, 
plexiglass and brush.  The collision process of buck-
wheat seeds was recorded with a high–speed camera, 
and the rebound height H of buckwheat seeds was read Fig. 1.   Density measurement of buckwheat seeds.

Fig. 2.  �Inclinometer for measuring the static friction of 
buckwheat seed.

Table 1.  Size parameters of buckwheat seeds

Average 
length 
(mm)

Average 
width 
(mm)

Average 
height 
(mm) 

Average 
equivalent 
diameter 

(mm)

Average 
sphericity 

(%)

Buckwheat 
seeds 

6.35 4.12 3.90 4.67 74

Table 2.  �Dynamic and static friction coefficients of buckwheat 
seeds on different materials

Plastic plate Plexiglass
Aluminum 

plate
Seed brush

μk /μS 0.35/0.42 0.58/0.73 0.31/0.35 0.42/0.57
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from a coordinate board.  Using the rebound height H, 
the coefficient of restitution of buckwheat seeds in colli-
sion was calculated as

 e = H—
500

 . (5)

Coefficients of restitution of buckwheat seeds falling 
on different materials are given in Table 3. 

Elastic modulus and normal stiffness coefficient
The elastic moduli of buckwheat seeds in the direc-

tions of length, width and height were measured using a 
WDW3100 compression tester.  Fifteen buckwheat seeds 
were divided into three groups.  As shown in Figure 4, 
the seeds of each group were compressed along length, 
width and height directions, and the average compres-
sive modulus of buckwheat seeds along these directions 
was measured.  The relationship between buckwheat 
seed deformation and stress is shown in Figure 5.  The 
slope of the straight line obtained by fitting these data is 
the normal stiffness coefficient of buckwheat seeds.

The elastic modulus E and normal stiffness coeffi-
cient kn1 of buckwheat seeds in the directions of length, 
width and height are given in Table 4. 

Design of the seed metering device 
There are two types of outer groove wheel metering 

device: the movable groove wheel metering device and 
the fixed groove wheel metering device.  For the mova-
ble groove wheel metering device, the groove wheel 
moves left and right along the seed metering axis in the 
metering box and the seeding rate can be adjusted by 
changing the working length of the groove wheel.  For 
the fixed groove wheel metering device, the groove 
wheel cannot move left or right, and the seeding rate can 
only be adjusted by changing the speed of the groove 
wheel.  A movable groove wheel metering device is 
designed in this paper to adjust the seeding rate of buck-
wheat conveniently.

The designed outer groove wheel buckwheat meter-
ing device is shown in Figure 6.  The seed metering 
device mainly comprises a seed brush (labelled 1 in the 
figure), seed metering wheel (2), seed metering axle 
(3), seed metering box (4) and seed falling tube connec-
tor (5).  When the metering device is in operation, buck-
wheat seeds fill the grooves of the metering wheel under 

Fig. 4.   Sketches of the compression directions. Fig. 6.   Structural diagram of the seed metering device.

Fig. 3.   Device for measuring the coefficient of restitution. 

Fig. 5.   Linear fitting of the normal stiffness coefficient.

Table 3.   Coefficients of restitution e of buckwheat seeds falling 
on different materials

Collision materials

Buckwheat 
seed pile

Aluminum 
plate

Plexiglass Seed brush

Coefficients 
of restitu-

tion e
0.22 0.46 0.51 0.22
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Table 4.   Elastic modulus E and normal stiffness coefficient kn1 of 
buckwheat seeds

Length 
direction

Width 
direction

Height 
direction

Elastic modulus E (MPa) 96.4 115.3 127.5

Normal stiffness coefficient 
kn1 (N/mm)

30.2 61.3 74.91
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the action of the brush and gravity.  The seed metering 
wheel rotates under the drive of the seed metering axis, 
and the seeds are discharged from the seed metering 
box to the seed falling tube connector.

