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Abstract: To address the problems of low bright rates and high rates of potato injuries, a left and right-
hand rotation combination of potato—soil separation devices was developed. Its overall structure and
working principle were introduced. A Texture Analyzer and pressure sensor were used to measure
the force threshold of different varieties of potatoes. A discrete element model of separation rollers
and potatoes was established. The collision characteristics of potatoes were analyzed using the
device inclination angle, rotational speed, and the center distance of the separation rollers as test
factors. A field trial was carried out to optimize the best combination of factors by taking the rate
of injured potatoes, bright potatoes, and skin-breaking rate as the test indexes. The force threshold
for skin-breaking injury in potatoes was found to be 190-195 N. When the inclination angle of the
device was 6°, the rotation speed of the separation roller was 100 r/min, and the distance between the
centers of the separation rollers was 79 mm. The rate of injury was 1.25%, the rate of bright potatoes
was 99.01%, and the rate of skin-breaking was 1.58%. When the inclination angle of the device was 8°,
the rotational speed of the separating roller was 80 r/min, and the center distance of the separating
roller was 79 mm, the rate of injured potato was 1.43%, the rate of bright potato was 98.64%, and the
rate of broken skin was 1.77%. This paper offers an optimized reference for the effectual removal of
sticky soil.

Keywords: agricultural machinery; potato—soil separation; separation rollers; EDEM; loss rate

1. Introduction

Potato is one of the crops of strategic importance that has been identified in the world’s
food security plans [1,2]. As the world’s fourth largest food crop after wheat, maize, and
rice, it will play an important role in feeding a growing population [3,4]. China boasts a
tremendous output of potatoes, but the development of potato harvesting machinery is
large but not strong [5-7]. Potato harvesting is constrained by issues such as skin damage,
impurities, and injury, which significantly hinders China’s potato industry [8]. Only 32% of
potatoes were mechanically harvested nationwide, and less than 10% were in in hilly and
mountainous areas in early 2022 [9,10]. To increase the mechanized potato harvesting rate
and, at the same time, improve the harvesting quality and harvesting efficiency, innovative
research on potato-soil separation devices has become urgent [11-13].

To solve the problem of manual potato picking with high labor intensity and low
production efficiency, researchers have conducted much research and achieved good ap-
plication results [14]. Bei Wu et al. [15] divided the potato—soil separation process into
five functional areas, namely shearing, bending, throwing, cleaning, and conveying, to
determine the key factors of potato-soil separation. Yevhen Ihnatiev et al. [16] studied
the process of crushing two neighboring potato beds with vertical rotor blades. Yuyao
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Li et al. [17] investigated the working mechanism of the potato—soil separator with rods,
analyzed the separation performance of potato pieces and soil, and established a simulation
model based on discrete element-multibody dynamics coupling. Wei et al. [18] set up a
secondary potato—soil separation device with a vibration separation section and a wave
separation section and analyzed the characteristics of the movement of potatoes under the
vibration and wave secondary separation conditions. Zhang et al. [19] used multi-stage
separation vibration, multiple cushioning, and low side spreading to effectively improve
the problems of low rate of bright potato and high damage rate under clay conditions.

At present, the potato harvester potato—soil separation device still has a significant
problem. High rates of potato injury and skin breakage can lead to moldy and deteriorating
fresh potatoes, making further processing and preparation difficult. If the soil adhering to
the surface of the potato is difficult to remove, then a great deal of labor is subsequently
required to remove the sticky soil. Low rates of bright potatoes lead to lower potato yields.
The research and development of potato harvester potato—soil separation devices is of great
significance to the development of the whole potato industry chain.

In this paper, a conveyor separation device combining left-rotation and right-rotation,
multi-stage separation, and centralized spreading was designed, which can be adapted
to potato harvesting under different soil conditions. The force damage threshold of the
potato was determined. The effects of the rotational speed, inclination angle, and spacing
of the separation roller on the rate of injured potatoes, bright potatoes, and broken skins
were investigated through the kinetic analysis of the soil removal process and the discrete
meta-analysis of the potato—soil separation. The soil removal effect of the potato—soil
separating device was verified through the field test.

2. Materials and Methods
2.1. Overall Structure and Working Principle
2.1.1. Overall Structure

The potato-soil separating device with separating rollers mainly consists of a left-
rotating roller and a right-rotating roller. The left roller rotates to the right, and the right
roller rotates to the left when the potato-soil mixture is moving outward. This action moves
the potato—soil mixture to the two sides for transport. Conversely, when the potato-soil
mixture is moving inward, the right roller rotates to the right, and the left roller rotates to
the left. This movement directs the potato—soil mixture to the center for gathering. The
overall structure is shown in Figure 1.

