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Abstract
Aim of study: To study the effect of potato surface with or without sandy loam soil on seed metering performance, we investigated the 

motion behaviour of the potato seed particles during the seed metering process using a self-designed across-bridge metering device by 
discrete element method (DEM).

Area of study: Tonganyi Town, Dingxi, Gansu, China
Material and methods: First, the contact characteristics of potatoes were measured using some novel devices. Second, simulations 

were performed under the same experimental conditions to verify the reliability of the contact parameters. Finally, the velocity and angular 
velocity of the seed in the seed box and the number of seeds taken by the large spoon during the taking and clearing process were analysed 
using ANOVA.

Main results: The coefficients of static friction (SF) and rolling friction (RF) of seed particles with soil were smaller than those without 
soil and had the highest values between particles and plastic, followed by between particles and steel, and between particles. Further, the 
rates of metering single seed particle in simulation and experiment were 98.17% and 97.57%, respectively. The rate of missing seed parti-
cles was 1.83% and 2.43%, respectively; it was found to significantly decrease as RF increased from 0.01 to 0.06 to 0.12, and the resultant 
angular velocity and velocity also significantly decreased as SF increased from 0.1 to 0.5 to 1.0. In addition, the number of seeds taken by 
the large spoon also reduced.

Research highlights: Therefore, potato seed particles surface with or without soil can significantly affect the seeding performance and 
highlight the need for surface treatment using mechanised metering.

Additional key words: coefficient of rolling friction; coefficient of static friction; potatoes with or without soil; simulation
Abbreviations used: DEM (discrete element method); RF (rolling friction); SF (static friction). Nomenclature: a (indices for particle 

or implement); b (indices for particle or implement); D (qualified rate of single seed, %); e (coefficient of restitution); Ea (Young’s modulus 
for particles a); Eb (Young’s modulus for particles b); Eeq (equivalent Young’s modulus); f (shape index); Fn (normal force); Fres (resultant 
force, N); Ft (tangential force); s

nF  (normal contact force, N); d
nF  (normal damping force, N); s

tF  (tangential contact force, N); d
tF  (tangential 

damping force, N); g (gravitational acceleration, m s-2); Ga (shear modulus for the particles a, Pa); Gb (shear modulus for the particles b, Pa); 
Geq (equivalent shear modulus, Pa); H (drop heights of potato, m); h (rebound heights of potato, m); Kn (normal stiffness, N m-1); Kt (tangen-
tial stiffness, N m-1); L (maximum length of potato seeds, mm); m (mass, kg); M (moment, Nm); M1 (rate of missing seed, %); m1 (mass of 
the water and bucket, kg); ma (mass of the particles a, kg); mb (mass of the individual particles b, kg); meq (equivalent mass, kg); Mr (moment 
due to rolling friction, N m); Mres (resultant moment, N m); ra (radius of particles a, m); rb (radius of particles b, m); rcon (perpendicular 
distance of the contact point from the centre of mass, m); req (equivalent radius, m); T (maximum height of potato seeds, mm); Uabn (normal 
component of the relative displacement); Uabt (tangential component of the relative displacement, m); Ü (translational acceleration, m s-2); 
va (Poisson’s ratio for particles a); vb (Poisson’s ratio for particles b); vn (normal velocities of potato before collision, m s-1); W (maximum 
width of potato seeds, mm); x (coefficient of rolling friction); y (repose angle, °); θλ  (unit vector of angular velocity at the contact point); μ 
(friction coefficient); μn (normal velocities of potato after collision, m s-1); μr (coefficient of rolling friction);  θ (angular velocity, rad s-1),  θ 
(rotational acceleration rad s-2)
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Introduction
Potato is the largest non-cereal food crop in plant area 

(Zhang et al., 2017) and ranks the fourth most important 
food crop after rice, wheat, and corn in acreage, yield, and 
value. With the rapid global development of the potato in-
dustry in recent years, the scale of potato crop production 
in China has also expanded. Although China currently ac-
counts for the world's largest potato cultivation area and 
total production, the production level is still far behind 
that of other developed countries, such as the USA and 
Germany (Li, 2008). Mechanised production is a critical 
factor limiting the development of the potato industry in 
China (Lv et al., 2015). 

The mechanised metering process, the key to achieving 
mechanised production, directly affects the potato yield 
and quality (Du et al., 2011). Potato precision metering 
technology can improve operational efficiency, save cost, 
and is irreplaceable in the seeder (Lu, 2015). The see-
ders can be pneumatic or mechanical, depending on the 
working principle (Hou et al., 2018). Mechanical seeders 
have the advantages of low requirements of seed shape, 
few damages to seed, and better adaptability, but its struc-
ture is complicated and unreliable. Simple structures, low 
cost, and ease of maintenance make mechanical feeders 
the most preferred type. Mechanical feeders are classified 
as spoon belt (chain) type, spoon disc type, and pinch type 
(Wang YX et al., 2016). The spoon disc type has better 
versatility but unstable metering uniformity and poor re-
liability, while the pinch type can significantly damage the 
potatoes. The spoon-chain device is more widely adop-
ted due to its high reliability and versatility. However, if 
the potato seed in the seed box is not filled in time, pro-
blems such as missing seeds and decreasing picking rate 
with increasing chain speed can occur (Buitenwerf et al., 
2006), resulting in decreased production (up to 7%) (Liu 
et al., 2016). Studies on improving the metering perfor-
mance of the spoon-chain metering device suggest limi-
ting the seed velocity, increasing the seed filling height, 
and adding vibration devices to improve the seed filling 
rate (Hamid et al., 2010; Al-Gaadi & Marey, 2011; Niu et 
al., 2016). However, these studies do not address the key 
technical questions of inadequate seed collection addres-
sed by Yang (2014). Missing seeds can be linked to the 
metering form, device structural parameters, seed shape, 
and flow characteristics of the seed population. In 2019, 
our research group designed a new type of potato cross- 
bridge metering device, which contained large scoops that 
could pick more than one seed and small scoops holding 
a single seed. The seed transition from the large to small 
scoop when crossing the bridge increases the qualification 
metering rate of single seed. 