The main structural parameters of the buckwheat 
seed metering device are the diameter dW of the meter-
ing wheel, working length LW, groove radius rW and 
groove number zW.  The effects of physical and mechani-
cal properties of buckwheat seeds should also be consid-
ered when the structural parameters of buckwheat seed-
ers are preliminarily determined by referring to other 
grain metering devices such as those for wheat.  Thus, 
the parameters are preliminarily determined as dW = 
60 mm, LW = 20 mm, rW = 3 mm, and zW = 20. 

Performance simulation 
To test the performance of the designed buckwheat 

seed metering device, the working process of the seeder 
is simulated and analyzed adopting the discrete element 
method, and the structural parameters of the seeder are 
optimized according to the simulation results.

Boundary model of seed metering device
The adoption of the discrete element method to ana-

lyze the working process of the outer groove wheel 
metering device requires the boundary model of the 
metering device to be established.  The boundary model 
of the metering device is complex and the present study 
thus adopts a computer–aided design (CAD) model.  
The CAD model of the metering device is first estab-
lished and then imported into EDEM software to gener-
ate the simulation model.  The EDEM post–processing 
model of the seed metering device is shown in Figure 7.

Particle model of buckwheat seed
One–, two– and three–dimensional methods are 

often used to simplify material particles and improve the 
efficiency of analyzing agricultural materials adopting 
the discrete element method.  The model of one–dimen-
sional discrete element method is linear while the mod-
els of the two–dimensional discrete element method 
include circles, ellipses and polygons and the models of 
the three–dimensional discrete element method include 
spheres, ellipsoids, hyperspheres, polyhedrons and com-
bined elements.

The complexity and authenticity of the buckwheat 

seed particle model affect the efficiency and accuracy of 
the simulation analysis of the buckwheat seed metering 
device.  The combined element model of the three–
dimensional discrete element method is used in this 
study to simulate the working process of the buckwheat 
metering device truly and efficiently.  Figure 8 shows the 
buckwheat seed particle model based on combining ele-
ments. 

Mechanics contact model
DEA usually decomposes contact forces acting 

between particles and particles and between particles 
and boundaries into normal contact forces and tangen-
tial contact forces and then employs different simplified 
mechanical models to simulate and analyze these forces.  
Commonly used simplified mechanical models include 
the linear spring model, linear cohesion model, Hertz–
Mindlin model and hysteretic spring model.

The linear spring model has been widely used in 
agricultural engineering (Cundall, P. A and Strack, O. D., 
1979).  As examples, the model was used to study the 
flow process of maize in silos and to study the screening 
process of brown rice (Klinker, D. H and Henderson, J. 
M., 1992; Coetzee, C. J and Els, D. N. J., 2009).  Results 
show that the linear spring mechanics contact model can 
be reasonably and reliably applied to the DEA of agricul-
tural materials.  The present study therefore uses this 
model in the mechanical analysis of the buckwheat 
metering device.

Simulation parameters
Discrete element analysis requires a linear spring 

model to be established and thus the stiffness and damp-
ing coefficients of buckwheat seeds in collision to be 
obtained.

The normal stiffness coefficient of a buckwheat seed 
when colliding with a seed metering device is equal to 
the normal stiffness coefficient of the buckwheat seed 
itself.  Normal stiffness coefficients of buckwheat seeds 
colliding with each other can be calculated as

kn = 
k1k2——

k1+k2

,	 (6)

where k1 and k2 and are the normal stiffness coefficients 

Fig. 7.  EDEM post-processing model. 

Fig. 8.  �Particle model of the buckwheat seed 
based on combined elements.
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of colliding buckwheat seeds.
Tangential stiffness is usually considered to be pro-

portional to normal stiffness (Cundall, P. A. and Strack, 
O. D., 1979).  The tangential stiffness coefficients of 
buckwheat seeds in collision are calculated as

 ks = 0.8 kn.	 (7)

The stiffness coefficients of buckwheat seeds collid-
ing in three dimensions are given in Table 5. 

