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Abstract: A self-propelled machine for combined potato harvesting and residual plastic film retrieval
is presented in this paper. The machine was designed collaboratively and built at the College of
Mechano-Electronic Engineering of Gansu Agricultural University. It is intended for slow slope
and horizontal terraces in hilly and mountainous areas of Northwest China, where regular-size
harvesters cannot operate. The machine can realize the combined operations of potato digging,
potato separation from soil and plastic film, potato collection and bagging, and residual plastic
film retrieval. Through engineering analyses, the main systems of the machine were calculated,
and their operating parameters were estimated. These include the digging and lifting device, the
potato–plastic-film separation device, and the residual plastic film retrieval device. Field tests were
performed at a 0.5 m/s driving speed of the machine, while the linear speed of the lifting chain of the
digging and lifting device was 1.5 m/s, the tilting angle of the conveying chain of the potato and
plastic film separation device was 50◦, its linear speed was 0.6 m/s, and the linear speed of the lifting
screen of the circulating lifting device was 0.7 m/s. With these settings, the average productivity of
the machine was 0.12 ha/h. The loss rate, damage rate, and potato bruising rate were 1.8%, 1.4%, and
2.8%, respectively; the potato impurity rate was 3.6%; and the residual plastic film retrieval rate was
83%—all above industry standards. This research provides a solution to the problem of mechanized
potato harvesting and plastic mulch retrieval on small, slopped plots of land in Northwest China and
in other parts of the world where similar conditions exist.

Keywords: self-propelled potato harvester; residual plastic film retrieval; small farm mechanization

1. Introduction

Potato is the fourth most cultivated cash crop worldwide after wheat, maize, and rice.
Because it can be used as food for both humans and farm animals, as well in the starch
industry, potato growing is a major component of China’s agricultural economic devel-
opment [1–4]. China is the global leader in production, accounting for 24% of worldwide
production or 90 million tons of fresh potatoes produced annually [5].

Gansu Province is one of the major potato producers in China, with 6.87 million
hectares cultivated in 2020, of which 70% were small plots of gently sloping land of less
than 10 degrees or horizontal terraces [6,7]. Due to their large size and ample turning
radii, commercially available potato harvesters cannot operate on small plots [8–10]. Con-
sequently, farmers working on small plots of land use suspended or tractor-type potato
diggers to spread the tubers on the ground, then manually pick the potatoes [11–16]. Man-
ual picking is both time-consuming and labor-intensive and has become a limiting factor in
expanding potato production in Gansu Province.

At present, potato combine harvesters are mainly of traction type, with high produc-
tion efficiency, advanced technology, and a high degree of intelligence. However, their large
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size and poor trafficability make them unsuitable for small plots in hilly and mountainous
areas. In recent years, small and medium-sized potato diggers and combine harvesters
with reduced power have been designed and developed [17–20]. However, the availabil-
ity of self-propelled potato combine harvesters remains modest, and mechanized potato
harvesting on small plots of land can sustain improvement both in China and elsewhere.

In the mountainous areas of Northwest China, natural precipitation remains the main
source of soil moisture. Plastic film mulching technology can improve moisture retention
and increase the soil surface temperature, both of which boost the yield per hectare [21–24].
For this reason, plastic film mulching has been adopted for potato growing in double-row
configurations on a large ridge with soil covering the top film surface [25–27]. The negative
effects associated with the residual plastic film remaining on farmland are soil-structure
damage, harm to the environment, and subsequent effects on farmland quality and crop
yield [28–30]. However, little research has been conducted on integrating residual plastic
film collection with potato harvesting using the same machine.

2. General Presentation of the Self-Propelled Machine for Combined Potato
Harvesting and Residual Plastic Film Retrieval

In response to the abovementioned limitations, a self-propelled machine for combined
potato harvesting and residual plastic film retrieval was designed, developed, and tested at
Gansu Agricultural University. The machine is small, compact, and easy to operate and
therefore particularly suitable for the planting mode of potato on large ridges with two
rows per ridge and plastic film mulch covered with a layer of soil, as it is practiced in the
hilly and mountainous areas of Northwest China.

The self-propelled machine for combined potato harvesting and residual plastic film
retrieval (Figures 1 and 2) is composed of a crawler chassis, a digging and lifting device,
a potato–plastic-film separation device, a circulating and lifting device, a manual sorting
platform, a residual-film collecting and bundling device, a ton-bag handling device, a
transmission system, a hydraulic control system, and a frame. Its size and configuration
meet the agronomic requirements of the potato planting mode on large ridges with two rows
per ridge and plastic film mulch covered with soil, as is practiced in Gansu Province [31–34].
The machine employs a crawler chassis suitable for potato harvesting in small and medium
plots that is able to perform tight turns and limit soil compaction during operation. The
main technical parameters of the combined potato harvester are summarized in Table 1.
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Figure 2. Perspective view and side view of the self-propelled machine for combined potato
harvesting and residual plastic film retrieval: 1—digging and lifting device; 2—circulating and
lifting device; 3—platform I; 4—manual sorting platform; 5—engine assembly; 6—platform II;
7—potato–plastic-film separation device; 8—frame; 9—crawler chassis; 10—cab; 11—ton-bag han-
dling device; 12—residual-film collecting and bundling device.