Figure 1. The overall structure of potato-soil separating device: (1) frame; (2) left-hand separation
roller; (3) buffer plate; (4) right-hand separation roller; (5) transmission chain.

2.1.2. Working Principle and Main Technical Parameters

Collision and impact during harvesting are one of the main factors causing potato
damage and skin breakage [20]. The potato-soil mixture moves from the front buffer plate
into the potato—soil separation device with separating rollers. The first separation roller
rotates right on the left and left on the right, guiding the potato—soil mixture outward.
The secondary separation roller rotates right on the right and left on the left, directing the
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mixture inward towards the center. Finally, the last set of rollers performs a combined
movement to remove soil after transporting potatoes to the middle, where they fall from
the machine. This redesign of the traditional V-shaped structure and reduction in potato
collisions during falling reduces the rate of injury to potatoes. The whole device and the
horizontal plane are at a certain angle of inclination through the continuous movement of
the separation rollers and rotating friction to remove sticky soil.

The main technical parameters of the separating roller potato—soil separation device
are shown in Table 1.

Table 1. Separation roller’s main technical parameters.

Technical Parameters Numerical Values
Separation Roller Rotation Speed 80-100 r/min
Pitch of spiral 130 mm
Thread height 5mm
Device tilt angle 6-10°
Number of left-hand separation rollers 4
Number of right-hand separation rollers 4
Separation roller diameter 72 mm
Number of separation roller stages 4

2.2. Analysis of the Dynamics between the Potato and the Separation Roller
2.2.1. Force Analysis between Potato and Separation Roller

According to the design requirements, the potato should exhibit sliding, rolling, and
jumping movements on the separation roller [21]. Potatoes move from the front buffer
plate into the potato—soil separation device with separating rollers, where they constantly
roll and undergo friction to effectively remove soil. The potato undergoing the separation
roller force situation is shown in Figure 2.

Figure 2. Potato force diagram.

The potato is approximated as an ellipse with the length of the long axis a1; the length
of the short axis ay; the diameter of the separation roller d;; the spacing between the two
stages of the separation roller /; the inclination angle of the device 6; the rotation speed of
the separation roller 1;; the passive rotation speed of the potato n5; the center of gravity
of the potato 01; and the points of tangency with the separation rollers are 0, and 03. The
forces on the potato are analyzed, such as its gravity, support, and friction force of the left
and right separation roller.
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Analysis of the overall continuity of the potato-soil separation device shows that if the
potatoes are to be transported backward smoothly and without skin damage, the combined
moment of each force acting on the potatoes must be greater than zero [22].

For the convenience of calculation, the coordinate system is established on the graph
as follows: the long axis of the potato is the horizontal coordinate x1, and the short axis
is the vertical coordinate x, which constitutes the coordinate system x;y1. The center of
gravity of the potato is the coordinate origin, and the horizontal direction is the horizontal
axis xp, and the vertical direction is the vertical axis y,, which constitutes the coordinate
system xp12. The center of the left separator roller is the coordinate origin, the horizontal
direction is the horizontal axis x3, and the vertical direction is the vertical axis y3, which
constitutes the coordinate system xsy3. Furthermore, the angle between the short axis of
the potato and the horizontal line is a. Supporting force and the center of the left and
right separation rollers constitute the angle of B. The corrected force analysis is shown
in Figure 3.

Figure 3. Corrected force diagram.

In the x1y;-coordinate system, the approximate elliptic equation of the potato is as follows:

2 2
X1 Y1
=1 1
a2 a2 )
The equations for the left and right separation rolls in the x3y3-coordinate system are

as follows: )

32+ yst = (%) ()

di +dy 2

di +d 2 d 2
(x5 = (h+ S 2) cos6] +[ys — (h+ “52 :

Jsiné] = () @)

dy represents the diameter of the right separation roller.
For computational convenience, the equations in the x;y;-coordinate systems are
transformed into the x;1,-coordinate system with the following transformation equation:

X1 = xpsina — Yy cos« 4)
Y1 = Xpcosa +ypsina (5)
Then, the elliptic equation of the potato in the x;12-coordinate system is as follows:

(xg sina — y; cos w)? n (x2 cos & + o sin w)?

" P (6)
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Let the coordinate origin 01 of the xp1,-coordinate system have coordinates (xg, o) in
the x3y3-coordinate system. Then the potato ellipse equation becomes:

((x3 —xp) sina — (y3 — Yo) cos w)? n ((x3 —xp) cosa + (y3 — Yo) sin)?