In the past, the structure and movement of the metering 
device were optimised by traditional theoretical analy-
ses and field experiments. The former faces distortion in 

analysing the flow characteristics of discrete materials, 
while the latter is both time- and labour-consuming (Yang 
et al., 2018; Lv et al., 2018). Therefore, in recent years, the 
discrete element method (DEM) has been used to explore 
the seed movement in a device and optimise the structure 
of devices (Li et al., 2011; Owen & Cleary, 2012; Peng 
et al., 2016). DEM is an effective tool for investigating 
the microscopic properties of particles when transient for-
ces and energy dissipation cannot be investigated using 
conventional experimental methods (Moreno-Atanasio, 
2012). It has been applied in agricultural research rela-
ted to soil and seed particles, such as corn (Wang et al., 
2015), rice grain (Markauskas & Kaianauskas, 2011), and 
soybean (Yan et al., 2020). DEM has been used to eva-
luate the metering systems (Barr et al., 2019), optimise 
the structure and motion parameters of the metering de-
vice with upper and lower seed boxes (Niu et al., 2016), 
explore the influences of disc rotation, flying height, and 
baffle ring angle of an unmanned aerial vehicle on the dis-
tribution of the centrifugal rice seeding spreader (Wu et 
al., 2020), investigate the effects of the seed tube type and 
diameter, seed-dropping height and forward velocity on 
seed motion characteristics and seeding performance (Lei 
et al., 2021), and simulate the effect of particle shape on 
motion and mixing in a rotary batch seed coaters (Pasha 
et al., 2016). DEM has also been applied to calibrate the 
contact parameters of mini potatoes using experiment and 
simulation methods (Liu et al., 2018). Gao & Xie (2019) 
studied the 4GS-1500 type rod chain elevator potato soil 
separation mechanism using DEM to optimise the design 
and motion parameters. However, potato seed particles 
contact parameters also influence the flow process, and 
their effect on the working performance of seed metering 
device has not been studied so far.

The potato seed particles surface with or without soil 
can alter two important contact parameters, the coeffi-
cient of rolling friction (RF) and the coefficient of static 
friction (SF), and further affect the metering seed perfor-
mance. Therefore, this study investigates the influence of 
the potato contact characteristic parameters on seed me-
tering performance of the designed across-bridge potato 
metering device using DEM. Firstly, the RF and SF of 
the seed particles with and without soil particles on their 
surface were measured by the proposed device; further, 
we investigated in detail the effect of RF and SF on the 
velocity and angular velocity of seed particles in the seed 
box, the number of potatoes picked by a large spoon, and 
seed clearing by a potato cross-bridge metering device. 

Material and methods
Because the soil attached to the potato skin will affect 

the potato contact parameters, it is necessary to differen-
tiate the motion behaviour and flow of potatoes with and 
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without soil. In addition, the soil volume can also influen-
ce the contact parameters. To investigate the effect of RF 
and SF on the seed metering performance of the proposed 
device, we divided the potatoes into two types, (i) natural 
potato with soil and (ii) washed with water. The dirt in 
the water-washed seed particles was dried to measure the 
soil quantity and particle size. The average soil carrying 
capacity of potato was 0.01 g, and the particle size was 
0.001-0.03 mm.

Potato metering device

The potato cross-bridge metering device mainly con-
sists of the seed box, seed picking spoon assembly, spoon 
chain frame, seed carrying box, and seed separator (Fig. 
1a). It is further divided into four functional units (Fig. 
1b), the seed-collecting stage, bridging stage to clear 
excess potatoes, seed carrying stage, and zero-speed 
throwing seed stage. The working of the device is as  
follows: with the transmission of the drive chain, the 
large seed spoon picks more than one potato from the 
bottom to the top of the seed box (Zone I). When the 
seed spoon assembly passes through Sprocket I, par-
ticles slide down to the small spoon along its circular 
track. Subsequently, when it passes through Zone II, 
the extra particles slide back into the seed box, whi-
le those in the small spoon continue to move along 
the drive chain. When it reaches Zone IV, the seed 
is metered out. The seed picking spoon assembly 
consists of 12 small and large spoons placed along 
the drive chain (1828.8 mm in length). The semi- 
spherical small spoon has a maximum diameter of 59 
mm and a depth of 22 mm, with a circular hole of 15 
mm at its bottom. The semicylindrical large spoon has 
a diameter of 59 mm, length of 90 mm, and thickness 
of 22 mm. The spoons are placed such that they are ver-
tically facing each other. The space between the seed 
spoon assemblies is 152.4 mm, the horizontal speed of 
the metering device is 0.56-1.39 m s-1, and the velocity 
of the drive chain is 0.26-0.64 m s-1. For simulation, 310 
particles are generated in the seed box (Fig. 1c-d). The 
total simulation time is set at 20 s in steps of 1.11×10-4s 
and the drive chain is set at 0.6 m s-1. For reducing simu-
lation time, parts of the metering device not involved in 
the metering process are not simulated.