Table 1. Technical parameters of the self-propelled machine for combined potato harvesting and
residual plastic film retrieval.

Item Parameter Values

Length × width × height (mm) 6050 × 2150 × 2500
Body style Self-propelled crawler

Track gauge (mm) 1250
Engine power (kW) 75
Harvesting ridges 1

Operating rows 2
Working width (mm) 1100

Range of digging depths (mm) 0 to 300
Operating speed v (m/s) 0.4 to 0.8

During operation, the profiling crushing roller of the digging and lifting device crushes
the soil clods on the surface of the film and limits the digging depth of the machine, while
the earth-cutting disc cuts the soil clods, vines, and weeds to prevent congestion and
entanglement at the front end of the digging and lifting device. The digging shovel picks
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up the plastic film and potato mixture and transports it to the potato–plastic-film separation
device via the lifting chain. The potato and soil are initially separated, and some soil pieces
and debris are sieved off through the gaps in the lifting-chain bars through shaking and
loosening. The potato–plastic-film separation device separates the plastic film from the
potato tubers and further crushes and sieves off the large soil pieces. The plastic film is
transported to the collecting device for rolling and bundling, while the potato and soil
pieces that cannot pass through the gaps of the conveying chain rod fall into the circulating
and lifting device. This further separates the potatoes from the soil pieces and lifts them to
the manual sorting platform, where the unscreened soil pieces are screened out by hand
by two to four operators. The conveyor screen transports the potatoes backward to the
ton bag for collection, and the ton-bag handling device unloads the bag full of potatoes to
the ground.

3. Design and Analysis of Main Systems of the Self-Propelled Machine for Combined
Potato Harvesting and Residual Plastic Film Retrieval
3.1. Digging and Lifting Device

The digging and lifting device serves to dig up the soil mixed with potatoes and
plastic film and transport it to the separation device by means of the lifting chain. The main
design objectives were reducing digging resistance, improving soil breaking capacity, and
preventing soil congestion and the entanglement of vines, and weeds. The device shown in
Figure 3 consists of a digging shovel, a mechanism for adjusting the angle of the shovel
and digging depth, an earth-cutting disc, and a lifting chain.
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Figure 3. CAD model of the digging and lifting device of the self-propelled machine for com-
bined potato harvesting and residual plastic film retrieval: 1—side plate of the digging device;
2—lifting chain; 3—earth-cutting disc; 4—disc support; 5—connecting plate; 6—profiling crushing
roller; 7—connecting crossbar; 8—digging shovel; 9—limiting pull rod; 10—scraper; 11—ear plate;
12—U-shaped connecting rod.

The mechanism for adjusting the digging depth consists of a profiling crushing roller,
a connecting plate, a connecting crossbar, a limiting pull rod, and a U-shaped connecting
rod. The U-shaped connecting rod is welded to the front end of the side plate of the
digging device, the ear plate is welded to the upper frame of the side plate of the digging
device, the connecting plate is fixed by the connecting crossbar, the front mounting hole
is hinged to the profiling crushing roller shaft, and the rear mounting hole is hinged to
the ear plate. The limiting pull rod is hinged to the lugs on the connecting crossbar and
the lugs of the U-shaped connecting rod. The profiling and crushing roller is similar in
shape to the field ridge and serves to limit the digging depth of the machine in order to
control the direction of the machine, prevent running off, and to break the soil clods on
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the plastic film mulch [35,36]. By changing the length of the limiting pull rod, the digging
depth of the implement can be adjusted between 0 and 300 mm. The height-adjustable
fixed earth-cutting discs are 500 mm in diameter with a thickness of 5 mm. The disks are
installed on both sides of the profiling crushing roller, which can cut the solid soil blocks,
potato vines and weeds, and prevent soil congestion and vine entanglement, which could
interfere with the operation of the machine [37–39].

To reduce the overall length of the machine and improve its passing ability, the tilting
angle (δ) of the digging and lifting device was designed to be adjustable up to 35◦. Figures 4
and 5 show a Working Model 2D [40] simulation of potatoes sliding along a smooth ramp
and a lifting chain bar (either vibrating or not) for comparison, the angle (δ) of which is
progressively increased from zero to more than 35◦. The mass of the average-size potato
was set to 80 g, and the mass of a large potato was set to 120 g. The static coefficient of
friction between the potatoes and the lifting chain/smooth ramp was 0.4, and the kinetic
coefficient of friction was 0.3 [41–44].

Machines 2023, 11, x FOR PEER REVIEW 5 of 21 
 

film mulch [35,36]. By changing the length of the limiting pull rod, the digging depth of 
the implement can be adjusted between 0 and 300 mm. The height-adjustable fixed earth-
cutting discs are 500 mm in diameter with a thickness of 5 mm. The disks are installed on 
both sides of the profiling crushing roller, which can cut the solid soil blocks, potato vines 
and weeds, and prevent soil congestion and vine entanglement, which could interfere 
with the operation of the machine [37–39]. 