=1 (@
= Py @)

Because the potato and the left and right separation roller are tangential, the change
in the potato equation and the separation roller equation simultaneously has a unique
common solution. The joint system of equations can be obtained from the point 01, 0, in
the coordinate system relative coordinates, as follows:

g tax+ di . _

Xoy =~ sin(a — 0) (8)
2hcos6

_ _cHeost 0 9
Yoo = o b cos(a +6) )

2dyh cos 6 0
oy 2l cos 6 cos(a + 0) (10)

\/(411 cos 0 cos(a 4 0))? + (a1 + az + dy)* sin(a — 0)

Yo, = L ] +L122 +d cos(a — ) (11)

Then, the slope k; of the line between the support force F,;» and the friction force f;
can be calculated as follows:

L [(dy+dy+h)sin€ — (a1 + ax + dy) cos(a — 6)] \/4h cos 0 cos (a + 0)* + (a1 + az + d)* sin(a — 0)
l p—

(12)
(d1 +dy+h) cos 9\/(4h cos 0 cos(a 4 0))? + (aq + az + d)* sin(a — ) — dah cos 6 cos(a + 6)

Since the directions of the support and friction forces are perpendicular to each other,
the product of their slopesis —1, i.e.,

1

kz:_E

(13)

According to the formula y = kx + b, it can also be calculated as, by by, respectively:
by = (d1 +dp + h)(sin6 — ky cos 0) (14)

b2 = yOQ - k2x02 (15)

According to the formula for the distance from a point to a straight line, the distance
s1 from point 0, to Fy» can be found in turn as follows:

_ |k1x01 — Yo, + b1|

51 (16)
\/ k12 +1
The distance from point o0, to the line of vector force f; is as follows:
5, = [2¥or — Yo + b a”
\/ kzz +1
The distance from point 0, to the line of vector force mg is as follows:
2hcos 6 os(a +6) — xo (18)

S3= —————C
T tap+d
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This gives the combined moment of the individual forces is as follows:
Y M = Fyps1 + fos2 + mgss (19)

The simplification leads to:
F.» {(111 +ap + d1)2 sin(a — 0) + (dy + h)2 cos 9] + mgay sinf — fyhap cos(a +6) > 0 (20)

The combined moment equation presented above shows the operation of the potato—
soil separation device with separating rollers. The potato and the clay attached to its surface
are mainly supported by the separation roller, gravity, and surface friction. The support
force is mainly related to the potato’s gravity, as well as the separation of the device’s tilt
angle. Friction is mainly related to the separation of the roller’s material, friction coefficient,
and support force. According to the formula of the combined torque, the factors affecting
the quality of potato de-soiling are the center distance between the separation rollers, the
inclination angle of the device, etc. The diameter of the separation rollers was tentatively
set at 72 mm, and the spacing of the separation rollers was related to the inclination angle of
the device, which was tentatively set at 6 -10°. However, in the actual movement process
of the potato and the separation roller collision, friction between the potato collision and
the irregular shape of the potato are key factors affecting the quality of soil removal. The
actual movement process is more complex [23].

2.2.2. Technical Analysis of the Process of Separation of Clay-Heavy Soils

In response to the problem, harvesting under clay soil conditions in southwestern
China often results in half soil and half mud, causing serious difficulties in subsequent
transportation and storage [24]. A theoretical analysis of the separation process of potatoes
and their surface clay was made to optimize the main parameters of the separation rolls.

According to the Mohr—Coulomb theory [25], the bonding force analysis of the soil
adhering to the surface of the potato was performed as a circle. And since the sticky soil was
distributed on the surface of the potato, the soil was equated to the curved cross-section of
the lower one-fourth of the circle. The force analysis was performed on it. The gravitational
forces of the soil block and the potato are, respectively, G; and G,; the interaction forces
between the soil and the potato pieces are, respectively, Fi, F»; the bonding force is F3, Fy;
the interaction force between the potatoes is Fs; the support force of the separation roller
on the soil is Fy, as shown in Figure 4.

Potato after equivalence

_—

,///' '

Potato with adherent soil after equivalence

Figure 4. Force analysis of clayey soil separation process.

According to Mohr—Coulomb theory, the soil adhering to the potato surface is mainly
separated and destroyed by the action of the shear stress. Through soil destruction tests and
comparison of various factors affecting soil breakage, the following formula can be derived:

Tt =octanp+C (21)
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T; is the soil shear strength, kpa; C is the coefficient of soil cohesion; ¢ is the angle of
internal soil friction; ¢ is the normal stress acting on the crushed surface of the soil, kpa.
The cohesive soil adhering to the surface of the potato has its bonding force calculated
by the following formula:
F3=1§ (22)

S is the shear area.
For de-soiling to be effective, the crushing force applied to the soil must be greater
than the bonding force between the soils; then, the following can be obtained:

fl + Gysinf > F3 (23)

f1 is the frictional force on the surface of the potato adhering to the soil.