The simulation detects the active level of seed particles 
in the seed box, number of large scoops taken, and rate of 
seed clearing to explain the influence of friction coeffi-
cients on seed metering performance. The three detection 
areas, to detect population activity, potato number, and 
clear potato (Fig. 1e-f), provide velocity, angular velocity, 
and the number crossing respectively. The more active the 
seeds in the seed box, the more likely they are to enter 
the large seed spoon. Therefore, the average velocity and 

average angular velocity of the seeds can detect the po-
pulation activity. As multiple seeds picked up can signi-
ficantly reduce overtime, the possibility of missing seeds 
increases. Therefore, the number of seeds picked by the 
large seed spoons should be known to detect the potato 
number. As the single seed rate is an important indicator 
of the metering seed device, the number of cleared seed 
particles by the small scoop needs to be detected and is 
given by the number of crossings.

Particle-contact model

We used the Longshu No.10 potato variety (Gansu, 
China) in this research. The water content in this variety, 
measured using the drying method (drying oven, DHG-
9013A, Shanghai Yiheng Instruments Ltd., China), was 
50.4%. Because the potato skin has good water resistance, 
the interparticle adhesion between particles was ignored, 
and Hertz-Mindlin (no slip) model (HMCM) was selected 
to simulate the motion behaviour between particles. This 
model simplifies the tangential and normal contact forces 
into parallel connections of springs and dampers, respec-
tively (Fig. 2).

The normal and tangential forces, Fn and Ft, respecti-
vely, are defined as follows,

s d
n n nF F F= +                                (1)

s d
t t tF F F= +                                 (2)

where Fs and Fd represent the contact and damping forces.
The contact models ensure that the magnitude of the 

total contact force in the tangential direction Ft does not 
exceed the maximum force caused by friction, as stated 
by Coulomb’s law of friction,

t t n
t s

n t n

F if F F
F

F if F F

µ

µ µ

⋅= 
⋅ ⋅

＜

≥
                       (3)

where μ is the friction coefficient.
The gravitational force is added to Fn and Ft to calcula-

te the resultant force (Fres) as follows:

res n tF F F mg= + +                            (4)

where m is the mass of the particle, and g is the gravitatio-
nal acceleration. The tangential component of the contact 
force results in a moment (M), the magnitude of which is 
calculated as,

con tM r F= ⋅                                  (5)

  1 1 1

eq a br r r
= +
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where rcon is the perpendicular distance of the contact 
point from the centre of mass; ra and rb are the radius of 
the individual particles a and b, respectively, and req is the 
equivalent radius.

In a granular system, the rolling resistance also dissipa-
tes energy during the relative rotation and provides “packing  
support” that provides stability to the system. Therefore, an 
additional moment is also applied to the contacting surfaces as,

s
r r n conM F r θµ λ= − ⋅ ⋅ ⋅ 

                      
  (6)

where Mr is the moment due to rolling friction, μr is the 
RF, and  θλ    is the unit vector of angular velocity (θ) at the 
contact point. The resultant moment (Mres) is then obtai-
ned as the vector sum as follows:

res rM M M= +                               (7)

 
(a) (b) 

           

(c) (d) 

 

(e) (f) 
  

 Figure 1. Potato cross-bridge metering device: (a) main view, (b) functional area division (Ⅰ, seed- 
collecting stage; Ⅱ, bridging stage to clear excess potatoes; Ⅲ, seed carrying stage; Ⅳ, zero-speed 
throwing seed stage), (c) model of potato metering device, (d) division of detection area, (e) Location 
and dimensions of the three detection zones in left view, (f) Location and dimensions of the three de-
tection zones in front view.  1, seed box; 2, seed spoon assembly; 3, spoon chain rack; 4, seed carrying 
box; 5, seed separator; 6, drive chain; 7, sprocket i; 8, sprocket ii; 9, sprocket iii; 10, small spoon; 11, 
large spoon; 12, scoop rack).
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For updating the new position of the particle, the ac-
celeration of the particle is calculated using Newton’s se-
cond law of motion as follows:

resF
U

m
=                                    (8)

resM
I

θ =                                   (9)

where  Ü, θ, m, and I are the translational acceleration, ro-
tational acceleration, particle mass, and moment of inertia 
of the particle, respectively. After calculating the velocity, 
the new positioning of the particle is computed by inte-
grating the velocity over the time interval.

In HMCM, normal and tangential contact and damping 
forces between two particles are defined as,

3/2s
n n abnF K U= − ⋅                           (10)

where Uabn is the normal component of the relative displa-
cement, and Kn is the normal stiffness defined as,

2n eq eq abnK E r U= ⋅ ⋅ ⋅                      (11)

( ) ( )2 21 11 a b

eq a b

v v
E E E

− −
= +  

where E and v are Young’s modulus and Poisson’s ratio, 
respectively, of the individual particles a and b.