To reduce the overall length of the machine and improve its passing ability, the tilting 
angle (δ) of the digging and lifting device was designed to be adjustable up to 35°. Figures 
4 and 5 show a Working Model 2D [40] simulation of potatoes sliding along a smooth 
ramp and a lifting chain bar (either vibrating or not) for comparison, the angle (δ) of which 
is progressively increased from zero to more than 35°. The mass of the average-size potato 
was set to 80 g, and the mass of a large potato was set to 120 g. The static coefficient of 
friction between the potatoes and the lifting chain/smooth ramp was 0.4, and the kinetic 
coefficient of friction was 0.3 [41–44]. 

 
Figure 4. Working Model 2D simulation of the chain bar of the digging and lifting device with a 
slowly increasing angle, showing the difference in backsliding between large and average-size po-
tatoes. 

 
Figure 5. Working Model 2D simulation results for the smooth surface and chain bar transporter 
with and without vibration. 

The Working Model 2D simulations show that the chain bar delays the sliding of the 
potatoes compared to a smooth incline. The simulations also show that the sliding of 
smaller potatoes is affected more by the vibration of the chain bar. This is because smaller 
potatoes may settle more easily and deeper between the bars of the chain transporter. 

Figure 4. Working Model 2D simulation of the chain bar of the digging and lifting device with a slowly
increasing angle, showing the difference in backsliding between large and average-size potatoes.

Machines 2023, 11, x FOR PEER REVIEW 5 of 21 
 

film mulch [35,36]. By changing the length of the limiting pull rod, the digging depth of 
the implement can be adjusted between 0 and 300 mm. The height-adjustable fixed earth-
cutting discs are 500 mm in diameter with a thickness of 5 mm. The disks are installed on 
both sides of the profiling crushing roller, which can cut the solid soil blocks, potato vines 
and weeds, and prevent soil congestion and vine entanglement, which could interfere 
with the operation of the machine [37–39]. 

To reduce the overall length of the machine and improve its passing ability, the tilting 
angle (δ) of the digging and lifting device was designed to be adjustable up to 35°. Figures 
4 and 5 show a Working Model 2D [40] simulation of potatoes sliding along a smooth 
ramp and a lifting chain bar (either vibrating or not) for comparison, the angle (δ) of which 
is progressively increased from zero to more than 35°. The mass of the average-size potato 
was set to 80 g, and the mass of a large potato was set to 120 g. The static coefficient of 
friction between the potatoes and the lifting chain/smooth ramp was 0.4, and the kinetic 
coefficient of friction was 0.3 [41–44]. 

 
Figure 4. Working Model 2D simulation of the chain bar of the digging and lifting device with a 
slowly increasing angle, showing the difference in backsliding between large and average-size po-
tatoes. 

 
Figure 5. Working Model 2D simulation results for the smooth surface and chain bar transporter 
with and without vibration. 

The Working Model 2D simulations show that the chain bar delays the sliding of the 
potatoes compared to a smooth incline. The simulations also show that the sliding of 
smaller potatoes is affected more by the vibration of the chain bar. This is because smaller 
potatoes may settle more easily and deeper between the bars of the chain transporter. 

Figure 5. Working Model 2D simulation results for the smooth surface and chain bar transporter
with and without vibration.

The Working Model 2D simulations show that the chain bar delays the sliding of
the potatoes compared to a smooth incline. The simulations also show that the sliding of
smaller potatoes is affected more by the vibration of the chain bar. This is because smaller
potatoes may settle more easily and deeper between the bars of the chain transporter.
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According to Figure 5, if the angle (δ) of the lifting chain is greater than 25◦, the
potatoes mixed with soil and plastic film may slide down along the lifting chain. This can
lead to blockage of the front end of the device and impend the operation of the machine.
To prevent this from happening, scrapers were welded to the lifting chain to transport
the soil–potato–plastic film mixture smoothly backward. The scrapers are made of bent
steel plates with a thickness of 5 mm, a length of 940 mm, and a height of 60 mm. In other
potato harvesting machines, the pitch of the scraper is between 150 and 300 mm [36]. In the
present design, 20 scrapers were welded on the lifting chain, and the pitch of the scrapers
was set to 300 mm.

The digging parts include the digging shovel, the main frame of the shovel, and the mech-
anism for adjusting the angle of the shovel. Its function is to dig up the soil–potato–plastic
film mixture and transport it to the lifting and separating device. The basic requirements
for the design of the digging parts were: (1) to dig as little soil and debris as possible
and to dig clean potato pieces while maintaining the desired digging depth; (2) to ensure
the digging depth is stable and can be adjusted according to field conditions; (3) that the
digging shovel should have strong soil breaking ability, particularly for clay and heavy
soils, in order to provide favorable conditions for subsequent potato separation; (4) to avoid
soil congestion and vine entanglement, the digging shovel is required to have self-cleaning
abilities, doubled by low resistance to penetration; and (5) the sharpened edges should
have good resistance to wear [36,39].