According to the formula for the bonding force, the average shear force acting on the
soil is 8000 N. Since the size of the clay adhering to the surface of the potato is only 300 N
per unit area, the component force of gravity in the direction of friction is negligible. It can
be concluded that the soil adhering to the surface of the potato can be removed when f;
meets the force per unit area is greater than 0.8 N. The expression for Fy is as follows:

_ mg
By = (1—p)cos(6+PB)+ (1+ u)sin(6+ B) @4

where the coefficient of friction between the separating roller and the soil attached to the
potato surface is 0.9.

From the expression, the friction force on the soil adhering to the potato surface is
related to the angle of 0, positively related to the weight of the potato, and negatively
related to the sine and cosine values 6 + . When the mass of the potato block is 150 g,
the inclination angle of the device is 0°, and the minimum value of the friction force can
be calculated to be 0.948 N, which is greater than the bonding force of 0.8 N, so that the
soil adhering to the surface of the potato can be removed, and the de-soiling work can
be completed.

2.3. Measurement of Stress Thresholds in Potato

From the movement of the machine, potatoes continue to roll, and the friction from
being thrown up and down produces impact force. If this force exceeds the threshold, the
potato experiences skin damage. If the force remains below the threshold, the potato can
go through the whole separation process without damage. To reduce the rate of injury to
potatoes and ensure the quality of the harvest, it is necessary to measure the force threshold
of potatoes to determine under what circumstances skin-breaking damage occurs.

To ensure the reliability of the test results, pressure and impact tests are used to verify
and mutually support each other. The pressure test refers to the pressure exerted on the
potato by the Texture Analyzer to observe the deformation of the potato as well as the
breakage. The impact test refers to the pressure sensor that can measure the real-time peaks.
The potato is thrown from a certain height, and then it is tumbled on the platform after the
roll, impact, and friction to observe the breakage and record the peak value of the force.
The former is complementary, and the latter is the main.

Potatoes were analyzed and tested using several varieties, such as Holland 15, Kexin 1,
and Dry Dabai. All three varieties of potatoes are more prone to damage from broken skins
than other varieties of potatoes, as shown in Figure 5.

The test apparatus for measuring the compressive capacity of potatoes using a Texture
Analyzer is shown in Figure 6. Based on the actual measurements, the forces were finally
observed at deformations of 1.5 mm, 2.5 mm, and 3.5 mm.
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Holland 15 Kexin 1 Dry Dabai

Figure 5. Map of potato varieties.

Figure 6. Texture Analyzer.

To test the impact force of the potato filling, a JHHM-H1 pressure load cell was used
with peak detection mode. The experimental apparatus is shown in Figure 7. The potato
was placed at a certain height above the pressure sensor and was dropped onto it in free-fall
motion. For comprehensive consideration, the height of the test in the case of free-fall
motion was taken to be 0.5 m, 1 m, 1.5 m, and 1.8 m. The three types of potatoes mentioned
previously were used to perform the test. Three sets of tests were repeated at each height.

Figure 7. Pressure load cells.

2.4. Discrete Element Modelling
2.4.1. Discrete Element Modelling of Potato and Separation Rolls

To ensure that the potato in the separation device rolls and jumps without incurring
skin damage, further analysis of the forces acting on the potato movement is needed [26].
The discrete element method is widely used in agriculture [27,28]. The potato model using
the discrete element method is shown in Figure 8 [29]. Potato models are classified as long,
ellipsoidal, and spherical, and they describe the shape of the potato as well as possible. The
models are all based on polyphase aggregation models. The mass of elongated potatoes
is about 205 g, ellipsoidal potatoes about 170 g, and spheroidal potatoes about 150 g. The
diameter of long and ellipsoidal potatoes is around 60 mm. Spheroidal potatoes have a
diameter of 55 mm.
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(a) Long.

(b) Ellipsoidal.

B

il
(c) Spherical.

Figure 8. Potato discrete meta-modeling.

The separator rollers are made of natural rubber. The sidewalls of the frame are made
of steel plates, and the floor is made of soil. To ensure that the potatoes can be transported
smoothly to the potato—soil device with separating rollers, two more stages of separating
rollers are set up in front of the device. The pellet factory is set up above it. The established
simulation model is shown in Figure 9.

Pellet Facto

Rack sidewall

separation roller

Soil

Figure 9. Simulation model diagram.

The rest of the simulation parameters are shown in Table 2.
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Table 2. Simulation parameter values.