The tangential contact force and stiffness Kt were defi-
ned by Mindlin (1949) as,

s
t t abtF K U= − ⋅                           (12)

8t eq eq abnK G r U= ⋅ ⋅                        (13)

2 21 a b

eq a b

v v
G G G

− −
= +

 

where Uabt is the tangential component of the relative 
displacement; Ga, and Gb are the shear modulus for the 
individual particles a and b, respectively; and Geq is the 
equivalent shear modulus.

The normal and tangential damping forces were deter-
mined as,

52
6

d
n n eq abnF K m Uψ = − ⋅ ⋅ ⋅ ⋅ ⋅               (14)

52
6

d
t t eq abtF K m Uψ= − ⋅ ⋅ ⋅ ⋅ ⋅                (15)

1 1 1

eq a bm m m
= +

2 2

ln=
ln

e
e

ψ
π+

  

where e is the coefficient of restitution of the particles; ma 
and mb are the mass of the individual particles a and b, 
respectively; and meq is the equivalent mass.

Potato model

The classification of potato shapes is necessary as the 
flow will vary depending on the shapes and seeds. There-
fore, 500 potatoes were randomly selected and the dimen-
sions measured using a digital vernier calliper. The potato 
shape index was calculated using Eq. (16) to differentiate 
the three types of shape index (spherical, ellipsoidal, irre-
gular) (Sang et al., 2008; Jia et al., 2011; Gu et al., 2013), 
which were in a ratio of 238:233:29. The average length, 
width, and height of potato seeds were 89.5 mm, 74 mm, 
and 63 mm, respectively.

2

100Lf
WT

= ×                              (16)

where f is the shape index, and L, W, and T are the maximum 
length, width, and height of potato seeds in mm, respectively.

The model of elliptical rice particles constructed by  
filling overlapping spheres has been studied and proven to 
be useful (Markauskas et al., 2010). Accordingly, we mo-
delled the three shape types of the potato seed using So-
lidworks 2018 SP5.0 (Dassault Systeme, USA) to the me-
asured statistical size. The specific modelling process is as 
follows: the potato is cut along the maximum contour in 
the x-y section. The cut surface is fitted with white paper, 
and the contour is drawn with a pencil. Finally, the potato 
is divided into multi-layers along the y-z section. Image 
acquisition is achieved by adding a ruler perpendicular to 
the paper. The image is then imported into AutoCAD, and 
the potato is outlined using the spline curve command. 
The top-down sequences of potato slices are inserted into 
the corresponding datum level one by one. The outline of 
the whole potato is then imported into Solidworks, and 

 

 
 

Figure 2. Particle contact model: ra, rb are the radius of the 
individual particles a and b, respectively s

nF , s
tF  repre-

sent the normal and tangential contact forces, respectively;
d

nF , d
tF  represent the normal and tangential damping forces,  

respectively.
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the potato modelled using the lofting command (Shi et 
al., 2013). The three potato model shapes imported into 
EDEM 2017 for particle filling are shown in Fig. 3.

Simulation parameters

A simulation was performed to obtain essential contact 
parameters such as RF, SF, and the coefficient of resti-
tution. Because the Hertz-Mindlin model (Wang et al., 
2015) was used to simulate particle flow characteristics, 
the basic physical and mechanical contact parameters of 
the particles were determined first. The basic physical 
parameters, including shape classification, density, shear 
modulus, Poisson's ratio, and volume density, were de-
termined using physical experiments as follows: average 
density was 1 048 kg m-3, volume density was 631.88 kg 
m-3. Poisson's ratio was 0.576, and modulus of elasticity 
was 4.42 MPa (Shi et al., 2018). The contact parameters 
of potatoes, such as SF, RF, and the coefficient of restitu-
tion, were measured using the device developed herein. 

Coefficient of static friction 

SF significantly influences the interaction between the 
potato and contact body. The static friction between potato 
and two other materials (steel and plastic) is measured using 
the developed device (Fig. 4) as follows. The potato is placed 
on the movable plate. One end is connected to the thin wire 
through screws, and the other end passes through the pulley 
to the small bucket. When the power supply is switched ON, 
the lifting device moves to adjust the height of the potato. The 
power supply is disconnected when the thin wire is aligned 
horizontally to the potato. The position of the potato on the 
movable plate was moved so that the distance between the 
potato and photoelectric sensor connecting line was about 1 
mm. One end of the solenoid valve hose (normally open) is 
placed directly above the bucket, and the electronic scale is 
placed directly below the bucket. When the manual switch 
is turned ON, the water in the tank flows through the manual 
switch and solenoid valve successively into the small bucket. 
When the gravity of the water in the bucket is equal to the 
force of static friction between the potato and movable plate 
(the flat plate was made with various materials, such as the 
same variety of potato, 45 steel, and plastic), the potato slides 

forward to block the photoelectric sensor. The solenoid valve 
then closes the water flow channel of the hose and manual 
switch. The gravity of the potato and the bucket filled with 
water was measured by electronic scale. SF between potato 
and contact was obtained using Eq. (17) and given in Table 1.

The friction force is equal to the multiplication of the 
potato gravity and the friction coefficient:

1 /m g mgµ =                             (17)

where μ is the coefficient of static friction between the 
potato and contact material, m is the mass of the potato in 
g, and m1 is the mass of the water and bucket in g.