The normal damping coefficient is calculated as 
(Ting, J. M. and Corkum, B. T., 1992)

 Cn = – 2 ln (e) 
kn

 m0———
ln2e + π 2

,	 (8)

where m0 is the normalized mass.
The tangential damping coefficient is calculated as

 Cs = – 2 ln (e) 
ks

 m0———
ln2e + π 2

.	 (9)

The damping coefficients of buckwheat seeds are as 
given in Table 6.

Orthogonal tests
Orthogonal tests are designed to simulate the effects 

of the rotational speed, groove radius and groove num-
ber on the seed metering of buckwheat seeds, and the 
parameters of the seed metering device are optimized 
according to the simulation results.  An L4(23) orthogo-
nal table is used to analyze the performance of the seed 
metering device.  The factors and levels of the orthogo-
nal test are given in Table 7.  According to the operation 
speed of the buckwheat seeder, the levels of the rota-
tional speed are set at 24.25 and 55.67 r/min.  According 

to the preliminary design parameters of the seed meter-
ing device, the levels of the groove radius are set at 2 
and 3 mm while the levels of the groove number are set 
at 16 and 20.

In the orthogonal test, the target seeding rate is 
determined to be 3.79 g/s according to the requirements 
of buckwheat planting.

The simulation process is shown in Figure 9.  Seed 
particles are continuously generated by the particle fac-
tory and fall into the metering device.  Driven by the 
rotation of the groove wheel of the metering device, the 
seed particles enter the monitoring area.  The seeding 
rate of the metering device is obtained by counting the 
number of seed particles entering the monitoring area 
per unit time.

RESULTS AND DISCUSSION

Analysis of mixed orthogonal test results and 
parameter optimization of the seed metering 
device

The results of mixed orthogonal tests are given in 
Table 8.  Rj in the table is the value range of each factor 
level, which indicates the degree of influence on the 
metering rate of the metering device.  The effect of the 
factor on the seeding rate increases with the Rj value of 
the factor.  Analysis shows that the greatest effect on the 
seed metering is that of the groove radius, followed by 
that of the speed of the groove wheel, while the number 
of grooves has the least effect on seed metering.

In all orthogonal tests, the metering amount of the 
metering device is less than 3.79 g/s, and the level of 
each factor at the maximum metering rate should thus 
be taken as the optimal level.  The optimal project com-

Table 5.  �Stiffness coefficients of buckwheat seeds colliding in 
three dimensions

Length 
direction

Width 
direction

Height 
direction

kn

between seeds (N/mm) 15.1 30.7 37.5

between seed and wall 
(N/mm)

30.2 61.3 74.9

ks

between seeds (N/mm) 12.1 24.5 30.0

between seed and wall 
(N/mm)

24.2 49.0 59.9

Table 6.  �Damping coefficients of buckwheat seeds colliding in 
three dimensions

Length 
direction

Width 
direction

Height 
direction

cn

between seeds (N/
(m/s))

0.47 0.68 0.75

between seed and wall 
(N/(m/s))

0.67 0.96 1.06

cs

between seeds (N/
(m/s))

0.42 0.60 0.67

between seed and wall 
(N/(m/s))

0.60 0.85 0.94

Fig. 9.  �Simulation model of buckwheat 
metering device and seeds.

Table 7.  Factors and levels of the orthogonal test

level
Factors

Rotational speed 
(r/min)

Groove radius 
(mm)

Groove number

1 24.25 2 16

2 55.67 3 20
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bination is thus obtained as B2A2C1; i.e., the groove radius 
is 3 mm, the rotational speed is 55.67 r/min, and the 
number of grooves is 16.  However, the seeding rate of 
the metering device under this project combination is 
still less than the target rate.  The reason may be that 
the interaction between factors A and B has a greater 
effect on the test results than factor C alone.  A supple-
mentary test is thus conducted.