Parameters Numerical Value
Poisson’s ratio of potato pieces 0.5 [30]
Potato density 1048 kg/m?>
Shear modulus of potato pieces 1.366 Mpa
Coefficient of recovery between plots 0.66
Static friction factor between potatoes 0.452
The factor of kinetic friction between potatoes 0.024
Rubber Poisson’s ratio 0.49
Rubber shear modulus 1 Mpa
Rubber density 960 kg/m?
Coefficient of recovery of collision between rubber and potato 0.7
Coefficient of static friction between rubber and potato 0.5
Dynamic friction factor between rubber and potato 0.4

Separation roller speed, device inclination, and separation roller center distance have a
more obvious effect on the damage to the potato. Appropriate rotational speed, inclination
angle, and center distance can effectively avoid damage to potatoes in the separation
process and prevent the emergence of local blockage and other problems. When the device
tilt angle is small, the potatoes continuously roll on the separation roller and are not
transported backward. If the device tilt angle is too large, it will lead to the potatoes not
being fully rolled and not experiencing friction. Sticky soil can not be completely removed,
which may lead to excessive force on the potatoes, increasing the rate of damage. Therefore,
the angles of inclination of the device were initially set to be 6°, 8°, and 10°, with each
angle corresponding to three speeds of the separator rollers, i.e., 80 r/min, 90 r/min, and
100 r/min. The simulations were analyzed using the maximum force on the particles.

2.4.2. Analysis of the Removal Effect of Clay-Heavy Soils

Separation rollers allow the potato to roll and jump on them, removing the soil
adhering to the surface of the potato and avoiding the situation of half potato and half
mud when harvesting. Soil particles adhering to the potato surface were established to
be 1 mm with a contact radius of 3 mm. Simulation analyses were carried out using the
hertz-mindlin with the JKR model.

In the actual harvest situation, the potato is rarely covered by the surrounding soil.
However, for better removal of sticky soil, the model soil established in this paper covers
about 70-80% of the potato surface. The establishment of the surfaces of the three kinds of
potato in the adherent soil model is shown in Figure 10.

Figure 10. Soil adhesion on potato surfaces.

2.5. Field Trial

The machine is equipped with a 15-20 kw small tractor with an operating width of
900 mm. It has a single-row harvest with a length of 50 m, a width of 400 mm, and a height
of 200 mm. The spacing between potato plants in each row is 200 mm. The operating speed
is 0.5-1 m/s, and the depth of operation is 120-240 mm.

Based on the above computational analysis of the kinematics of the potato and the
simulation analysis of the collision characteristics of the discrete elements, the inclination
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angle of the device, the rotational speed of the separation roller, and the center distance of
the separation roller were determined as the test factors.

According to the NYT648-2015 Technical Specification for Quality Evaluation of Potato
Harvesters [31], the formula for calculating the rate of wounded potatoes e;, bright potatoes
e7, and skin-breaking rate e3 as the test indexes is as follows:

_m 0
e = W x 100% (25)
"W 0
e = 5 % 100% (26)
e3 = % x 100% (27)

W is the wounded potato quality;

W, is the quality of bright potatoes;

W3 is the mass of potatoes with broken skin;
W is the total potato mass.

3. Results and Discussion
3.1. Potato Stress Threshold Test Results

A plot of potato morphology versus pressure tested on a Texture Analyzer is shown in
Figure 11.

Holland 15, Kexin 1, and Dry Dabai, the three potato types used, were subjected to the
peak force of 179 N, 185 N, and 173 N. Due to pressure, the potato surface did not appear
to show obvious abrasion, but the potato flesh was slightly damaged. Compared to other
hard surfaces, when the peak force was reached, the potato surface was softened.

The impact of tumbling friction on potatoes falling at different heights using a pressure
load cell is shown in Table 3.

Table 3. Measurement results (unit: N).

0.5m 0.7m 1m 1.5m

71.2 115.3 141.7 205.3

Holland 15 64.9 120.1 136.2 197.2
66.5 113.2 142.6 198.6

53.7 132.7 137.6 190.8

Kexin 1 55.0 126.1 134.2 197.5
56.6 123.4 128.4 195.1

66.1 118.3 146.1 193.2

Dry Dabai 67.5 122.6 134.1 201.1
71.3 126.7 141.6 197.9

When the test height was below 1 m, i.e., the force on the potato was about 146.1 N or
less, no obvious damage to the potato occurred. But, when the impact force was increased
to 195 N or more, the potato was damaged to varying degrees, as shown in Figure 12.

After each test, the breakage of the potato was observed. If the potato was already
damaged, the value of the impact force at this point was recorded, and the final test result
was averaged to about 197 N.