Coefficient of restitution

The coefficient of restitution (e) can affect the normal 
damping of the contact particles (Bharadwaj et al., 2010) as 
they are highly influenced by the moisture content (Guo et 
al., 2012); e is defined as the absolute ratio of the velocity 
after the collision to that before collision. We developed a 
new platform to measure the potato e (Fig. 5). The potato 
is placed in the pneumatic opening and closing mechanism. 
When the pneumatic switch is ON, the potato is dropped 
onto the drop tray, and the impact force is measured by 
the impact force sensor. Simultaneously, the impact con-
tact area between the potato and contact plate is recorded 
on the carbon paper covering the drop tray. In addition, a  
high-speed camera collects the rebound height of the potato 
and the trajectory as it bounces away from the drop tray.

However, when the angle between the support plate 
and horizontal plane was 0º and the drop height of potato 
was 600 mm, we used Eq. (18) to calculate e (Table 2).

 

       (a) (b) (c) 

 
 
Figure 3. Three modes and discrete element model of particles: 
(a) round, (b) oval, (c) irregular.

 
 

 

Figure 4. Measurement device of the coefficient of static fric-
tion: 1, frame; 2, water tank; 3, potato; 4, photoelectric sen-
sor; 5, movable plate; 6, pulley; 7, switch; 8, solenoid valve; 9, 
hose; 10, thin wire; 11, bucket; 12, electronic scale; 13, bottom 
plate; 14, fixed ring; 15, motor; 16, control box; 17, screw; 18, 
nut sleeve.
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n

n

he
v H
µ

= − =                            (18)

where μn and vn are the normal velocities of potato after 
and before collision in m s-1; H and h are the drop and 
rebound heights of potato in m, respectively.

RF between particles and contact material

The rolling friction angle is one of the most impor-
tant design parameters of the potato seeder and is mea-
sured using the inclined plane method. The measurement  
platform is shown in Fig. 6. The process of measuring RF 
between a potato and the plate (made of plastic or steel) 
is as follows. When the potato is placed on the plate, the 
angle between the plate and horizontal plane gradually 
increases. When the potato begins to roll along the plate, 
the step motor is shut, and angle θ is recorded. The mea-
surement was done thrice for each group of plates, and the 
results are given in Table 3. 

Prediction of RF between particles

The simulation prediction method is used to calibrate 
RF (Wang et al., 2015; Wang YX et al., 2016) despite 

the differences between the actual and simulated pota-
toes in shape and centroid. This is because it is difficult 
to directly measure the RF between the particles expe-
rimentally. The RF of particles was changed to accumu-
late the repose angles under the same conditions (a ste-
el drum with diameter 220 mm × height 300 mm), and 
three sets of experiments were carried out. We measured 
four repose angles in two directions for a stable repose 
angle. A relationship between the repose angle and RF 
was established (Fig. 7). 

The repose angle was found to increase gradually with 
increasing RF. Fig. 8 shows the actual and simulated re-
pose angles (24.72° and 24.39°, respectively) with a re-
lative error of 1.33%. The bottom edge length and height 
of the simulated repose angle were 436 mm and 99 mm, 
respectively.

The predicted RF of particles is 0.022 (Eq. 19) when 
the repose angle is 24.76°. The parameters needed for the 
potato metering simulation are shown in Table 4.

y = 253.43 x + 19.01                      (19)

Factors and index of metering seed simulation  
experiment 

The coefficient of friction between a particle and devi-
ce (static/rolling) has a significantly lower effect on the si-
mulation results than that between two particles (Bharad-
waj et al., 2010). A single-factor simulation experiment 
was performed to investigate how RF and SF affect the 
potato motion behaviour during metering seed. Table 4 
shown that the maximum initial single-dimensional ran-
ges were 0.01-0.12 and 0.1-1 for RF and SF, respectively. 
Therefore, the simulation factors of RF were set to 0.01, 
0.06, and 0.12, and those of SF were set to 0.1, 0.5, and 1. 
The experimental indexes are selected from the require-
ments of potato planter experiment method (GB/T 6242-
2006), and the qualified rate of single seed, D, and the 
rate of missing seed, M1, were calculated using Eqs. (20) 
and (21), respectively. Simulations and experiments were 
conducted in five groups of 32 sampling points each.

1 100%nD
n

= ×                             (20)

2
1 100%nM

n
= ×                            (21)

 
 Figure 5. Platform to measure the potato coefficient of resti-

tution: 1, frame; 2, pneumatic opening and closing mecha-
nism; 3, drop experiment sensor; 4, height adjustment chute; 5,  
high-speed camera; 6, drop tray.

With soil
Particles Particle and plastic Particle and steel

Average value SD Average value SD Average value SD
Yes 0.442 0.036 0.496 0.021 0.420 0.029
No 0.483 0.027 0.526 0.027 0.455 0.041

Table 1. Coefficients of static friction of potatoes
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where n1 and n are the number of metering single seed 
and all particles, respectively, and n2 is the number of  
missing seed.

Results
The above analysis shows that SF and RF follow the 

order: particle and plastic > particle and steel > particles, 
and are lesser in potatoes with soil than that without soil. 
Therefore, RF and SF vary according to the conditions of 
the potato surface soil. It is necessary to study the influen-
ce of both factors on seed metering performance to im-
prove the soil content of the potato seed surface through 
artificial modification.