The machine implements a combined flat shovel with a working width of 1100 mm
consisting of six individual shovels mounted on bending beams (see Figure 6). The shovel
bracket is welded on the bending beam, and the bending beam and the limiting rod are
attached with screws to the shovel shaft, forming the main frame of the shovel. In turn, the
shovel is fixed to the shovel bracket using screws. During installation, it is necessary to
ensure that the six individual shovels are in the same plane and that their tips are in line.
In existing potato harvesting machines, the skid clearance between two adjacent shovels is
between 30 and 40 mm [36]. In this design, the skid clearance between adjacent digging
shovels is η = 33.5 mm, and the width of one digging shovel is b = 140 mm.
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2—limiting lever; 3—hanger plate; 4—digging shovel; 5—digging-shovel shaft; 6—bending beam;
7—shovel holder; 8—potato; 9—soil; 10—plastic film.

To ensure a good self-cleaning function, the bevel angle (γ) of the digging shovel
should be [36,39,45]:

90◦ − γ > ϕ (1)
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where ϕ is the friction angle of the soil–potato–plastic film mixture on the digging shovel
(usually 30◦ < ϕ < 36◦).

The smaller the bevel angle (γ) of the digging shovel, the stronger the cutting and
sliding ability of the blade. However, when the angle (γ) is too small, the abrasion resistance
is reduced, the potato loss rate is increased [3,13,18]. Thus, the range of bevel angle (γ)
of the digging shovel should generally range from 40◦ to 50◦. In the design of the self-
propelled machine for combined potato harvesting and residual plastic film retrieval, a
bevel angle of the digging shovel of γ = 42.5◦ was adopted.

Furthermore, it is required that the digging shovel be able to easily cut the soil ridge
and smoothly transport the dug-out soil–potato–plastic film mixture to the back end of the
lifting chain.

The following equations were established based on analysis of the force condition of
the soil–potato–plastic film mixture on the shovel surface (Figure 6) [36,45,46]:{

P cos α− f1 − G1 sin α = 0
N1 − G1 cos α− P sin α = 0

(2)

where:
f1 = µ1N1 (3)

and where P is the force required to move the soil–potato–plastic film mixture along
the digging shovel (N), f 1 is the friction force between the surface of the shovel and the
soil–potato–plastic film mixture (N), µ1 is the friction coefficient between the surface of
the shovel and the soil–potato–plastic film mixture (µ1 = tan ϕ), G1 is the weight of the
soil–potato–plastic film mixture (N), N1 is the normal reaction force acting between the
digging shovel and the soil–potato–plastic film mixture (N), and α is the titling angle of the
shovel in degrees.

The following formula is derived from Equations (2) and (3):

α = arctan
P− µ1G
µ1P + G

(4)

which reveals that small titling angles (α) of the digging shovel are associated with a
reduced digging resistance (P), making it easy to dig through soils with poor breakability.
In the adopted design, the hanger plate is fixed by the lower frame of the side plate of the
digging device, the frame of the digging shovel is hinged to the center hole of the hanger
plate, the adjusting screw is hinged to the limiting lever at one end, and the other end is
connected to the lower frame of the side plate of the digging device with a nut, which,
together, form the angle adjustment mechanism of the digging shovel. The nut of the
adjusting screw allows the titling angle (α) of the digging shovel to be changed from 15◦ to
25◦ according to the working conditions of the machine.

As shown in Figure 6, the length (L) of the digging shovel is divided into L1 and
L2. The length of the front section of the digging shovel (L1) can be expressed by the
titling angle (α) and the average digging depth (h1) of the digging shovel according to the
following equation:

L1 =
h1

sin α
(5)

The minimum length of the back section of the digging shovel (L2) can be calculated
based on kinetic energy considerations (see Figure 6). The dug-out soil–potato–plastic
film mixture, which is assumed to be incompressible, moves along the shovel surface at a
speed (v) equal to the velocity of the machine. The kinetic energy at point B of the dug-out
soil–potato–plastic film mixture is:

E =
mv2

2
(6)

where m is the mass of the soil–potato–plastic film mixture on the shovel surface (kg).
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The mixture continues to move along the shovel surface up to point C at the end of the
shovel, where it suddenly loses speed (vc = 0). The soil–potato–plastic film mixture then
begins to expand, accumulate, and spread out to both sides of the shovel, and the potato
tubers are gradually revealed. Most of the kinetic energy of the dug-out soil–potato–plastic
film mixture at point B is spent to overcome the work (Wf) done by the frictional force
(f 2) through the length (L2) from B to C on the shovel surface and the work (Wω) done to
lifting the dug-up soil–potato–plastic film mixture by h2. Then, the following equations can
be written:

W f = G1L2 tan ϕ cos α (7)

Wω = G1L2 sin α (8)

where h2 is the height of the back section of the digging shovel in meters.
The energy conservation equation of the dug-out soil–potato–plastic film mixture from

B to C of the shovel surface yields:

1
2

mv2 = W f + Wω = mgL2 tan ϕ cos α + mgL2 sin α (9)

This equation can be reduced to:

L2 =
v2 cos ϕ

2g sin(α + ϕ)
(10)

The full length of the digging shovel can then be calculated as:

L =
h1

sin α
+

v2 cos ϕ

2g sin(α + ϕ)
(11)

According to Equation (11), the length of the digging shovel is 320–400 mm when
the angle (α) is 14◦ to 25◦. Smaller values are applicable to sandy soils, and higher values
are applicable to medium firm soils [36,39]. For the anticipated operating conditions and
technical parameters of the machine (Table 1) and for loessal working soil, the total length
of the digging shovel was set to L = 330 mm.