Combined with the damage caused by the above-mentioned Texture Analyzer and the
actual situation of the potato moving on the machine, the comprehensive consideration in
this paper is that the damage threshold of the potato was set to be between 190 and 195 N.
If it exceeded this range, it was recognized as an injured potato.
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Force(N)

Force(N)

Force(N)

— balland15_001
— halland15.002
— balland15.003

25 3: 35

Displacement(mm)

(a) Holland 15.

[

35 4
Displacement(mm)

35 4

Displacement(mm)

(c) Dry Dabeai.

Figure 11. Measurement results.

Minor damage

Moderate damage Severe damage

Figure 12. Skin-breaking damage in potatoes subjected to forces of 195 N or higher.

3.2. Influence of Device Inclination Angle and Separation Roller Speed on Potato
Collision Characteristics

To reduce the degree of damage to the potatoes, it is necessary to ensure that effective

shear force can be applied to the soil to break the soil. Figure 13 shows the influence of
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different inclination angles and rotational speeds on the mechanical characteristics of the
three potatoes.

150 . 200 one .
lon.g . ellipsoidal 200 long
+— ellipsoidal T‘ —— spherical I +— ellipsoidal
—— spherical 150} .
150 ' —— spherical

the pressure of potato (N)
the pressure of potato (N)

the pressure of potato (N)

time (s) 2

80 r/min 90 r/min 100 r/min

3 1
time (s) time (s)

Figure 13. Mechanical characteristics of potato pieces at an inclination of the device of 6°.

As shown in Figure 13, the device inclination angle is 6°, and the separation roller
speed is 80 r/min. The long-shaped potato under the three maximum pressures was
126.51 N, 89.94 N, and 67.56 N; the ellipsoidal potato under the three maximum pressures
was 88.44 N, 80.10 N, 68.10 N; and the spherical potato under three maximum pressures
was 99.56 N, 90.23 N, 61.93 N. It can be seen that the long-shaped potato force peak is higher
than that for the ellipsoidal and spherical potatoes. This is due to the greater weight of the
long-shaped potatoes. When falling from the same height, the impact force is stronger, and
the collision between the long-shaped potatoes is also more substantial. When the rotation
speed of the separation roller is increased to 90 r/min, the three maximum pressures
endured by the long-shaped potatoes are 170.96 N, 130.02 N, and 99.32 N. The ellipsoidal
and spherical shapes are 132.83 N, 115.46 N, 105.32 N and 134.03 N, 74.22 N, 69.41 N. The
peak of the force occurs in the transition spacing of the separation rollers. Compared to
this 80 r/min, the force is significantly higher. The rotation speed is increased to 100 r/min,
the peak of the force of the long-shaped potatoes reaches 187.27 N, and the peak force of
ellipsoidal and spherical potatoes is 149.10 N, 152.75 N, respectively. The force of the three
kinds of potatoes is elevated when the rotational speed of the separation roller is increased,
which increases with the increase in rotational speed.

Under close observation, the force diagrams of long, ellipsoidal, and spherical potatoes
have five force peaks. These are the forces generated by the collision of the potato falling
from the pellet factory (falling from the upper level of the potato—soil separator), the
squeezing force generated by the three spacings of the four separator rollers, and the elastic
deformation force generated by the potato falling from the potato—soil separator to the
ground. The influencing factors are the height of the potato filling, the inclination angle of
the device, the speed of the separator rollers, and the height of the potato-soil separator
from the ground. The higher the height, the higher the inclination angle, and the pressure
on the potato also gradually increases.

When the inclination angle of the device is 8 degrees and 10 degrees, the stress
characteristics of the potato at different speeds are shown in Table 4.

Table 4. Mechanical characteristics of potatoes under different conditions (unit: N).

The Inclination Angle The Rotation Speed Long Ellipsoidal Spherical
80 r/min 164.14 113.48 95.55
8 90 r/min 183.62 172.33 164.88
100 r/min 204.62 207.92 191.75
80 r/min 113.67 103.77 114.11
10 90 r/min 131.87 78.41 76.60
100 r/min 162.49 119.58 99.28

After increasing the inclination angle of the device, ellipsoidal and spherical potatoes
are smoother overall and fall more easily. The contact with the separation roller is reduced,
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resulting in lower forces. In comparison, when the long-shaped potatoes have a longer
axis, they do not fall as easily; their contact with the separation roller increases, leading
to higher forces. As the rotational speed increased to 100 r/min, the long and ellipsoidal
potato force exceeded the threshold. The friction effect and extrusion during separation
are more pronounced for long-shaped and ellipsoidal potatoes with narrower rolling
spaces. Spherical potatoes did not exceed the threshold, but in actual separation processes,
factors such as stones can affect outcomes. Therefore, such separation conditions are no
longer applicable.