Process of potato metering

The potato metering process using the cross-bridge 
metering device is shown in Fig. 9. Fig. 9a shows that the 

particles are generated in the seed box within 1 s. After  
1 s, the rotating drive chain pushes the particles in the 
seed box upward using the large spoon while overco-
ming the resistance of other seeds When the seed spoon 
assembly leaves the potato population, a limited num-
ber of particles in them are separated, and they conti-
nue to move with the drive chain (Fig. 9b). Because 
the large spoon has an effective area larger than the 
small spoon and an inconsistent angular velocity in its  
length direction, some particles slide from the large 
spoon to the small spoon and are dropped back into the 
seed box as the seed spoon assembly rotates through 
sprocket I (Fig. 9b). As the simulation proceeds, the angle  
between the large spoon and the horizontal plate is such 
that the particles roll down the seed spoon assembly. 
When the seed spoon assembly passes through sprocket 
II, a potato in the small spoon fall on the back of the 
former large spoon in the seed carrying box and moves 
down towards the outlet (Figs. 9c-e). As the simulation 
proceeds, the number of potato particle in the seed box 
decreases (Fig. 9f).

Model validation

To verify the reliability of the parameters of the po-
tato metering process design, an experimental bench 
was developed (Fig. 10). The experimental conditions 
were the same than in the simulations. The hemisphe-
rical small spoon had a maximum diameter of 59 mm, 

Contact  
material

Quality 
(g)

Bounce height
(mm)

Contact area
(mm2)

Impact force 
(N)

Coefficient  
of restitution SD

Plastic plate 153.38 145.60 508.06 5.81 0.49 0.02
Steel plate 142.56 117.4 421.94 5.12 0.44 0.07
Soil 149.52 15.2 3335.37 3.34 0.15 0.04
Potato particle 149.48 86.4 461.34 5.09 0.37 0.09

Table 2. Potato coefficients of restitution

Figure 6. Measurement device of the angle of rolling friction 
(θ, in °) between potato particle and other materials: 1, support 
base; 2, step motor; 3, plate; 4, photoelectric sensor; 5, potato.

 
 
 Figure 7. Relationship between RF and repose angle  

 
 

With soil 
Particle and plastic Particle and steel

Average value SD Average 
value SD

Yes 0.327 0.10 0.256 0.05
No 0.413 0.06 0.312 0.04

Table 3. Coefficient of rolling friction between potato particle 
and plastic, steel
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Figure 9. Potato metering process of bridge seeding device: (a) 
1 s, (b) 3 s, (c) 6 s, (d) 9 s, (e) 12 s, and (f) 15 s

 

 

 

(a) (b) (c) 

 

 

 

(d) (e) (f) 
 

 
 Figure 10. Experimental table of potato cross-bridge metering 

device

Figure 8. Repose angle of particles: (a) actual and (b) simulated.

  

(a) (b) 

 
 

Parameters Value Source

Poisson ratio of seed potatoes 0.57 Measured

Shear modulus of seed potatoes (MPa) 1.336 Measured and calculated

Seed potatoes density (kg m-3) 1 048 Measured

Poisson ratio of steel 0.30 Shi et al. (2018)

Shear modulus of steel (Pa) 7×1010 Shi et al. (2018)

Steel density (kg m-3) 7800 Shi et al. (2018)

Poisson ratio of plastic 0.35 Shi et al. (2018)

Shear modulus of plastic (Pa) 1.3×109 Shi et al. (2018)

Plastic density (kg m-3) 1.20 Shi et al. (2018)

Coefficient of restitution between seed potatoes 0.79 Feng et al. (2017)

Coefficient of restitution between seed potatoes and steel 0.71 Feng et al. (2017)

Coefficient of restitution between seed potatoes and plastic 0.66 Feng et al. (2017)

SF between seed potatoes and plastic 0.517 Measured

SF between seed potatoes and steel 0.445 Measured

RF between seed potatoes and plastic 0.301 Measured

RF between seed potatoes and steel 0.269 Measured

SF of potatoes 0.1-1 Measured

RF of potatoes 0.01-0.12 Model prediction

Table 4. Physical and contact parameters
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depth of 22 mm, and a circular hole of 15 mm at its 
bottom. The semicylindrical big spoon was 59 mm in 
diameter, 90 mm in height, and 22 mm in thickness. 
The spacing between the spoons was 152.4 mm. The 
drive chain was set at 0.6 m s-1, and the experiment was 
repeated three times.

Table 5 shows the experiment and simulation results of 
seed metering, and the results were averaged. The relative 
error in the rate of metering single seed in simulation and 
experiment was 0.61%. Compared with the simulation re-
sults, the experiment rate of missing seed increased by 
0.60% under the same conditions due to the increasing 

variations in potato size and other factors and shakes in 
the chain transmission process.

The results verify that the selected potato seed simula-
tion parameters can generate reliable results for analysis. 
In the following sections, the effect of RF and SF on seed 
metering performance of the proposed cross-bridge mete-
ring device are analysed in-depth.