The linear speed of the lifting chain influences the soil and potato separation capacity
of the digging and lifting device. To improve this separation capacity and to make potato
transport smoother, the ratio (λ) between the operating speed of the machine (v) and the
linear speed of the lifting chain (v1) should be in the range of [18,47]:

λ =
v1

v
= 0.8 ∼ 2.5 (12)

To ensure the operation efficiency and harvest quality of the potato harvester, the
linear speed of the lifting chain (v1) should be slightly greater than the operating speed
(v) of the implement [48]. Practice shows that the soil and potato separation efficiency is
inversely proportional to the linear speed of the lifting chain, and the soil–potato separation
efficiency is higher when the linear speed is between 1.1 and 1.8 m/s [47]. A suitable linear
speed of the first lifting chain of the combine harvester is assumed to be between 1.5 and
2.0 m/s [36]. Therefore, the linear speed of the lifting chain (v1) of the digging and lifting
device was set to 1.5 m/s.

3.2. Design and Analysis of the Potato–Plastic-Film Separation Device

The friction coefficients between potatoes and the conveyor chain and between resid-
ual plastic film and the conveyor chain are different. Therefore, the potato–plastic-film
separation device can separate potatoes from residual plastic film [36] and continue to
transport the screened residual plastic film backward to the collecting device of rolled and
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bundled plastic film, while the screened potatoes fall into the circulation lift device below
the machine.

First, the force that potatoes can experience on the potato–plastic-film separation
device was analyzed, (see Figure 7). To separate potatoes from plastic film, potatoes cannot
be transported upward with the conveying chain, so the friction force experienced by
potatoes (f 2) is upward along the conveying chain and less than the gravitational force
experienced by potatoes along the conveying chain:

G2 sin θ > µ2G2 cos θ (13)
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To successfully separate potatoes from plastic film, the angle (θ) between the
potato–plastic-film separation device and the ground should be:

µ2 < tan θ (14)

In the above two equations, G2 is the weight of the potato in Newtons, and µ2 is the
coefficient of friction between the potatoes and the conveyor chain.

A kinematic analysis of the process of potatoes dropping down from the end of the
lifting chain of the digging and lifting device to the potato–plastic-film separation device
was also carried out, as shown in Figure 7. Point D is the release point of the potato at the
lifting chain of the digging–lifting device, point E is the highest moving point of potatoes
after being thrown, and point F is the impact point between the potato and the conveying
chain rod of the potato–plastic-film separation device.

As the friction coefficients between potatoes, residual plastic film, and the conveyor
chain varies, the angle (θ) between the potato–plastic-film separation device and the ground
should be adjustable to achieve the best separation of the potatoes from the plastic film. The
self-propelled machine for combined potato harvesting and residual plastic film retrieval
allows this angle to be changed from 40◦ to 55◦. The linear speed of the conveying chain
(v2) also has an effect on the potato and plastic film separation. When the linear speed is
too high, the potatoes will roll rapidly or fly out of the conveying chain and get damaged.
When the speed (v2) is too low, the soil–potato–plastic film mixture conveyed by the digging
and lifting device accumulates on the conveying chain of the potato–plastic-film separation
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device, affecting potato–plastic-film separation. Based on experiments, the linear speed of
the conveying chain of potato–plastic-film separation device was set to v2 = 0.6 m/s.

At point D, where potatoes leave the lifting chain, their speed equals the linear speed
of the lifting chain (v1):

v1 =
2πn1r1

60
(15)

where n1 is the rotational speed of the driving wheel of the lifting chain (r/min), and r1 is
the pitch radius of the main wheel of the lifting chain of the digging and lifting device (m).
The direction of the velocity vector (v1) relative to the horizontal direction is measured by
angle β, as shown in Figure 7.

After it separates at point D, the potato reaches the highest point on its trajectory at
point E and impacts the conveying chain bar at point F. The maximum height (h3) of the
trajectory of the potato can be calculated as:

h3 =
v2

1 sin2 β

2g
(16)

where g is the acceleration due to gravity (g = 9.82 m/s2).
The time it takes the potato to move from the highest point (E) to the impact point (F)

with the conveyor chain bar is:

t1 =

√
2(h3 + h4)

g
(17)

where h4 is the falling height of potatoes thrown out from the end of the lifting chain of the
digging and lifting device in meters (see Figure 7).