When the inclination angle of the device is raised to 10° and the rotational speed of the
separating roller is 80 r/min, the overall force is significantly reduced compared to lower
angles, which indicates that the device’s inclination angle has passed a certain threshold.
When the angle is larger than this threshold, the contact friction between the three types
of potatoes and the separation roller is reduced, and it is easier to roll down. The three
types of potatoes completely detached from the separation roller around 2.42 s. But, under
the same conditions, when the inclination angle of the device is 6° and 8°, the time for the
potatoes to completely detach from the separation roller is 3.02 s and 2.75 s, respectively.
Therefore, when the inclination angle of the device is too large, although the force on the
potato is reduced, the movement time on the device is short. It is not able to fully remove
the sticky soil by friction and collision. Similarly, the separation roller speed increased by
90 r/min and 100 r/min, and the correlation between the shape of the potato and the size
of the force was weakened. The friction of the movement of the potato in the separation
rollers is also reduced, resulting in a decrease in the force peak.

Combined with the three device inclinations, three separation roller speeds, and
considering the three potato shapes, the following trends can be observed: As the device
inclination and the separation roller speed increase, the three potato forces have an overall
tendency to increase and then decrease. The potatoes continue to experience friction and
rolling in during the process of removing the soil. Within a certain range of the inclination
and the rotational speed of the potato, the force exerted on the potato mainly results from
the force on the separation roller when it falls from the pellet factory and from the device
to the ground, as well as the force generated by the separation roller squeezing it when
it passes through the separation roller spacing. These forces increase with the increase in
the rotational speed and the inclination angle within a certain range. But when the angle
exceeds a certain threshold, the potatoes are more likely to fall on the separation roller, and
the friction contact with the separation roller is reduced. If the device tilt angle is too small,
it may cause blockage by preventing the potato from moving backward. Conversely, if the
device tilt angle is too large, the potato may not roll sufficiently to create friction, resulting
in incomplete soil removal.

In summary, under the same conditions, a larger separation roller speed should
correspond to a smaller device inclination angle. The optimal combination was chosen to
be a device inclination angle of 6° and a separation roller speed of 100 r/min. A smaller
separation roller speed should correspond to a larger device inclination angle. The optimal
combination was a device inclination angle of 8° and a separation roller speed of 80 r/min.
Under these two parameter conditions, the adhering soil will be removed cleanly, and the
rate of bright potato will be increased.

3.3. Effect of Separation Roller Center Distance on Potato Collision Characteristics

The diameter of the separation roller ensures that there is no leakage of potatoes; the
center distance of the separation roller was initially set to 77 mm, 79 mm, and 81 mm,
corresponding to the spacing of 5 mm, 7 mm, and 9 mm, respectively. The above two
optimal conditions for the discrete element analysis of the potato and the device of the
discrete element model are the same as the above. The test results are shown in Table 5.
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Table 5. Mechanical characteristics of potatoes under different spacing (unit: N).

The Inclination Angle The Rotation Speed Spacing  Long Ellipsoidal  Spherical

5mm 147.15 140.80 128.67
6 100 r/min 7 mm 189.81 169.41 141.13
9 mm 201.53 194.10 181.59
5 mm 125.44 145.31 138.60
8 80 r/min 7 mm 170.49 188.62 144.53
9 mm 195.43 207.02 172.63

At a rotational speed of 100 r/min, with a device inclination angle of 6° and a separa-
tion of roller spacing of 5 mm, the larger diameter of the potatoes did not completely fit
through the spacing. Only a small portion of the bottom contacted the gaps between the
separation rollers. When the spacing increased to 7 mm, the force significantly increased,
indicating that the potato had a larger contact area with the separation roller, thereby
enhancing friction and extrusion. When the spacing increased to 9 mm, ellipsoidal and
spherical potato forces also approached the threshold value. Therefore, the potato and the
separation roller had a large area of friction contact, and the separation roller squeezing
pressure exceeded the threshold value.

At a speed of 80 r/min, a device inclination angle of 8°, and a separation roller spacing
of 5 mm, ellipsoidal and spherical potatoes are greater than long potatoes because these
two types of potatoes are more prone to tumbling. When the pitch is 9 mm, the force of
ellipsoidal potatoes exceeds the threshold.

Under the same conditions, a comparison of the force exerted by three kinds of potato
under different spacing can be obtained. In a certain range, the force of three kinds of
potato increases with the increase with the widening of the roller spacing. At a spacing
of 9 mm, ellipsoidal potatoes have shown signs of exceeding the threshold, indicating
potential skin damage and inadequate removal of the viscous soil. Therefore, a separation
roller spacing of around 7 mm is considered appropriate.

3.4. Effectiveness of Clay-Heavy Soil Removal

The simulation results obtained under the above two optimal conditions are shown
in Figure 14.