Influence of RF on the metering performance 

Activity of potato seed particles in the seed box

The activity level of potatoes in the seed box will 
determine the probability of filling the large spoon with 
the seed particles. The degree of seed activity is main-
ly reflected by their instantaneous velocity and angular 
speed and is derived from two sources. First, as the seed 
scoop assembly travels through Sprocket I from below, it 

Index Simulation 
value

Experiment 
value

Rate of metering single seed, % 98.17 97.57
Rate of missing seed, % 1.83 2.43

Table 5. Experiment and simulation results

Type Impact  
indicators

Source of  
difference SS df MS F p-value F crit

RF Angular 
velocity

Between groups 35.28917 2 17.64458 99.02326 1.32×10-33 3.026466

In group 52.38676 294 0.178186

Total 87.67592 296

Velocity Between groups 0.020186 2 0.010093 146.7949 6.21×10-45 3.026466

In group 0.020214 294 6.88E-05

Total 0.0404 296

SF Angular 
velocity

Between groups 20.10640704 2 10.05320352 29.34498421 2.40033×10-12 3.026465904

In group 100.720512 294 0.342586776

Total 120.8269191 296

Velocity Between groups 0.026968602 2 0.013484301 114.1199885 2.09002×10-37 3.026465904

In group 0.03473874 294 0.000118159

Total 0.061707342 296

Table 6. Analysis of variance (ANOVA)

(a) (b)

Figure 11. Average velocity changes of potatoes in the seed box for different RF (0.01, 0.06, 0.12) 
and a constant SF of 0.045: (a) angular velocity and b) velocity. 
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disturbs the seed population around them. Second, when 
the large seed scoop picks the seed, the empty space is 
immediately filled by the neighbouring seed population 
from top to bottom under gravity. Because the seed po-
pulation fills the seed box with the same height at the 
start of the simulation and seed scoop assembly moves 
upward at a certain speed, the external factors of metering 
are certain. Therefore, to quantify the effects of RF on 

the seed population motion in the seed box, the average  
resultant angular velocity and resultant velocity changes 
in the seed-collecting area were extracted (Fig. 11). As 
seen in Fig. 11, when SF is kept constant at 0.045, the 
average resultant velocity and angular velocity decrease 
with increasing RF (0.01, 0.06, 0.12). To analyse the sig-
nificance of varying the seed RF on the level of popula-
tion activity, ANOVA was conducted. Table 6 shows that 
RF had a highly significant effect on the average resul-
tant velocity and angular velocity of the seed particles. 
To understand the effect of changing RF on the metering 
performance, further experiments were performed on the 
picking seed rate of the large seed scoop and clearing seed 
quality of the small seed scoop.

Seed number picked by the large seed spoon

The chance of seed particles picked by the large spoon 
affects the seeding performance of the qualified rate of sin-
gle seed and rate of missing seed. The trajectory line of the 
seeds during the large seed scoop is shown in Fig. 12. To 
facilitate the study, the number of seeds taken and cleared 
was obtained from the left side of the seeder. The seed po-
pulation in the seed box converges from top to bottom at 
the seed spoon assembly (Fig. 12a). The large seed spoon 
picks one or more seeds (Fig. 12b), and the remaining seed 
population at the bottom of the seed box slides from left 
to right. This further illustrates that the main movement of 
the seed population in the seed box is downward, which 
is opposite to the movement of seed spoon assembly and 
more conducive to seed filling. To investigate the picking 
seed frequency of large seed scoop and the influence of RF, 
the number of seed particles passing through the area of 
detecting potato was plotted under different RF (0.01, 0.06, 
0.12) at a constant SF of 0.045 (Fig. 13).

The large seed spoon was missed one, three, and five 
times in 32 data points with increasing RF values of 0.01, 
0.06, and 0.12, respectively. Therefore, increasing RF  
between potatoes increases the risk of potato missing. In ad-
dition, the average number of seeds picked by the large seed 
scoop decreased and was 2.47, 1.75, and 1.41 at RF values 
of 0.01, 0.06, and 0.12, respectively. The number of potato 
seeds picked should not be too much or too less; too many 
seeds will increase the load of the seed clearing process and 
very less number of seeds will increase the possibility of 
missing seeds. When RF was 0.06, the potato number was 
relatively consistent, and particles did not show apparent dis-
charge and discontinuity. At RF of 0.01, the potato number 
fluctuated significantly. Because increasing RF restricts the 
motion of particles, the particle velocity and angular velocity 
decreased and spoon filling ability reduced.

The seed clearing rate is also an important performan-
ce indicator of the metering seed device, and the effect of  
different RF on seed clearing rate was investigated. The 

  

(a) (b) 

 

 
 

Figure 12. Stream display of particles during taking seed pro-
cess: (a) main view, (b) side view.

 
 Figure 13. Seed number taken by the large spoon under diffe-

rent coefficient of rolling friction with time

Figure 14. Stream display of seeds during clearing seed pro-
cess: (a) main view and (b) side view. The red circle 1 indicates 
the method of clearing based on the angular velocity of seeds 
outside the large spoon. The red circle 2 indicates the trajectory 
of some seed fall into the seed box as they slide past through the 
bridging stage to clear excess potatoes.

 

 

(a)  (b) 
 

1 2 
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number of particles taken by the large spoon in the pre-
vious step will affect the clearing process. There are two 
main methods to clear excess seeds (Fig. 14). In the first 
method, because the angular velocity of seeds outside the 
large spoon is relatively large, some seeds will be thrown 
out during rotation. In the second method, the excess 
seeds will slide past the small spoon and fall back into the 
seed box. The number of seeds passing through the area of 
detecting clear potato was plotted. Fig. 15 shows that, the 
number of missing seeds were 1, 3, and 14 at RF values of 
0.01, 0.06, and 0.12, respectively. The seed number in the 
small seed scoop after clearing seeds was 1 in the three 
cases. Moreover, the missing seed number picked by the 
large seed spoon and the number of missing seed after 
the clearing process were 1 at 0.01 RF and 3 at 0.06 RF. 
However, for 0.12 RF, the missing seed number picked 
was 5, and the seed number after the clearing process was 
14, i.e., the rate of missing seed after the clearing process 
reached 62.28% of the overall rate of missing seed. Thus, 
changes in RF had little effect on clearing seeds at low 
RF values.