The horizontal and vertical components of the velocity of the potato at the collision
point (F) with the conveying chain rod of the potato–plastic-film separation device are:

v′1x = v1 cos β (18)

v′1y =
√

2g(h3 + h4) (19)

Therefore, the magnitude of the impact velocity of the potato at point F is:

v′1 =
√

v1
2 cos2 β + 2g(h3 + h4) (20)

The force with which the potato impacts the second conveying chain rod depends
on the mass of the potato, the coefficient of restitution, and whether the potato impacts
one rod centrically (i.e., the center of mass of the potato is aligned with the centroid of the
conveyor rod) or offset. Because time t1 in Equation (17) decreases, for larger angles (θ),
the impact velocity is decreased, as well as the impact force between the potato and the
conveyor rods. Figure 8 is a Working Model 2D [40] simulation the impact between two
potatoes of average and large size and the conveyor of the potato–plastic-film separation
device, confirming this assumption. The masses of the two potatoes were 80 and 120 g,
respectively; the static coefficient of friction was 0.44; the kinetic coefficient of friction was
0.269; and the coefficient of restitution was 0.525 [41–44].
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3.3. Design and Analysis of the Residual-Film Collecting and Bundling Device

The residual-film collecting and bundling device (see Figure 9a) consists of plastic-film
rolling rollers, drive chains, roller sprockets, input sprockets, and rotating shafts. The roller
sprockets and the central input sprocket are driven by a chain, and together, they rotate in
the same direction.
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Figure 9. (a) The residual-film collecting and bundling device: 1—plastic film rolling roller; 2—drive
chain; 3—roller sprocket; 4—input sprocket; 5—rotating shaft. (b) The operation principle of the
residual-film collecting and bundling device: 1—potato–plastic-film separation device; 2—residual
plastic film; 3—debris; 4—plastic film rolling roller.

The residual plastic film is transported to the collecting device via the potato–plastic-
film separation device.

Figure 9b shows the operation principle of the residual-film collecting and bundling
device, where v2 is the linear speed of the conveying chain of the potato–plastic-film
separation device, D1 is the diameter of the circle formed by the plastic film rolling rollers,
D is the maximum diameter of the residual plastic film bundle, and d is the outer diameter
of one plastic film rolling roller.

The side plate of the residual-film collecting and bundling device is equipped with
eight rollers with a length of 630 mm and a diameter of d = 128 mm. To avoid winding of the
residual plastic film, the rollers used to roll the plastic film are fitted with four longitudinal
veins. The plastic film rolling rollers envelope a cylinder with a diameter of D1 = 570 mm,
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while the collected residual plastic film bale can have a maximum diameter of D = 506 mm.
All eight plastic-film rolling rollers rotate in the clockwise direction, causing the bale of
residual plastic film to rotate in the counterclockwise direction. When the bale reaches a
certain height as it is driven by the eight rollers, its ascending speed reaches zero, then
falls back due to gravity. The debris separating from the residual plastic film is sieved
off through the gap between the rollers, reducing their amount in the residual plastic
film bundle.

As shown in Figure 10b, when the residual plastic film is collected, the hydraulic rod
extends and pushes the residual-film collecting and bundling device to rotate and unload
the bundled residual plastic film onto the field.
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3.4. Design and Analysis of the Circulating and Lifting Device

The circulating and lifting device is installed in the front of the potato–plastic-film
separating device and serves to lift the potatoes after being screened by the separating
device (see Figure 11). It consists of a bracket, driving wheel, guiding carrier pulley, lifting
screen, lifting scraper, baffle, and potato slide plate. The lifting screen and lifting scraper
are treated with rubber coating to prevent potato damage as they are moved upward.
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The circulating and lifting device is divided into the receiving section, lifting section,
and unloading section [49]. In the receiving section, potatoes fall from the front of the
potato–plastic-film separation device at a certain speed onto the lifting screen of the circu-
lating and lifting device. In this section, the potatoes must accurately fall into the gap of
the lifting scraper that is installed in the lifting screen without being damaged, while at the
same time, debris is sieved. In the lifting section, potatoes must be transported smoothly,
while in the unloading section, potatoes must slide smoothly onto the conveyor chain of
the manual sorting platform.

Figure 12 shows a schematic diagram of the receiving section of the circulating and
lifting device. The motion of potatoes falling from the lower end of the conveying chain of
the potato–plastic-film separation device to the lifting screen of the circulating and lifting
device is an oblique downward motion with an initial velocity (v3).
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Figure 12. Force analysis diagram of a potato in the receiving section of the circulating and
lifting device.