The The
inclination  rotation Time Long Ellipsoidal Spherical
angle speed
8 80r/min Is
6 100r/min Is

=

Figure 14. Removal of soil under different conditions.
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Under the conditions of the device inclination angle of 8 degrees and rotational speed
of 80 r/min, within the first second, the surface of the elongated potato exhibits four
small aggregations of soil particles, each occupying a minimal area that barely affects the
collection and transport of potatoes. In comparison, the surfaces of ellipsoid-shaped and
spheroidal potatoes appear relatively cleaner. Some soil has already detached from the
surface of the spheroidal potatoes. As the simulation time increases, the soil particles
gradually dislodge. The ellipsoid-shaped and spheroidal potatoes tumble more effectively,
enhancing the efficiency of removing the clay soil from their surfaces.

In conditions with a device inclination angle of 6 degrees and a rotational speed of
100 r/min, the situation of potato surface soil removal is similar to the previous scenario.
Long potatoes, due to their shape, are more difficult to roll and experience more soil
adhesion on their surfaces, whereas ellipsoidal and spherical potatoes have been cleaned
more thoroughly.

3.5. Results of Field Trials

The field test process of the potato—soil separating device and the state of the post-
harvest potato are shown in Figure 15.

e
Ll 2o

aﬁﬁf :

Figure 15. Field harvest test.

When the inclination angle of the device was 6°, the rotation speed of the separation
roller was 100 r/min, and the distance between the centers of the separation rollers was
79 mm. The rate of injury was 1.25%, the rate of bright potato rate was 99.01%, and the
rate of skin-breaking rate was 1.58%. When the inclination angle of the device was 8°, the
rotation speed of the separation rollers was 80 r/min, and the distance between the centers
of the separation rollers was 79 mm. The rate of injury was 1.43%, the bright potato rate
was 98.64%, and the rate of skin-breaking was 1.77%. A comparison of the performance
indexes of the conventional potato—soil separation device and the potato—soil separation
device designed in this paper is shown in Table 6.

Table 6. Comparison of the performances of traditional model and design model.

Model Obvious Rate/% Injury Rate/% Abrasion Rate/%
Traditional model 92.21 4.92 8.45
. 99.01 1.25 1.58
Design model 98.64 1.43 1.77

Compared with the traditional model, the unit designed in this paper improved the
rate of bright potatoes by about 6.8%, and the rate of injured potatoes and broken skins
were both around 1%. The results of the comparison test are within the error tolerance,
indicating that the machine’s performance indicators meet the requirements for potato
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harvesting. It is better suited than conventional implements for potato harvesting in sticky
soil conditions.

4. Conclusions

@

@)

®)

4)

©)

Aiming to address the issues of the high potato injury rates and low bright potato
rates in traditional potato—soil separation devices, a separation roller potato-soil
separation device was designed to remove the sticky soil and increase the effective
separation length. A kinetic analysis of the potato-soil separation process of the sepa-
rating roller was carried out, and the key factors affecting the potato—soil separation
were identified.

Three kinds of potatoes, Holland 15, Kexin 1, and Dry Dabai, were collected. The
relationship between pressure and deformation of the three kinds of potatoes was
measured using a Texture Analyzer to derive the peak force. In addition, the friction
force damage of the potatoes at different heights was measured using a pressure load
cell. The force threshold of the potatoes was finally determined to be 190-195 N.
Three kinds of discrete element models of potato, long, ellipsoidal, and spherical, were
established to study the force situation of the three kinds of potato under different
separation roller speeds, center distance, and device tilt angle. The simulation analysis
results showed that under the conditions of separation roller speed 100 r/min, device
tilt angle 6°, separation roller center distance 79 mm and separation roller speed
80 r/min, device tilt angle 8°, and separation roller center distance 79 mm, the force
on the potato did not exceed the threshold. Potato could be sufficiently tumbled and
frictionless to remove the viscous soil on the separation rollers.

The field test results show that the potato—soil separation device had an injury rate of
1.25%, a rate of bright potatoes of 99.01%, and a rate of broken skin of 1.58%, which
meets the requirements of the potato harvester operation quality evaluation technical
specifications, structural reasonableness, and adaptability. For more information on
potato harvesting in sticky soil conditions, please refer to the relevant literature.

The potato-soil separation unit designed in the paper is quite effective in removing
clay soil, improving harvest quality, and reducing losses. The rate of bright potatoes
was improved by 6.8% compared to traditional installations. The rate of potato injury
and skin breakage in the installation was only about 1%. The potato-soil separation
device designed in this paper can also be applied to harvesting other root crops
after optimization. This study also provides new ideas for harvesting root crops in
clay-heavy soil conditions.
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