Influence of SF on the metering performance

Activity of potato seed particles in the seed box

For analysing the effects of SF on seeds motion in 
the seed box, the seed average angular velocity and re-
sultant velocity changes in the seed-collecting area were 
extracted, keeping the RF constant. Fig. 16 shows that 
the average resultant angular velocity and velocity de-
crease with increasing SF. To analyse the significance 
of the effect of changing SF on population activity, an 
ANOVA was conducted. Table 6 shows that SF had a 
significant effect on the potato angular velocity and ve-
locity in the seed box. Further observations are needed 
to understand the effect of SF on the picking seed rate of 
the large seed scoop and the clearing seed quality of the 
small seed scoop.

Seed number picked by the large seed spoon

To investigate the picking seed frequency of large 
seed scoop and multiple seeds number influenced by SF, 
the number of seed particles passing through the area of 
detecting potato was plotted under different SF (0.1, 0.5, 
1), keeping the RF constant at 0.22.Fig. 17 shows that, 
at 0.022 RF, the large seed spoon missed zero times in 
the 32 data points in all SF cases. The average number 
of seeds taken by the large seed scoop were 4.33, 2.16, 
and 2.12 for SF values of 0.1, 0.5, and 1.0, respectively. 
Thus, with increasing SF (0.1, 0.5, 1), the number of 
potatoes taken by the large spoon first decreased and 
gradually levelled off. At RF of 0.1, the potato number 
fluctuated significantly. Because the increasing static 
friction force restricts the motion of particles, the parti-
cle velocity and angular velocity decreased, and reduced 
the ability to fill the spoon.

Figure 15. Seed number under different coefficient of rolling 
friction during clearing seed process

 
 

Figure 16. Velocity changes of potatoes in the seed box for SF values of 0.1, 0.5, and 1: (a) angular velocity and time (b) 
velocity and time. RF was kept constant at 0.22 under all conditions.

(a) (b)
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Success rate of clearing particles

The number of seeds passing through the area of de-
tecting clear potato at 0.22 RF was plotted. Fig. 18 shows 
that. The number of missing seeds was 0, 3, 16 when SF 
was 0.1, 0.5, and 1.0, respectively. The seed number in 
the small seed scoop after clearing seed also was 1 in the 
three cases. Moreover, when SF was 0.1, the missing seed 
number taken by the large seed spoon was 0, and the seed 
number of missing seed after the clearing process was 0. 
When the seed number was 0.5, the missing seed number 
taken was 0, and the seed number after clearing process 
was 3. When SF was 1, the missing seed number taken 
was 0, and the seed number after the clearing process was 
16. The rate of missing seed after the clearing process rea-
ched 100% of the overall rate of missing seed. Thus, the 
change of SF had a strong influence on clearing seeds.

Discussion
In this work, the effect of the contact parameters of 

seed particles SF and RF on the performance of the pro-

posed cross-bridge metering device was investigated in 
detail. The experiments show that the surface of seed par-
ticles with and without soil can change the magnitude of 
SF and RF. To investigate the effect on the metering per-
formance using the potato cross-bridge metering device, 
it is necessary to study the effect of RF and SF on the 
velocity and angular velocity of seed particles in the seed 
box, the potato number being taken by the large spoon in 
taking seed and in clearing seed process. The following 
conclusions can be drawn from the present work:

SF and RF were measured by build-in devices, which 
is an improvement over the current mature measure-
ment methods, such as the traditional slope method with 
large error and complicated operation process. The re-
sults show SF and RF of the potato seed with soil are  
smaller than those without soil and decrease in the  
following order: potato seed and plastic > potato particle and 
steel > seed particles. A single-factor simulation experiment 
was performed to investigate the effect of SF and RF on the 
motion of seed particles. On the one hand, the results show 
that with increasing RF (0.01, 0.06, 0.12), the resultant an-
gular velocity and velocity of the seed particles in the seed 
box decrease significantly. In general, the results were like 
in Wang et al, 2018, the increase in the coefficient of rolling 
friction constrains the increase in rotational kinetic energy of 
corn seeds. In addition, the number of seed particles taken by 
the large spoon during the seed-collecting stage Ⅰ decreases 
due to the rolling friction force restricting the rotating ability 
of seed particles to fill the large spoon. Besides, the increa-
sing RF of seed particles has little impact on clearing seed 
particles during the bridging stage II. On the other hand, the  
coefficient of static friction can significantly affect the linear 
and rotational motion of rice particles (Zeng et al., 2018). 
When SF increases, potato seed velocity in the seed box sig-
nificantly decreases, while the resultant velocity indistinctly 
decreases. The number of seed particles taken by the large 
spoon during the seed-collecting stage Ⅰ also decreases with 
increasing SF. The increasing SF can also restrict clearing 
excess particles, even causing reseeding. The potato surfa-
ce with or without soil affects its contact mechanics para-
meters, further impacting the metering seed performance of 
the cross-bridge metering device, which can be improved by 
artificially increasing the soil content on the potato surface. 
The results shed light on the need for potato seed surface 
treatment for mechanised metering.
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