In Figure 12, point I is the position of the center of mass of the potato when at the
lower end of the potato–plastic-film separation device. Point J is the intersection of the
potato’s trajectory and the upper end of the lifting scraper after the potato is thrown, and
point K is the impact point between the potato and the lifting-screen rod of the circulating
and lifting device. For a fixed reference frame with its origin at point I (Figure 12), the
equations of motion of the center of mass of the potato are:{

x = −v3t2 cos θ

y = −v3t2 sin θ − 1
2 gt2

2 (21)

where v3 is the velocity of potatoes at point I. Equation (21) yields the time required for the
potato to travel from point I to point J:

t3 =

√
v32 sin2 θ + 2gh5 − v3 sin θ

g
(22)

The time required to travel from point I to point K is expressed as:

t4 =

√
v32 sin2 θ + 2gh6 − v3 sin θ

g
(23)

where h5 is the vertical distance between point I and point J (m), and h6 is the vertical
distance between point I and point K (m) (see Figure 12). Consequently, the time it takes
for the potato to travel from point J to point K is expressed as:
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t5 = t4 − t3 =

√
v32 sin2 θ + 2gh6

g
−

√
v32 sin2 θ + 2gh5

g
(24)

S is the pitch of the lifting scraper, and v4 is the linear speed of the lifting screen of the
circulating and lifting device, and the time it takes for the lifting scraper to move from one
pitch to another is expressed as:

t6 =
S
v4

(25)

Time t6 in Equation (25) should be longer than time t5 in Equation (24). Therefore, the
linear speed of the lifting screen of the circulating and lifting device must be:

v4 ≤
S− L3

t5
(26)

where L3 is the maximum possible length of a potato tuber. The maximum linear speed of
the lifting screen was set to v4 = 2.0 m/s, and a total of 19 lifting scrapers were installed on
the lifting screen, spaced at S = 370 mm.

When the lifting scraper moves to the upper end of the circulating and lifting device,
potatoes are thrown to the potato slide plate to slide into the manual sorting platform. This
unloading process corresponds the force diagram presented in Figure 13, where G3 is the
weight of the potatoes carried by the lifting scraper, N3 is the supporting force of the lifting
scraper on the potato, f 3 is the friction between the potato and the lifting scraper, and ψ is
the included angle between the lifting scraper and the horizontal plane at the tangential
point of the guide support wheel at the upper end of the circulating and lifting device.
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3.5. Design of the Manual Sorting Platform

The manual sorting platform (Figure 14) is used to transport the potatoes delivered by
the circulating and lifting device backward. The main components of the device include a
side plate, driving wheel, guiding wheel, supporting wheel, conveying screen, connecting
frame, height-adjusting rod, and height-adjusting rod sleeve. The bar in the conveying
screen is covered with rubber in order to limit potato injury. There are stations on both
sides of the manual sorting platform, where manual workers can sieve the soil, stones, and
other debris that has not been removed during the process of transporting the potatoes to
the ton-bag handling device. Based on ergonomics considerations, the speed (v5) of the
conveyor screen is set to 0.3 m/s [36]. The width of the sorting platform is 760 mm, and its
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angle and height can be adjusted by means of the height-adjusting rod and its sleeve noted
as 3 and 4, respectively, in Figure 14.
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4. Field Test Method and Test Results

In October 2021, field tests of the self-propelled machine for combined potato har-
vesting and residual plastic film retrieval were conducted in Xiangquan town, Dingxi
city, Gansu Province. The specific conditions of the test were adopted in accordance with
industry standard GB/T5262-2008 [50]. The test field was planted in large ridges with
two rows per ridge and with covering soil on top of the plastic film mulch. The potato
variety planted was LongShu No. 10, the space between rows was 400 mm, and the depth
at which potato was planted was between 100 and 200 mm. The width of the bottom and
the top of the ridge was 1100 mm and 800 mm, respectively; the height of the ridge was
between 150 and 200 mm; and the distance between ridges was 1200 mm (see Figure 15).
The type of soil was loessal with a moisture rate of 15.8%. The width of the plastic film was
1200 mm, and the film thickness was 0.01 mm. The thickness of the soil covering the plastic
film ranged between 35 and 45 mm. Seedling killing treatment was carried out before the
performance test.
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In accordance with standards NY/T 648-2015 [51] and NY/T 1227-2019 [52], the har-
vesting performance and residual plastic film collection performance of the self-propelled
machine for combined potato harvesting and residual plastic film retrieval were tested in
the field with a large ridge and double-row configuration, with soil covering the top of the
plastic film (Figure 16). The harvesting performance and residual plastic film collection
abilities of the self-propelled machine for combined potato harvesting and residual plastic
film retrieval were estimated based on the six following indices: potato loss rate, potato
damage rate, potato impurity rate, potato bruising rate, residual plastic film pickup rate,
and work productivity.
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Besides, the working conditions of the digging and lifting device, the potato–plastic-
film separation device, residual-film collecting and bundling device, circulating and lifting
device, manual sorting platform, ton-bag handling device, transmission system, and hy-
draulic operating system were also observed.

The test plot was specified with a single ridge width, and the interval length of the
measurement was 30 m. The test plot was randomly selected in the test field for potato
harvesting and residual plastic film retrieval. The test was repeated 10 times, and the
test results were reported as the average of the measured indices of these 10 tests. The
potato loss rate, potato damage rate, potato impurity rate, potato bruising rate, work
productivity, and residual plastic film pickup rate were calculated according to NY/T
648-2015 as follows [51].