In the supplementary test, the groove radius of the 
metering device is 3 mm and the metering rate of the 
metering device is tested at rotational speeds of 24.25, 
38.17 and 55.67 r/min for 16 and 20 grooves.  The test 
results are given in Table 9. 

Table 9 shows that the seeding rate of the seed 
metering device with 20 grooves is always greater than 
that of the seed metering device with 16 grooves.  
Therefore, the exactly optimal project combination is 
B2A2C2; i.e., the groove radius is 3 mm, the rotational 
speed is 55.67 r/min, and the groove number is 20.

Single–factor test results and analysis of the seed 
metering device

To analyze the effect of the rotational speed of the 
buckwheat metering device on seed metering and to test 
whether the project combination B2A2C2 meets the 
requirements of seed metering, the levels of the rota-
tional speed of the seed metering device are divided into 
smaller gradients for a simulation test, and the relation-
ship between the rotational speed of the seed metering 
device and the seed metering rate is obtained as shown 
in Figure 10.

Figure 10 reveals that the seed metering rate of the 
metering device has an approximate linear relationship 
with the rotational speed, and the correlation coefficient 
R of linear fitting is greater than 0.99.  The metering rate 
of the metering device reaches the target value of 
3.79 g/s at a rotational speed of 47.85 r/min.

CONCLUSIONS

Physical and mechanical parameters of buckwheat 
seeds were measured and calculated.  The physical 
parameters include the dimensions of seeds, seed den-
sity and water content.  Mechanical parameters were the 
static friction coefficient, dynamic friction coefficient, 
restitution coefficient in collision, elastic modulus and 
normal stiffness coefficient.

Using the physical parameters of buckwheat seeds, 
an outer groove wheel type of seed metering device was 
designed for the buckwheat seeder.  A boundary model 
of the seed metering device, buckwheat seed combina-
tion element particle model and linear spring mechanical 

Table 8.  Design scheme and results of mixed orthogonal tests

Test No.
Test scheme Test result Target

Rotational speed (r/min) 
A 

Groove radius (mm) 
B 

Groove number 
C

Seeding rate  
(g/s)

Seeding rate  
(g/s)

1 1   24.25 1   2 1   16 0.40

3.79
2 1   24.25 2   3 2   20 1.95

3 2   55.67 1   2 2   20 0.74

4 2   55.67 2   3 1   16 3.36

K1j 2.35 1.14 3.76

K2j 4.10 5.31 2.69

k1j 1.18 0.57 1.88

k2j 2.05 2.66 1.35

Rj 0.87 2.09 0.53

Order of factors B > A> C
Optimal project combination B2A2C1

Fig. 10.  �Relationship between the rotational speed of the 
seed metering device and the seed metering rate.

Table 9.  Supplementary test results

Groove number
Rotational speed (r/min)

24.25 38.17 55.67

16 1.63 g/s 2.27 g/s 3.39 g/s

20 2.02 g/s 2.82 g/s 4.41 g/s
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contact model were established to analyze the perfor-
mance of the seed metering device and optimize the 
structural parameters of the device.  The working pro-
cess of the seed metering device was simulated and ana-
lyzed using the discrete element method.  The stiffness 
and damping coefficients of buckwheat seeds in collision 
were calculated using the physical and mechanical 
parameters of buckwheat seeds for the purpose of DEA.

In simulation, the effects of the rotational speed, 
groove radius and groove number on the metering rate 
were analyzed adopting a mixed orthogonal test and 
supplementary test.  The results of the simulation tests 
gave an optimum combination of structural parameters 
of the metering device as a groove radius of 3 mm, rota-
tional speed of 55.67 r/min, and 20 grooves.  The single–
factor test results of the rotational speed of the buck-
wheat metering device showed that the relationship 
between the metering rate and rotational speed was 
approximately linear.  At a rotational speed of 47.85 r/
min, the metering rate of the metering device reached 
the target value of 3.79 g/s.
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