T1 =
Q1 + Q2

Q
× 100% (27)

T2 =
Q3

Q
× 100% (28)

T3 =
Q5

Q5 + Q 4
× 100% (29)

T4 =
Q6

Q
× 100% (30)

Ec =
∑ Qcb

∑ Tc
(31)
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where
Q = Q1 + Q2 + Q4 (32)

In the above equations, T1 is the potato loss rate (%), T2 is the potato damage rate
(%), T3 is the potato impurity rate (%), T4 is the potato bruising rate (%), Q1 is the mass of
unpicked potatoes (kg), Q2 is the mass of unearthed potatoes (kg), Q3 is the mass of injured
potatoes (kg), Q4 is the mass of harvested potatoes (kg), Q is the total mass of potatoes
(kg), Q5 is the mass of impurities (kg), Q6 is mass of potatoes with broken skin (kg), Ec is
the working hour productivity (ha/h), Qcb is the amount of shift work during reliability
assessment (ha), and Tc is the working time of the shift at the time of assessment (h).

During the test, a quality method was used to calculate the residual plastic film pickup
rate as follows. The residual plastic film that had not been collected on the surface of the
ridge was cleaned and dried, and its weight was measured using a precision scale. The
total mass of the plastic film covered in the test plot before the operation was replaced by
the total mass of new plastic film of the same type and length [52]. The residual plastic film
pickup rate (c) was finally calculated as:

c = (1− W
W0

)× 100% (33)

where W is total mass of film mulch left in the field, and W0 is total mass of plastic mulch
present in the test plot before operation.

5. Analysis of the Field Test Results

Table 2 summarizes the test results when the machine was driven at 0.5 m/s, the lifting
chain of the digging and lifting device had a linear speed of 1.5 m/s, the titling angle of the
separating sieve of the potato–plastic-film separation device was 50◦, its linear speed was
0.6 m/s, and the linear speed of the lifting screen of the circulating and lifting device was
0.7 m/s.

Table 2. Results of field tests.

Test Type Industry Standard Test Value

Potato loss rate (T1) Up to 4% 1.8%
Potato damage rate (T2) Up to 2% 1.4%
Potato impurity rate (T3) Up to 4% 3.6%
Potato bruising rate (T4) Up to 3% 2.8%

Residual plastic film pickup rate (c) At least 80% 83%
Work productivity 0.12 ha/h

Table 2 shows that both the potato harvesting performance and the residual plastic film
collection performance meet the national and industry standard requirements. Additional
field tests show that all the parts of the machine function normally. Compared with
other equipment with similar functions, the self-propelled machine for combined potato
harvesting and residual plastic film retrieval performs better in separating potatoes from
debris and plastic film and has a higher production efficiency of 0.12 ha/h. Overall, the
machine helped to reduce manual operation and improve working efficiency.

However, we observed that the lower potato rhizome after killing the seedlings affects
the separation and collection of the residual plastic film because it can enter the residual-
film collecting and bundling device, while the seedlings mixed in with the potatoes are
removed by workers at the manual sorting platform to ensure the quality of the collected
potatoes. Since the performance results (T3) calculated with Equation (29) depend on the
operating speed of the machine, this parameter affects the ability of the manual sorting
platform workers to sort out impurities.
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6. Discussion

The potato harvester presented in this paper is more compact than existing self-
propelled potato combine harvesters [53–55], as well as tractor-based potato harvesters
and residual plastic mulch film retrievers [31,34,56]. These qualities make it suitable for
farming on small plots of land, while its tracked chassis allows for improved adaptation to
the terrain conditions of hilly and mountainous areas. The results of the field tests show
that all performance indicators meet national industry standard requirements. To further
reduce mechanical damage to the potatoes and improve the quality of the potato harvest
and the plastic film pickup rate, it is necessary to improve the design of the plastic film
recovery device and to implement a potato buffer device. It is also necessary to identify the
optimum combination of operating parameters of the machine.

At present, two to four workers placed on both sides of the manual sorting plat-
form must perform occasional residual soil and film removal. Additional research on the
mechanism of potato–soil separation [57,58] and on improving the potato–soil separation
device [59–61] is planned. Adding sensors, cameras, and the necessary software [62–64]
can further increase the degree of automation of the machine and reduce the labor intensity
of the workers and of the machine operator.

7. Conclusions

In this paper, we presented a self-propelled machine for combined potato harvest-
ing and residual plastic film mulch retrieval. The machine is capable of simultaneously
performing potato digging, potato separation from soil and plastic film, potato collection
and bagging, and residual plastic film retrieval. The main systems of the machine were
designed and calculated, and a physical prototype was built. Field tests show that the self-
propelled machine for combined potato harvesting and residual plastic film retrieval meets
current industry standards for potato loss rate, damage rate, bruising rate, and impurity
rate, as well as residual plastic film collection rate. It was also proven that the reduced
size of the machine allows for a small turning radius compared to other existing potato
harvesters. This study provides a solution to the problem of harvesting potatoes from
small and medium-sized plots in hilly and mountainous regions of Northwest China, as
well as a reference for the development of similar self-propelled potato combine harvesters
applicable elsewhere in the world.
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